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Abstract

Sepsis is a complicated medical emergency and critically ill patients suffering from infectious
diseases are at a high risk for developing and dying from sepsis. According to a recent (2019)
cohort study from six United States hospitals, suboptimal care (e.g., delay in antibiotics,
inappropriate antibiotic therapy) is responsible for 22.7 % of in-hospital sepsis-associated deaths.
In September 2020, the World Health Organization called on the scientific community to develop
rapid, effective, and affordable tools to improve diagnosis, surveillance, and treatment of sepsis.
Our long-term goal throughout this project is to develop a cyclodextrin (CD) impedimetric tongue
that can provide early warning of sepsis by continuous monitoring the course of the disease and
real-time profiling of urine samples in hospitalized patients. The cyclodextrin impedimetric
tongue will also enable healthcare professionals to closely monitor the patients, predict
sensitivity and resistance to therapies, decide about the dose of medications, and develop more

effective personalized therapies for septic patients.

Cyclodextrins, oligosaccharides with a hydrophobic cavity and a hydrophilic surface, are
promising biorecognition elements in development of reusable impedimetric tongues.
Cyclodextrins can semi-selectively detect different metabolites in the solutions through
hydrophobic interactions, Van der Waals forces, and hydrogen bonding. The first aim of this
thesis was to develop the first reusable nanostructured cyclodextrin platform using aCD and a
weak surface aCD mediator: polyethylene glycol (PEG). To create the Gold-PEG:aCD surface, gold
surface was modified with PEG via thiol-gold chemistry and the PEG support enabled reversible

immobilization of aCD. We investigated the performance of this platform for detection of a

XV



model hydrophobic analyte, trans-resveratrol. Non-faradaic electrochemical impedance
spectroscopy (EIS) measurement of the surface suggested that when aCD surfaces are introduced
to a solution containing trans-resveratrol, aCD molecules leave the PEG support to interact with
trans-resveratrol in the solution. After use, the surface could be regenerated by reloading of aCD.
The second aim of this thesis was to improve the stability and reusability of cyclodextrin sensing
platform by replacing gold-thiol bonds with carbon-carbon covalent bonds between glassy
carbon (GC) and 4-carboxyphenyl diazonium salt. The GC-carboxyphenyl was modified with
polypropylene glycol (PPG) through EDC/NHS chemistry. The PPG surface was then loaded with
BCD. We used the GC-carboxyphenyl-PPG:BCD surface for sensitive detection of cortisol in
biofluids (i.e., urine and saliva), and demonstrated the successful regeneration and reuse of the
GC-carboxyphenyl-PPG:BCD surface for ten times. Finally, we employed sensitive, stable, and
reusable cyclodextrin nanostructured surfaces to develop the first-generation cyclodextrin
impedimetric tongue for separation and classification of four classes of bioanalytes including
creatinine, cortisol, glucose, and fumarate. We applied linear discriminant analysis (LDA) to
integrate and map the data, and by using the normalized changes in imaginary capacitance of
three cyclodextrin surfaces (yCD at 79 Hz, hydroxypropyl-BCD at 0.25 Hz, and hydroxypropyl-yCD
at 63.34 Hz), we achieved the 5-fold cross validation accuracy of 69%. Different methods of data
preparation, EIS signal processing, and determining the characteristic frequencies of different
analytes and single frequencies of cyclodextrin surfaces affect the accuracy of the impedimetric
tongue. By optimizing these parameters, we can improve the performance and accuracy of the

impedimetric tongue and apply this device for point of need applications.
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1. Background

Measurement of hydrophobic molecules has gained increasing attention in clinical
research. Hydrophobic molecules are barely soluble in aqueous solutions which leads to very low
concentrations in biological fluids. Therefore, sensitive and selective analysis of hydrophobic

molecules is difficult in biological fluids.

Biosensors based on specific biorecognition elements such as antibodies or enzymes
(immunoassays) exhibit high sensitivity and selectivity; however, they suffer from some
limitations. Due to intrinsic instability of antibodies and enzymes, immunoassays are physically
and chemically unstable, and they have low reproducibility. In addition, immunoassays are
expensive and complicated procedures are usually required for enzyme immobilization [1]. In
recent years, there have been numerous artificial receptors and chemically modified surfaces
developed to address the drawbacks of immune recognition or enzyme-based biosensors for

detection of hydrophobic molecules.

In this chapter we will discuss some of the most important non-enzymatic surface
modification technologies including carbon materials, metals, conjugated polymers, and
cyclodextrins for sensing of several classes of hydrophobic metabolites. We defined metabolites
as “hydrophobic” if they have water solubility less than 6 g/L (Figure 1.1). The hydrophobic
metabolites in Figure 1.1 are small molecules with clinical relevance; i.e., purine nucleobases
(uric acid, adenine, and guanine), pyrimidine nucleobases (thymine and cytosine), an aromatic
amino acid (tyrosine), a catecholamine synthesized from tyrosine (epinephrine), a sterol

hormone (cortisol), and a hormone precursor (cholesterol).



Uric acid (CsHaN4Os3) is the planar, heterocyclic end-product of purine metabolism in
humans [2]. Uric acid is electrochemically active and readily undergoes redox processes (Figure
1.2A) that can be quantitatively detected by electroanalytic techniques [3] but conventional
electrodes struggle to differentiate uric acid from other species with similar oxidation potentials

(e.g. dopamine, ascorbic acid, epinephrine) present in body fluids [4].

The cationic catecholamine epinephrine (CsH13NOs), also known as adrenaline, is both a
neurotransmitter and hormone [6]. Epinephrine is easily oxidized and therefore highly
electrochemically active (Figure 1.2B) but very low concentrations in body fluids and presence of
interfering substances with similar oxidation potentials (e.g. ascorbic acid) makes epinephrine
sensing challenging [5]. Additionally, the final product of epinephrine oxidation -

epinephrinechrome — easily polymerizes to block electrode surfaces [5].

Cortisol (C21H300s) is a glucocorticoid (steroidal hormone) synthesized from cholesterol
with significant long and short-term regulatory impact on immunologic, metabolic,
cardiovascular, and homeostatic functions [6]. Cortisol is particularly challenging to
electrochemically sense without antibodies or aptamers because it is uncharged at physiological

pH and electrochemically inactive.

Cholesterol (C27H306) is a major component of cell membranes and is the sterol precursor
to steroidal hormones, vitamin D, and bile acids [7]. Cholesterol also presents a challenge for
electrochemical sensing without antibodies or enzymes due to its uncharged status at

physiological pH and negligible electrochemical activity (Figure 1.2C).



Tyrosine (CoH11NOs3) is an aromatic, polar, non-essential amino acid that may be
synthesized by hydroxylation of phenylalanine [8]. Tyrosine, like most amino acids, is weakly
electrochemically active (Figure 1.2D) and generates poor responses at bare electrode surfaces.

Tyrosine is also uncharged at physiological pH.

Adenine and Guanine are purine nucleobases that form hydrogen bonds with pyrimidine
nucleobases Thymine and Cytosine respectively to hold together two strands of DNA.

Nucleobases are considered electrochemically active (Figure 1.2E-H) and all can be oxidized at

solid electrodes [9].
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Figure 1.1. Different hydrophobic metabolites, defined as solubility less than 6 g/L, discussed in this
Chapter [10], 3, Z. Panahi, L. Custer, J.M. Halpern, Copyright 2021, with permission from Elsevier.
While the focus of this Chapter is mostly on hydrophobic metabolites, there are many
clinically relevant hydrophobic proteins. Proteins consist of long chains of amino acids and have
the ability to fold to a specific functional three-dimensional shape. Because there are many types
of amino acids, and their ordering determines how the protein chain will fold, protein molecules

show characteristics of complex systems in terms of their structure, dynamics, and function [11].



Therefore, proteins are very different from small molecule metabolites and they have a different
sensing paradigm. Due to the complex structure of proteins, sensing of hydrophobic proteins can
be even more challenging than sensing of hydrophobic metabolites and will not be covered in

the scope of this chapter.

1.1 Common Technologies for Electrochemical Detection of Hydrophobic
Metabolites

Various equilibrium and non-equilibrium transduction techniques have been used in
electrochemical biosensors. Amperometric, voltametric, and impedimetric methods are mainly
used in electrochemical biosensors to study the interfacial properties of electrode-electrolyte
interface and the biorecognition events that happen in presence of analytes. In amperometric
biosensors current resulting from the oxidation or reduction of an electroactive analyte is
measured when a fixed potential is applied, whereas voltammetry measures the current
response while varying potential. During impedimetric techniques such as electrochemical
impedance spectroscopy (EIS), an AC potential is applied to the electrochemical cell and the
current is measured. EIS biosensors are typically either based on the measurement of the change

in charge transfer resistance (faradaic EIS) or capacitance (non-faradaic EIS).
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Figure 1.2. Proposed mechanisms for electrochemical oxidation of different hydrophobic metabolites: (A)
Oxidation of uric acid on a polydopamine/polypyrrole (PDA/PPY) at 0.3 V vs. Ag/AgCl (in saturated KCl,
3M) [12]. (B) Oxidation of epinephrine on a zinc oxide/ferrocene functionalized graphene (ZnO/3D
graphene@Fc) at 0.15 V vs. Ag/AgCl (contained 3 M KCI) [13]. The oxidation product of epinephrine
(Quinone adrenaline) can be further oxidized to produce Adrenochrome at 1.15 V vs. Ag/AgCl (contained
3 M KCl) [13]. (C) Oxidation of Cholesterol on manganese oxide/graphene (Mn0O,/GR) at -0.24 V vs.
standard calomel [14] (D) Oxidation of tyrosine on cupric oxide oxide/ B cyclodextrin nanocomposite
nafion (CuO/BCD/Nf) at 0.69 V vs. Ag/AgCl [15]. (E) Oxidation of adenine on graphene oxide nanoribbons-
chitosan (GONRs-CH) at 0.89 V vs. Ag/AgCl [16]. (F) Oxidation of guanine on GONRs-CH at 0.63 V vs.
Ag/AgCl [16]. (G) Oxidation of thymine on GONRs-CH at 1.13 V vs. Ag/AgCl [16]. (H) Oxidation of cytosine
on GONRs-CH at 1.27 V vs. Ag/AgCl [16]. 3, Z. Panahi, L. Custer, J.M. Halpern, Copyright 2021, with
permission from Elsevier.



Chronoamperometry (CA), differential pulse voltammetry (DPV), square wave
voltammetry (SWV), linear sweep voltammetry (LSV), cyclic voltammetry (CV), and faradaic EIS
have been among the most used electrochemical techniques for surface monitoring and
hydrophobic biomarker detection over the past few years. Compared with CV and LSV, DPV
results can provide improved selectivity for observing different redox processes [17]. SWV allows
faster analysis times compared to other pulse techniques, such as differential pulse voltammetry
or normal pulse voltammetry. Many of these methods such as DPV and SWV are sensitive only
to faradaic processes of interest and are used for direct measurement of peak potentials and
peak currents of electrochemically active species. However, analysis of non-electroactive species
can be achieved indirectly by measuring the signals of redox couples or other substances [18]. In
this regard, cholesterol as a weak electrochemically active analyte, is a good test molecule for

improving electrochemical sensor capabilities towards non-faradaic processes.

Electrocatalytic oxidation of cholesterol has been reported on biosensor surfaces such as
MnO,/GR/PGE [14] and GO-MIP [19] and the oxidation mechanisms of cholesterol in phosphate-
buffered solution (PBS) are shown in Figure 1.2C. Despite the fact that the redox potential of
cholesterol has been shown to be close to the redox potential of uric acid and acetic acid for the
GO-MIP modified sensor, some researchers believe that cholesterol is not electrochemically
active and redox couples like ferri/ferrocyanide [20] or electroactive probes like methylene blue

[21] are needed as signal indicators.

In recent years, disposable carbon or metal screen-printed electrodes (SPEs) have been
implemented for low-cost biosensors. SPEs are more suitable for point-of-care, electrochemical,

on-site detection with low-cost. For example, a carbon SPE with a cortisol-alkaline phosphatase



(AP) conjugate was developed to measure cortisol using SWV in PBS and saliva [22]. However,
bare SPEs have a series of disadvantages, including poor sensitivity, instability, low
reproducibility, large response times, high overpotential for electron transfer reactions, and
small peak current [23,24]. Additionally, the slow electron transfer kinetics of hydrophobic
analytes, such as tyrosine, can limit the redox reaction rate and deteriorate biosensor

performance [15].

Unmodified bare electrodes perform poorly because other interfering species present can
be oxidized non-selectively. Surface modification can catalyze the oxidation of analytes to
improve selectivity of biosensors in complex biological solutions. For example, the coexistence of
interferents, such as dopamine, acetic acid, and epinephrine, can obscure the biosensor response
to uric acid because they have very similar oxidation potentials. Additionally, oxidation products
of the hydrophobic analytes can adsorb or electropolymerize on bare electrode surfaces, blocking
further analyte oxidation and decreasing the reusability and reproducibility of these electrodes.
Therefore, modifying different electrode surfaces is important to enhance sensitivity by
increasing electron transfer rates, improve class-recognition selectivity in complex biological

solutions, and prevent electrode fouling [25].

In this section, we will summarize some of the most effective surface modification
technologies to address the problems of poor sensitivity and selectivity of biosensors. Various
carbon materials (Table 1.1), metals (Table 1.2), conjugated polymers (Table 1.3) have an
outstanding ability to combine with sensing elements and improve the electrochemical response

in biosensors for detection of hydrophobic biomarkers.



1.1.1 Carbon Nanomaterials

Common carbonous materials, including graphene, graphene oxide, reduced graphene
oxide, carbon nanotubes, carbon dots, carbon nanofibers, and carbon black have drawn
attention for electrochemical sensing of various metabolites. High electrical conductivity and
high surface area of these materials mediate fast electron transfer between electroactive
metabolites and electrode surface [26,27]. Besides this, carbonous materials can improve
biosensor performance due to their wide potential window, high electrochemical stability, high

mechanical resistance, and biocompatibility [26-28].

However, incorporating carbonous materials into the surfaces can be challenging as
simple drop-casting can result in unstable layers. Also, being too conductive and having high
surface area poses problems in terms of controlling the electrical current and lack of selectivity.
To address these problems, different polymers and sensing elements can be immobilized onto
the carbonous materials through physical adsorption and different covalent and non-covalent
interactions. The choice of immobilization technology is significant. While physical adsorption is
not a controllable process and non-covalent bindings may not be strong and stable enough,
covalent modifications can cause changes in the properties of materials such as carbon
nanotubes and graphene by disturbing their aromaticity [26,29]. Recent reviews have been
written on different functionalization strategies and the design of various carbon materials [29—

32].

Extensive applications of graphene in electrochemical detection of hydrophobic

biomarkers such as uric acid [33], epinephrine [13] and tyrosine [34] have been reported.



Graphene is a two-dimensional carbon material and a zero-bandgap semiconductor. Doping of
graphene with nitrogen is mostly done to open up its band gap, enhance control of its electronic
properties, and activate interaction between graphene surface and various biomarkers [33].
Graphene oxide (GO) and reduced graphene oxide (RGO) which are among derivatives of
graphene, find many applications for a wide variety of hydrophobic analytes such as uric acid
[35,36], epinephrine [37], cortisol [38,39], cholesterol [19], adenine [16,35,40], guanine [16,35],
cytosine [16], and thymine [16]. Oxygen containing groups on GO and RGO are useful for post-
processing steps and enhance sensitivity of electrochemical biosensors by improving electron
transfer rates and water solubility [26,41]. Various electrochemical, thermal, and chemical
methods are applied for conversion of GO into RGO. RGO can be functionalized with metal
nanoparticles such as ZnO that enhance electroactive surface area and electrochemical oxidation
of different hydrophobic biomarkers [36]. Another simple epinephrine biosensor was developed
by combination of tetrahexahedral (THH) Au-Pd bimetallic nanocrystals with RGO nanosheets
[37]. THH Au-Pd nanocrystals improved both electrocatalytic activity and conductivity of

graphene. Further discussion of metallic elements is in Section 1.1.2.

Carbon quantum dots (CQD) and graphene quantum dots (GQD) are electrochemically
active species. Due to extremely small sizes and large surface area CQD and GQS have been
recently used for detection of uric acid [42] and tyrosine [43], respectively. Besides, Quantum
dots (QDs) can be synthesized with various functional groups and modification of surfaces with
these materials allow electrochemical signal amplification and improvement of class-recognition

selectivity [44,45].



Carbon nanotube (CNT) electrochemical biosensors are of great interest to researchers in
recent years and can be classified into single-walled carbon nanotubes (SWCNT) and multi-walled
Carbon nanotubes (MWCNT) sensors. CNTs consist of rolled graphene sheets and show different
properties from graphene due to their unique structure. CNTs can enhance electrochemical
activity of some biomarkers and have lower limit of detection (LOD), higher sensitivity, wider
ranges of detection, and shorter detection times [32,46]. CNTs have been applied for recognition
of many hydrophobic biomarkers, such as uric acid [47], tyrosine [48-50], and cholesterol [20].
Carbon nanotubes (CNTs) with small scale have been found to be able to increase the
electrochemical sensitivity of numerous analytes [51]. A glycine polymer/multi-walled carbon
nanotubes modified carbon paste electrode (Poly(Gly)/MWCNTs/CPE) was employed for
detection of tyrosine [50]. Using this surface, a great sensitivity and accuracy was achieved in

practical samples of human serum.

Carbon nanofibers (CNF) and CNTs have similar conductivity and stability; however, CNFs
have larger surface area exposed to the solution and therefore have higher electron transfer
rates. Transition metal dichalcogenides (TMDs) catalysts are also commonly supported on carbon
nanofibers. As an example, a high-throughput three-dimensional WS, nanosheet/graphite
microfiber hybrid electrode biosensor was used for electrochemical detection of adenine and

guanine in complex solutions and in vivo [52].

Other carbon materials such as carbon black, mesoporous carbon and fullerenes have
been shown to be promising materials for biomedical analysis although their potential

applications for detection of hydrophobic biomarkers are yet to be investigated.
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There are some challenges with carbon based biosensors, especially with regard to
insolubility of CNTs in aqueous solutions and reproducibility in producing identical batches of
CNTs with high quality and minimal impurities [47,49]. However, combining the advantages of
carbonous materials with different metals and polymers such as conjugated polymers and
cyclodextrins gives a synergistic performance as electrode materials through which their

advantages can outweigh their limitations.
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Table 1.3. Carbon based biosensors. 3, Z. Panahi, L. Custer, J.M. Halpern, Copyright 2021, with
permission from Elsevier.

Analyte Sensor E-Chem Detection range” Medium
method (uMm)
Uric acid RGO-ZnO/GCE DPV 1-70 0.33 Plasma and urine [36]
N-doped graphene cv 0-600 0.13 Serum [33]
P-GLY/GO DPV 0.1-105 0.061 Urine [35]
Epinephrine  Flower-like ZnO/3D DPV 0.02-216 0.0093 Serum [13]
graphene@Fc
Au-Pd/RGO CV&DPV 0.001- 1000 0.0012 Serum [37]
Cholesterol GO-MIP cv 0.1103-10,000 0.110°3 Serum [19]
Tyrosine EFTA/G/CPE SWV 5-180 2 Serum and urine [34]
MCPE/COOH- CA 0.8-100 14 nM Serum and cow’s milk [49]
MWCNT
MW-FEs DPV 25-750 8 Plasma and whole [48]
blood
Adenine GONRs-CH DPV 0.11-172 0.023 Buffer [16]
BODIPY DPV 4-20 291 Buffer [51]
functionalized
SWCNT
WS,/Graphite DPV 0.5-20 5x1078 Buffer [52]
nanofiber
TNFs/GONs/SPCE CA 0.1-10 1.71 nM Buffer [40]
P-GLY/GO DPV 0.09-103 0.03 Urine [35]
Thymine GONRs-CH DPV 6-855 1.330 Buffer [16]
Guanine GONRs-CH DPV 0.013-256 0.002 Buffer [16]
BODIPY DPV 4-20 1.07 Buffer [51]
functionalized
SWCNT
WS,/Graphite DPV 0.5-20 9%x1078 Buffer [52]
nanofiber M
P-GLY/GO DPV 0.15-48 0.026 Urine [35]
Cytosine GONRs-CH DPV 3.5-342 0.641 Buffer [16]

“Detection range and LOD are typically determined in buffer and would likely be different in complex
media.
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1.1.2 Metal Materials

A wide variety of metals have been used to produce hydrophobic biosensors, including
noble metals (e.g. Au [37,53,54], Pd [37]), transition metals (e.g. Co [53], Cu[55], W[56]), metal
oxides/hydroxides (e.g. Mn0;[14], SnO; [57], Zn(OH); [58], NiO [59]), metal chalcogenides (e.g.
FeTe,[2], CdSe[60]), metal organic frameworks (MOFs) [61], and polyoxometalates (POMs)
[62,63]. Metallic materials have primarily been incorporated into these biosensors as a
nonenzymatic electrocatalyst, providing crucial improvements in sensor sensitivity that in turn
enable determination of biomarkers. The enhanced electrocatalysis of hydrophobic metabolites
was achieved through several mechanisms: direct electron transfer mediation between metal
and biomarker [64], coordination and activation of functional groups on the biomarker [64],
improved electrostatic affinity between sensor and biomarker [5,54,62,65], enhanced mass
transport due to expansion of the electrochemically active surface area [2,3,37,54-58,60-63,65]
and/or intrinsic adsorptive properties of the metal [3,14,66]. Metals, especially transition metals
with an abundance of unpaired d-orbital electrons, have multiple oxidation states and readily
transition between oxidation states through electron transfer reactions with coordinating
electrochemically active species [64]. This direct redox between metal and biomarker can
facilitate faster electron transfer at lower oxidation potentials, as observed for the oxidation of
epinephrine upon addition of copper nanoparticles to an Al,O3 nanofiber/graphene composite
[55]. Since some hydrophobic metabolites like epinephrine and uric acid are electrochemically
active and coexist with other electrochemically active species in complex media, metals present
a useful option for enhancing sensitivity for these species creating some class-recognition type

selectivity.
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Interactions between two metals can also have an enhancing effect on biomarker redox
processes, which could explain the enhanced oxidation of epinephrine upon addition of gold to
a Schiff-base Iron (lll) complex film [5]. However, Schiff-base complexes have been shown to
degrade and corrode a metal oxide surface signifying limited long-term use of these in some
applications [59]. Other examples of enhanced oxidation of uric acid with a second metal were
gold added to a B-NiS/RGO composite [54] and a cobalt decorated hollow nanoporous carbon
framework [53]. Enhanced oxidation of uric acid was also observed at a-Nip.75Zno.25(OH); alloy
nanoparticles compared to a-Ni(OH); and Zn(OH); [58]. Increase sensitivity to adenine and
guanine was observed when gold was added to a CdS/GO modified electrode [65]. Some metals
and metal composites have electrostatic affinity for the biomarkers of interest at tested pH that
improve sensitivity for the target analytes. The negative charge of the Au/B-NiS/RGO [54],
CdS@ZnS/GO [65], and Au/Schiff-base iron(lll) [5], composites each attracted positively charged
uric acid, adenine and guanine, and epinephrine, respectively. Conversely, the POM composite
of H3PW12040/RGO contained positively charged surface groups that enhanced affinity for the

negatively charged groups on tyrosine at tested pH [62].

If not directly participating in redox reactions with the biomarker, metal ions can bind
functional groups on biomarkers with electron-donor properties [64] such as the amine groups
on uric acid, adenine, guanine, cytosine, and thymine. Binding not only keeps the biomarker close
to the electroactive surface but polarizes the functional group and activates adjacent sites on the
molecule, thus promoting further interactions [64]. This effect may be responsible for the
enhanced response of CdSe quantum dots in hollow extraction fibers towards uric acid versus

just the hollow fibers, as each CdSe quantum dot binds at least one target analyte from solution
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and promotes oxidation [60]. While not necessarily specific to hydrophobic biomarkers, the
binding to pull out of solution and activation of nearby sites is valuable when seeking higher

sensitivities and wider peak separations for hydrophobic biomarkers with Lewis base groups.

Metal nanostructures such as nanospheres, nanofibers, nanosheets, nanoclusters, and
guantum dots may also improve sensitivity by increasing the electrochemically active surface
area of the sensor, providing more accessible sites for redox. Morphology is key to this effect;
although discal, cubic, and thorhombic Fe;03 nanoparticles can all catalyze the oxidation of uric
acid, the larger surface area/volume ratio and increased surface defects afforded by discal Fe;03
nanoparticles yielded higher peak currents [3]. Quantum dot core-shell nanostructures were of
particular note, with CdS@ZnS producing even larger conductive surface areas than
nanoparticles of the same metals [65]. Unfortunately, many metal nanoparticles are prone to
agglomeration [3], and must be suitably dispersed (either by modifying synthesis technique or

supporting on another structure) to reap the benefits of higher surface area.

Some metals (particularly iron oxides and metal chalcogenides) have notable impacts on
mass transport due to their adsorptive abilities. Although pure unsupported iron oxide
nanoparticles have poor electrical conductivity and are prone to agglomeration, the adsorptive
ability of Fe203 and Fe304 were used to enhance the response of graphene oxide sheets towards
uric acid [3] and adenine/guanine [66], respectively. However, some metals have been shown to

reduce mass transport rates, such as Fe,V4013[67].

MOFs are highly tunable, porous, extended crystalline structures where metal cations or
clusters called “nodes” are connected by organic “linker” ions or molecules [68]. MOFs can

improve sensitivity with their electrocatalytically active metal nodes and selectivity by the
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modifiable pore sizes of the organic framework, often yielding wide detection ranges and very
low limits of detection [68]. A CdO/carbon nitride/polyaniline MOF for epinephrine sensing
demonstrates some of the advantages of MOFs with rapid diffusion, large surface area, improved
peak separation between epinephrine and interferents, a higher oxidation current, and lower

overpotential [61].

Although less explored in the literature, polyoxometalates (POMs) are worth mentioning
for their remarkably low limits of detection and wide range. POMs are molecular oxides
containing oxygen and tens to hundreds of early transition metal atoms that can accept and
release specific numbers of electrons without decomposing or changing structure [69]. POMs can
vastly expand the electrochemically active surface area, enhancing electron transfer rate and
sensitivity. A novel use of POMs was reported for nonenzymatic cholesterol sensing [63], yielding
the lowest limit of detection with the widest range of the articles surveilled. The highly active
sandwich POM in combination with a PVIM+ ionic liquid support showed cathodic shifts in peaks
and an increase in reduction and oxidation currents of typically electrochemically inactive
cholesterol. Additionally, a POM/RGO/GCE sensor was reported for the determination of tyrosine

[62], with electrostatic affinity for tyrosine as mentioned previously.

16



Table 1.2. Metal based biosensors. 3, Z. Panahi, L. Custer, J.M. Halpern, Copyright 2021, with permission
from Elsevier.

Analyte Sensor E-Chem Detection LOD (pM)* Medium
method  range (uM)"
Uric acid Au/NiS/RGO/GCE SWV 0.1-1000 0.006 Urine and serum [54]
Fe203/GO/GCE DPV 10-100 0.0025 Urine and serum [3]
CdSe/ionic DPV 0.297-2970 0.083 Urine and serum [60]
liquid/hollow
polypropylene
fibers/PGE
FeTe2/GPE DPV 3-120 0.042 Urine and serum [2]
Au/Co/nanoporous DPV 0.1-2500 0.023 Serum [53]
hollow carbon
framework/GCE
Epinephrine Au-Pd/RGO/GCE DPV 0.001-1000 0.0012 Serum [37]
Al20s/Cu/ DPV 1-1200 0.027 Urine [55]
graphene/GCE
CdO/PANI/ DPV 0.05-1000 0.011 Serum [61]
g-C3aN4/GCE
Tyrosine H3PW12040/RGO SWV 0.01-1.0x 10’3 2x10° Serum [62]
/GCE
Cholesterol PVIM- DPV 1x 10® -5000 1x10° Serum [63]
CosPOM/MNC/
Filter paper
electrode
MnO2/PGE DPV 1.2-24 x 103 4.2 x10* Serum [14]
Adenine ZnS@CdS/GO/GCE DPV 0.01-50 0.00181 Blood [65]
Fes04/GO/GCE DPV 0.05-25 0.003 Urine [66]
FeTe2/GPE DPV 3-100 0.097 Urine and serum [2]
Guanine ZnS@CdS/GO/GCE DPV 0.01-50 0.00145 Blood [65]
Fes04/GO/GCE DPV 0.05-25 0.004 Urine [66]
FeTe2/GPE DPV 1-160 0.034 Urine and serum [2]
Fe,V4013/CPE DPSV 0.5-60 0.032 Buffer [67]
Cytosine WO2/W@C/GCE DPV 1-3000 0.20 Urine and serum [56]
Thymine WO2/W@C/GCE DPV 1-4000 0.20 Urine and serum [56]

*Detection range and LOD are typically determined in buffer and would likely be different in complex
media.
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1.1.3 Conjugated Polymers

Conjugated polymers (CPs) are biocompatible polymeric materials with conjugated pi-
orbital systems that may permit electron movement from end-to-end [70]. While in a pristine
(neutral) state, CPs are poorly conductive [70,71]; conductivity of CPs is altered by several orders
of magnitude via reversible oxidation (p-doping) or reduction (n-doping) of their pi-orbital system
[70,71]. CPs can be polymerized in various conformations with unique behavior, including films
[12,72-75], nanofibers/wires [12,76], nanospheres [4,77—-80], and hydrogels [81]. CPs exhibit
highly customizable structural, electronic, and optical properties that are sensitive to small
perturbations, and therefore have been used for a variety of chemical sensing applications [70].
Common CPs for sensing include poly(thiophene)s like poly(3,4-ethylenedioxythiophene)

(PEDQT), poly(aniline)s (PANIs), and poly(pyrrole)s (PPYs) [70].

CPs can also improve the stability of sensors by providing functional groups for strong
attachment to surfaces [4,72] and blocking surface fouling [73,82]. While some CPs like PPY or
PANI are mechanically weak and degrade readily [72,78,82], others like PEDOT contribute decent
mechanical strength as well as good thermal, environmental, and cycling stability [79]. CPs are
also relatively cheap [70] and may be easily fabricated directly onto electrodes via
electropolymerization [72,74]. However, CP only based sensors often have poor selectivity and
are unsuited to discrimination of biomarkers in complex media outside of cross reactive sensor
arrays [70]. Efforts to improve selectivity includes the integration of molecularly imprinted

polymer concepts [83] or use of receptor monomers such as cyclodextrin [84].
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As an element of biosensors, the large specific surface area [77], high conductivity [85],
and fast redox activity [85] of CPs can improve sensitivity towards hydrophobic biomarkers (see
Table 4). Many CPs like PANI have aromatic groups in their pi-orbital system that facilitate pi-pi
stacking with aromatic hydrophobes like uric acid [82], tyrosine [72], adenine [75], and guanine
[75]. Charged groups on certain CPs at specific pH can change the overall charge of the composite
to facilitate electrostatic interactions with hydrophobic biomarkers that are ionized at testing pH,
such as uric acid [78], epinephrine [74], tyrosine [80], adenine [75], and guanine [75]; hydrogen
bonding may also occur between proton donor regions of biomarkers and electronegatively rich
groups of the CP that increase affinity for biomarkers [72,73,78] or weaken other bonds to
enhance the likelihood of redox interactions [72]. Many CPs like PEDOT have more hydrophobic
regions like repeated aromatic rings [76,78] or inclusion pockets [84] that can specifically interact
with hydrophobic metabolites via hydrophobic interactions. Additionally, some CPs can catalyze

the direct redox of a biomarker, such as poly(L-arginine) and epinephrine [74].

CPs are typically integrated into composites to great synergistic effect. For example,
negatively charged carbon nanotubes form stable composites with positively charged PEDOT that
have higher capacitance and enhanced mechanical properties as compared to electrodes
modified with individual components [86]. Positively charged CPs have also been used to form
p/n junctions with negatively charged materials like zinc oxide to substantially increase the
magnitude of response towards epinephrine and uric acid [85]. CPs can enhance dispersal and
prevent agglomeration of electrochemically active nanomaterials such as reduced graphene
oxide [82], metal oxide nanoparticles [85], metal sulfide nanostructures [75,78], and noble metal

nanoparticles [85,87], yielding more homogeneous higher sensitivity constructs capable of
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selectivity. Carbon structures like reduced graphene oxide [85] or metal components [82] can
compensate for the poor strength and stability of some CPs. However, compositing does not
automatically yield better sensitivity; in particular, composites of CPs and 2-D carbon

nanomaterials tend to have poorer (>0.5 uM) LOD [88,89].

While CPs are powerful due to their diversity of characteristics and synergy within
composites, they require extensive optimization during polymerization/composite formation,
doping, and sensing to maximize capabilities. Electro-polymerization conditions such as pH
[4,87], solvent [76,87], supporting electrolyte [76], concentration of monomer [4,72,77], and
choice of electrode substrate [4,76] influence the morphology and electrochemical properties of
CPs and should be carefully selected for the biomarker of choice. Features such as thickness,
permeation, and charge transport of CP films may be tuned by adjusting electrochemical

parameters such as cycle number [72,73,87] and potential scan range [87].

Doping can be accomplished chemically or electrochemically, but electrochemical doping
is preferable for reproducible fine tuning of oxidation state [70,71]. Different dopants produce
CPs with varying characteristics [76]; sometimes other electrocatalytic hydrophobic materials like
carbon nanotubes can be used as the dopant to enhance sensitivity [86]. Counterions are
incorporated to compensate charges created by doping the polymer backbone. The type of
counterion determines the character of local charge carriers along the polymer backbone [70],
thereby determining ion exchange properties of the CP [71] and its interactions with ionized
hydrophobic biomarkers. Further irreversible oxidation (over-oxidation) can turn some
conductive CPs into insulating polymers [90], though recently over-oxidized PEDOT has been

found to retain conductivity with the advantage of improved stability [76]. Over-oxidation may
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expose more hydrophobic regions of CPs such as PEDOT, facilitating hydrophobic interactions
between the CP and un-ionized biomarkers for enhanced sensitivity and class-recognition
selectivity [76]. CPs have also recently been electronically excited by electron beam irradiation,
resulting in intermolecular cross linking or chain scission of the polymer [80] that manifests as

altered electronic properties and mass transport behavior [77,80].

In addition to oxidation state, the electroactivity of CPs can be modified by protonation
state. For certain CPs like PANI or PI, proton release and uptake are directly coupled to the
oxidation or reduction of the polymer, such that changes in pH directly affect conductivity [71].
This feature of CPs, along with the ionization of several hydrophobic biomarkers at varying pH
[72,76], necessitates experimentation with pH to determine optimal sensing conditions [4,72—-

80,82-87].

Table 1.3. Conjugated polymer based biosensors. 3, Z. Panahi, L. Custer, J.M. Halpern, Copyright 2021,
with permission from Elsevier.
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Analyte Sensor detection Detection LOD Medium

*

method range (kM)"  (nM)

Uric acid Poly(DA)/AuNp/SPCE DPV 10-350 0.1 Buffer [4]
Poly(DA)/PPY/GCE DPV 0.5-40 110 Urine [12]
Poly(HQ)/crown DPV 0.005-15 0.769 Serum [73]
ether/CNT/GCE

PANI/ZnO/RGO/GCE DPV 0.5-1000 122 Urine and [82]

serum
PPY/B-NiS/SPE SWv 0.02- 5 Urine and [78]

1000 serum
PEDOT/AuNp/ MWCNT/GCE DPV 0.1-800 199.3 Urine and [86]

serum
Ox-PEDOT/PGE AdDPSV 0.01-20 13 Urine and [76]

serum
PPY hydrogels/GCE SWV 0.2-1000 46 Urine [81]
Poly(BCG)/AuNp/GCE DPV 7.0- 4 Urine [87]

1500.0

Epinephrine  Poly(L-aspartic acid)/RGO/GCE SWV 0.1-110 25 Buffer [74]
Poly(BCG)/AuNp/GCE DPV 4.0-903.0 10 Urine [87]
PPY/ZnO/AuNp/ RGO/GCE DPV 0.6-500 60 Buffer [85]
EB-PPY/BSA/GCE SWV 0.1-400 7.4 Buffer [77]
Tyrosine Poly(BCP)/ MWCNT/ CPE CA 2-100 191 Buffer [72]
EB-PPY/BSA/GCE SWV 0.1-400 5.9 Buffer [77]
Cholesterol PEDOT/taurine/SPE CA 3-1000 950 Buffer [79]
Adenine PANI/MoS,/CPE DPV 0.05-1 6.3 Buffer [75]
Guanine PANI/MoS,/CPE DPV 1-100 4.5 Buffer [75]

“Detection range and LOD are typically determined in buffer and would likely be different in complex
media.
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1.2 Why Cyclodextrin Based Biosensors — Advantages

Cyclodextrins (CD) consisting of six (aCD), seven (BCD), or eight (yCD) glucose units are
oligosaccharides composed of a hydrophobic inner cavity and a hydrophilic outer surface (Figure
1.3). The hydrophobic cavity of cyclodextrins is due to the skeletal carbons and ether-like oxygens
of glucose molecules which cause a lipophilic character [91,92]. The hydrophobic cavity of
cyclodextrins allows them to make stable inclusion complexes with various guest molecules
through hydrophobic interactions, Van der Waals forces, and hydrogen bonding [93-95]. CD
biosensors have good selectivity because different metabolites differ not only in terms of the
nature and placement of a hydrogen-donor units, but also in terms of the number of hydrogen
donors. The host guest interaction energies between cyclodextrins and different guest molecules

are different, permitting the semi-selective determination of the target molecules.

apy  feen
BES B5H Pi5

Figure 1.3. aCD, BCD, and yCD molecular structures. aCD, BCD, and yCD contain six, seven, and eight
glucose units, respectively.

For example, cholesterol is a hydrophobic molecule composed of a steroid, an OH group
and eight CHs3 groups [94]. Therefore, BCD molecules have high affinity for cholesterol and in

recent years BCDs have been incorporated in development of various electrochemical [20,91,96—
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98] and non-electrochemical [94,96,99,100] cholesterol biosensors. Figure 1.4 demonstrates a
cholesterol BCD/AuNCs biosensor based on fluorescence enhancement technique and the
inclusion complexes between BCD and cholesterol, and each cholesterol molecule is
encapsulated by three BCD molecules [96]. Glutamic acid, cysteine, ascorbic acid, and dopamine
can be found in serum and are among the potentially interfering components for cholesterol
sensing. Glutamic acid and cysteine molecules contain two and one hydrophobic CH; groups,
respectively and they can bind with BCD. However, the inclusion complexes of BCD with glutamic
acid and cysteine are weak due to the mismatch between sizes of CH, groups and BCD cavity.
Similarly, the lactone ring of ascorbic acid and the benzene ring of dopamine can fit loosely in

BCD cavity and they fit better in aCD cavity [100].

P99 a%

se— sp—J sE—  gpec4n ‘

Tewe CrY g

HAuCL SH-B-CD CD-AuNCs
§ 2
0
2
=

. &
w@@é@i\f‘vﬁ " 2 =

CD-AuNCs-Cholesterol inclusion complex Enhanced blue-green emission

®

Figure 1.4. Schematic illustration of BCD/AuNCs biosensor based on fluorescence enhancement
technique. BCD and cholesterol host-guest interactions with the molar ratio of 3:1 [96]. Reprinted from
Sensitive cholesterol determination by B cyclodextrin recognition based on fluorescence enhancement of
gold nanoclusters, 175, W. Xiao, Z. Yang, J. Liu, Z. Chen, and H. Li, pp. 107125, Copyright 2022, with
permission from Elsevier.
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In addition to the cyclodextrins’ cavity size, steric hindrance and hydrogen-bonding
interaction controls the selectivity of cyclodextrin biosensors [84]. For example, tyrosine
enantiomers (L-Tyr and D-Tyr) can both enter the BCD cavity and make inclusion complexes with
BCD. However, due to different steric hindrance and hydrogen-bonding interaction between
BCDs and L-Tyr, BCD:L-Tyr complex are shown to be more stable than BCD:D-Tyr [43].
Additionally, cyclodextrin molecules can be modified with different functional groups to improve
their selectivity. For example, sulfato-BCD derivative has better selectivity than original BCD
molecule toward tyrosine enantiomers because electrostatic interaction from sulfonate groups

enhance the binding ability [101].

1.3 Current Cyclodextrin Biosensors for Hydrophobic Metabolite Sensing —
Challenges

CDs have been used as molecular receptors in biosensors for detection of various
hydrophobic biomarkers that match their cavity size [42]. In particular aCD has a smaller cavity
(inner radius 0.57 nm) and has been used for detection of adenine, guanine, and thymine [102].
BCD (inner radius 0.78 nm) has been found to be the most efficient sterol-acceptor molecule, due
to its inner cavity diameter which is consistent with the size of these molecules [20]. However,
yCD (inner radius 0.95 nm) has a larger cavity which may not be suitable for detection of
important biomarkers. For example it has been shown that sensitivity of BCD/MWCNT sensor is
higher than similar biosensors with aCD and yCD for uric acid detection, thus demonstrating size

of cyclodextrins is critical for small hydrophobic metabolite detection [103].

Carbon-based materials have been broadly used as supporting materials for

electrochemical cyclodextrin biosensors to increase electron transfer rates and enhance
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electrochemical activity of these biosensors. Reduced graphene oxide has been used together
with aCD for detection of adenine, guanine, and thymine. aCD ensures both more accessible
active sites to capture analyte and RGO accelerates electron transfer leading RGO/a.CD to show
high electrochemical activity [102]. Graphene quantum dots combined with BCD for the
fabrication of a tyrosine and uric acid biosensor and a BCD/MWCNT surface has been

incorporated for detection of uric acid [42,43].

One of the methods to improve sensitivity of layer-by-layer carbon/cyclodextrin
biosensors is to optimize the interactions between carbon materials and cyclodextrins. Figure 1.5
shows different fabrication stages of a BCD/Nafion-MWCNT biosensor for uric acid detection
[103]. In this method, first, Nafion-ethanol solution was used to disperse pristine MWCNT and
then BCD was electropolymerized on Nafion-MWCNT film. However, the use of Nafion for
MWCNT dispersion interferes with BCD coupling to MWCNT. Alternatively, MWCNT—-COOH
(instead of unfunctionalized MWCNT) can be easily dispersed in aqueous solution and a layer of
BCD could be adsorbed directly on MWCNT layer [47]. By maximizing the interactions between
MWCNT and BCD sensitivity of biosensor increased from 2.11 to 4.28 pA mM[47].

However, one of the problems with cyclodextrin biosensors is associated with the
immobilization of cyclodextrins on electrode surfaces due to their poor conductivity and high
water solubility [84]. One solution is to introduce functional groups (such as —SH, —NH; and —

COOH) on the CD, providing more effective binding sites.
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Figure 1.5. Schematic illustration of BCD/Nafion-MWCNT for detection of uric acid [103].Reprinted from
Electropolymerization of B cyclodextrin onto multi-walled carbon nanotube composite films for enhanced
selective detection of uric acid, 783, M.B. Wayu, L.T. DiPasquale, M.A. Schwarzmann, S.D. Gillespie, M.C.
Leopold, pp. 192-200, Copyright 2016, with permission from Elsevier.

Covalent bindings between graphene and cyclodextrin can limit the amount of
cyclodextrin immobilized on the surface and result in low sensitivity of biosensor. Furthermore,
cyclodextrins are not conductive and cyclodextrin functionalized surfaces have lower
conductivity. Therefore, introduction of cyclodextrins onto surface can decrease the sensitivity
of sensors that are based on oxidation or reduction of electroactive analytes. To enhance the
sensitivity of the sensors, cyclodextrins can be modified with sulfonate groups and sulfato-CD

derivative has higher sensitivity than original BCD molecule toward tyrosine enantiomers due to

the ionic conductivity of sulfonate groups [101].

Dispersed cyclodextrin surfaces offer higher conductivity and perform better compared
to cyclodextrin functionalized electrodes. Alternatively, competitive host-guest inclusion
complexes between hydrophobic analytes and a redox indicator can be used to determine
concentrations of analyte. For example, Figure 1.6 shows that methylene blue can be replaced
by cholesterol molecules because binding affinity of cyclodextrin and cholesterol is higher than

cyclodextrin and methylene blue [97,98].
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Reusable sensors are critical in applications where automated in-process analyte sensing
is essential, as in environmental screening [104], cellular monitoring [105], food monitoring [106],
and biopharmaceutical applications [107,108]. A reusable sensor surface would reduce material
and reagent costs, and, once an appropriate calibration curve is obtained, it can be applied for
subsequent sample screenings [109,110]. Currently, all current cyclodextrin biosensors such as
cyclodextrin self-assembled monolayers with thiolated cyclodextrins or cyclodextrin surface free-
radical polymerization, are single use due to strong analyte complexation [111-114]. However,
using surfaces where cyclodextrin is complexed to a weakly hydrophobic self-assembled
monolayer has the capability of overcoming the aforementioned challenges with surface

functionalization and creating a reusable biosensor for hydrophobic metabolites sensing.
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Figure 1.6. Schematic demonstration of BCD/graphene platform for cholesterol detection [97]. Reprinted
from Non-enzymatic electrochemical detection of cholesterol using B cyclodextrin functionalized
graphene, 63, N. Agnihotri, A.D. Chowdhury, A. De, pp. 212-217, Copyright 2015, with permission from
Elsevier.
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Table 1.4. Cyclodextrin based biosensors

Analyte Sensor Detection Detection LOD (uM) Medium
method range (nM)
Uric acid Poly DPV 0.3-200 0.01 Urine [42]
(BCD)/CQDs/GCE
BCD/ MWCNT- CA 100 - 700 100" Buffer [47]
COOH
BCD/RGO DPV 0.08 - 150 0.026 Serum [84]
BCD/selenium- DPV 10-1000 0.03 Urine and [93]
cQDs/ serum
Cholesterol BCD/MWCNTs/ DPV 0.001-3 0.0005 Serum [20]
SPCE
BCD/3D-ePAD DPV 0.1-1000 0.03 Serum [91]
Tyrosine CuO/BCD/ Nafion CA 0.01-100 0.0082 Urine and [15]
/GCE serum
BCD/CQDs CV-DPV 0.2-100 0.00607 Serum [43]
BCD-GQD/GCE DPV 0.1-15 0.1" Buffer [115]
BCD/Pt NPs/PPy/ DPV 3-30 0.000107 Buffer [116]
chiral -CNT
MPC-sulfato- DPV 1-500 0.26 Tap water [101]
BCD/GCE
Adenine a-CD/RGO DPV 10-50 0.1455 Serum [102]
Thymine o-CD/RGO DPV 10-50 0.0529 Serum [102]
Guanine a-CD/RGO DPV 10-50 0.0389 Serum [102]

“Detection range and LOD are typically determined in buffer and would likely be different in complex
media.
“Limit of quantification (LOQ)
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1.4 Sensitivity, Stability, and Selectivity in Hydrophobic Metabolite Sensing
1.4.1 Sensitivity

Sensitivity is an important characteristic of the biosensor, and it is defined as the slope of
the calibration curve [117]. Different surface modification methods are employed to enhance the
sensitivity of biosensors; however, this parameter is often overlooked and receives less attention
than LOD [118]. Figure 1.7 demonstrates sensitivity of some of the reported amperometric
biosensors, and the sensitivity of hydrophobic metabolite biosensors is usually between 1-10 pA
UMt ecm? [2,12,86,119]. However, in case of an Au/Co/nanoporous hollow carbon
framework/GCE surface for uric acid detection the sensitivity can be as high as 48.4 uyA uMtcm-

2 [53] and MnO2/PGE biosensor can detect cholesterol with sensitivity of 63869 pA uM1cm2[14].
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Figure 1.7. Sensitivity of some of the electrochemical biosensors for detection of hydrophobic
metabolites.
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1.4.2 Stability

Short-term (or sensing) stability as well as long-term (or storage) stability are widely used
to describe biosensor performance. Sensing stability evaluates the effect of surface fouling on
biosensors response. For example, constant amperometric response of MCPE/COOH-MWCNT for
20 min suggested the biosensor was stable in solution during sensing of tyrosine [49].
Additionally, after 80 continuous DPV sweeps using ZnS@CdS/GO/GCE surface, adenine and
guanine oxidation peak currents only dropped to 90.7 and 91.2 % of their original values,
respectively [65]. Similarly, 25 CV cycles were repeated to show antifouling property of

poly(HQ)/crown ether/CNT/GCE surface for uric acid detection [73].

Moreover, long storage stability of biosensors is required for clinical applications. Figure
1.8 represents storage stability of various biosensors in dry room temperature (Figure 1.8A), dry
low temperatures (Figure 1.8B), and buffer solutions (Figure 1.8C) where the biosensor retains

at least 90% of their original response after storage period.
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Figure 1.8. Storage stability of various biosensors in A) dry room temperature, B) dry low temperatures,
and C) buffer solutions.
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1.4.3 Selectivity

While biosensors with low sensitivity generate more false negatives, non-selective
biosensors are likely to produce false positive results. Therefore, cross interference studies are
performed to investigate the influence of potentially interfering compounds on biosensors
response. These general points should be considered when selecting interfering compounds for

selectivity experiments:

° Composition of biological solution: For example, uric acid as an important organic
constituent of urine can interfere with various hydrophobic metabolites detection. Therefore,
uric acid should always be tested when the biosensors are developed to detect analytes in urine.
° Electrochemical detection technique: For example, in amperometric biosensors various
electroactive molecules can be oxidized or reduced at the surface. Therefore, all electroactive
species that coexist with target analyte can be potential interferents.

° Nature of modified surface: For example, cyclodextrins can make inclusion complexes
with various hydrophobic guest molecules. Therefore, it is important to note the presence of

coexisting hydrophobic molecules in the solution.

1.5 Electrochemical Cross-Reactive Sensor Arrays for Disease Diagnosis

So far in this Chapter we discussed the non-enzymatic electrochemical affinity based
biosensors that are designed based on a “lock-and-key” platform, wherein the surfaces are
modified with receptors with high selectivity and specificity towards the target analyte. The
affinity based biosensors often provide useful quantitative information about a single target

analyte [120] (Figure 1.9.A).
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Electrochemical tongue or electrochemical nose is a type of biosensor that mimics the
pattern recognition performance of gustatory (taste) or olfactory (smell) sensory systems and
does not follow the strict “lock-and-key” design principle. The mammalian olfactory system
contains more than 1000 different unspecific and unselective receptors which respond to many
different analytes. The olfactory receptors’ responses are processed in the olfactory cortex and
the achieved “signature” or “finger print” allows the classification and identification of different
smells [121]. Similarly, electrochemical tongue biosensors are based on an array of surfaces
modified with various cross-reactive receptors and the surfaces have partial cross specificity to
various compounds that exist in the complex solutions. The advantage of electrochemical tongue
biosensors over affinity based biosensors is that electrochemical tongues provide a better

qualitative information of the sample because different surfaces interact with multiple analytes

simultaneously [120,122] (Figure 1.9.B).

_Cortisol.

N ; E

Glucose Creatinine  Fumarate

Figure 1.9. A schematic of (A) an electrochemical affinity-based (selective) biosensor vs. (B) a cross-
reactive sensor array (electrochemical tongue)
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In electrochemical tongues different surfaces respond to different compounds causing
overlapping of analytical signals; therefore, often complex chemometric data analysis methods
are required for data analysis. The chemometric methods are a range of techniques that remove
redundant data, improve signal to noise ratio, and employ multivariant data treatment and
pattern recognition techniques such as supervised Linear Discriminant Analysis (LDA) and
unsupervised Principal Component Analysis (PCA) to discriminate between complex solution
samples [123,124]. Electrochemical tongues have different applications in pharmaceuticals
[125,126], agriculture and food processing [127-129], cosmetics [123], and biosensors [130-
132]. For example, in case of biosensors, an electrochemical nose has been developed to analyze
breath samples of 276 volunteers to differentiate between healthy, benign (non-cancerous
lesions), and ductal carcinoma in situ (DCIS) samples [130]. Additionally, electrochemical tongues
were designed to discriminate saliva samples of oral cavity cancer patients and healthy
individuals [131] and analyze urine samples to make a separation between prostate cancer
patients and control samples [132]. The electronic tongue employed for prostate cancer
diagnosis was an array of seven working electrodes; therefore, seven variables existed in the
system. The reason that usually this many electrodes (variables) exist in electronic tongue
systems is that it is possible to get a better separation between different groups compared to
when fewer electrodes (variables) are used. However, it is not possible to plot the data with this
many variables; therefore, dimension reduction techniques such as PCA and LDA are needed to
combine variables to simplify analysis, visualize data, and identify individuals with a similar health

profile [123,125-132].
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Equation 1.1 shows that PCA combines n variables (X; to X,,) to 1 variable (PC1). a to a,
are weights of different variables and PCA finds the optimal values for a;to a, so that the
combined variable (first principal component (PC1)) has a maximum variance. Therefore, PCA is
a method to find the linear combination that accounts for as much variability as possible. The
weights for the PCA are extracted from the first eigenvector of the covariance matrix. PCA is
referred to as an unsupervised method because it discovers hidden patterns in unlabeled data

sets [133].

PC1 = oy X1 + 0 X5 + - + a, X, Equation 1.1

LDA is a similar method which aims to maximize the separation between two or more
groups. Therefore, LDA combines variables X; to X,, by using optimal values for a;to a,so that
the combined variable, i.e., first linear discriminant (LD1) shows maximum separation between
the groups (Equation 1.2). LDA is a supervised technique and to find the best separation between

the groups, a labeled (training) data set must be used [134].

LD1 = o X1 + X5 + -+ + ap X, Equation 1.2

While both PCA and LDA are dimensionality reduction techniques, if the variables are
correlated, only PCA can address the collinearity problem. In other words, if the variables are
somehow correlated, PCA and LDA can be combined, and the principal components of the data
can be used as input for LDA [134]. Additionally, while PCA is a popular pattern recognition
method in some recent developed electrochemical tongues [123,125-127], PCA is mainly a

dimensionality reduction technique, is not optimized for class separability, and LDA is a better
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approach for classification [135]. However, when the training set is too small, PCA can

outperform LDA [136].

Similar to the conventional electrochemical affinity-based biosensors, electronic tongues
can be based on amperometric [137], voltametric [123,125,126], or impedimetric [127,138-141]
transducers. While amperometric and voltametric tongues are based on oxidation of
electroactive analytes on the electrode surface, impedimetric tongues can be used for detection
of both electroactive and non-electroactive species. This is especially an important consideration
when choosing electrochemical transducers for clinical biosensors because not all disease
biomarkers are necessarily electroactive. For example, cortisol, a non-electroactive molecule, is

an important sepsis biomarker.

In the following chapters, we will thoroughly discuss the impedimetric electrochemical
biosensors (Chapter 2). Then, we will show the applications of impedimetric methods in
development of the first reusable cyclodextrin sensing platforms for detection of trans-
resveratrol (Chapter 3), and cortisol (Chapter 4). Finally, in Chapter 5 of this thesis we will employ
a cross-reactive sensor array (impedimetric tongue) consisting of various cyclodextrin surfaces

for separation and classification of different samples.
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1.6 Conclusion

Cyclodextrin biosensors have advantages over other non-enzymatic surface modification
strategies for sensing of hydrophobic metabolites. Cyclodextrins improve the selectivity of
biosensors because the formation and stability of inclusion complexes of cyclodextrins and
hydrophobic analytes depend on various factors including but not limited to the size of the
cyclodextrin cavity, the size of the hydrophobic section of the hydrophobic analyte, the number
and placement of hydrogen donors. However, reversible immobilization of cyclodextrins on the
electrodes and fabrication of reusable cyclodextrins remains a challenge and all current
cyclodextrin biosensors are single use. Designing a stable platform for reversible immobilization
of cyclodextrins allows us to develop stable and reusable cyclodextrin surfaces for detection of
hydrophobic metabolites. Further, various cyclodextrin surfaces can be integrated to create a
cross-reactive sensing array for recognition of a class of biomarkers that interact with

cyclodextrins.
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2.  Electrochemical Impedance Spectroscopy (EIS)

2.1 Rational: The need for Electrochemical Impedance Spectroscopy

In Chapter 1, we mostly talked about various DC based electrochemical biosensors with
amperometric and voltametric transducers. In DC circuits (frequency of zero), the resistors are
the only elements that can create resistance and the resistance to the DC current through a
resistor can easily be determined by Ohm’s law. However, other circuit elements such as
capacitors or inductors can also slow the flow of current. For example, in the case of capacitors,
the current flows only when the capacitor is charging or discharging. In AC circuits, the resistance
is called impedance and since the impedance of some circuit elements such as capacitors and
inductors is frequency dependent and does not follow Ohm’s law, an AC based electrochemical
technique (EIS) is needed to measure their impedance. In other words, EIS allows us to measure
the impedance of everything in the system that slows down the current and we can collect more
data compared to DC based techniques [142,143]. Additionally, different electrochemical
phenomena occur at the same time but at different time scales (or at different frequencies). For
example, while diffusion is a slow process (large time constant, low frequency), the charging of
the electrode-electrolyte interface (double layer charging) happens faster (shorter time
response, higher frequency) [144]. In a DC voltammetry experiment, the potentiostat can only
measure the total current resulting from all the electrochemical processes that are occurring at
that time and it cannot distinguish what part of the current is associated with double layer
charging or diffusion. In contrast, EIS is able to distinguish between different electrochemical

phenomena because they occur at different characteristic frequencies. Finally, while
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amperometric and voltametric techniques can simply measure the faradaic current,
measurement of non-faradaic current by these techniques is almost impossible. However, using
EIS we can measure faradaic and non-faradaic currents and non-faradaic EIS can be used as the
transduction technique in development of point of care (POC) sensors. Despite the many
advantages the EIS offers, it is a complicated technique and requires complex data processing
steps. In this chapter we will discuss EIS data collection and data analysis which is necessary for

development of EIS based biosensors in detail.

2.2 Faradaic vs. Non-Faradaic Electrochemical Biosensors

In Chapter 1, we extensively reviewed the electrochemical biosensors for detection of
electroactive analytes that can oxidize on various modified electrode surfaces (Figure 1.2).
However, a lot of important disease biomarkers and metabolites such as cholesterol and cortisol
are not electrochemically active. We can divide the electrochemical biosensors for measurement
of non-electroactive species into two groups of Faradaic and non-Faradaic based biosensors.
Figure 2.1 demonstrates a polymeric surface that cyclodextrins (blue) are used as mediators.
When the surface is incubated in a solution that contains an analyte that cyclodextrins can
interact with, the cyclodextrins leave the surface and force the surface polymers to change into
a mushroom configuration. In faradaic based biosensors, there are some electroactive
components in the system; i.e., redox couples such as ferri/ferrocyanide in the solution (Figure
2.1.A) or redox labels such as ferrocene on the surface (Figure 2.1.B) [145]. Faradaic current is
generated as a result of oxidation/reduction reactions that take place on the electrode-
electrolyte interface [146]. In Figure 2.1.A, the faradaic current is generated when the ferri and

ferrocyanide ions in the solution can diffuse through the initial porous surface. But as the
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cyclodextrins leave the surface, the polymers bend and the surface becomes less porous, the
amount of faradaic current decreases. In Figure 2.1.B, ferrocene molecules are chemically
attached to the polymers and the faradaic current is only generated when ferrocene labels are
close enough to the surface. Therefore, the initial surface generates less faradaic current

compared to when surface polymers bend and create the mushroom-like structure.
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Figure 2.1. A schematic of a polymer surface loaded with cyclodextrins. This surface can be used to
develop (A) a faradaic biosensor with redox probes in the solution, (B) a faradaic biosensor with polymers
modified with redox tags, (C) a non-faradaic biosensor

Figure 2.1.C demonstrates a non-faradaic biosensor because there are no redox probes
present in the system. In a non-faradaic biosensor, no redox reactions happen and the non-
faradaic current is mostly generated due to the charging and discharging of the double layer
capacitance [146]. Multiple studies have shown that employing redox probes in the biosensor

system can limit the practical uses of the biosensors for multiple reasons [147-154]. First, the
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redox couples such as ferri/ferrocyanide, can interact with surface or analytes and deteriorate
surface sensitivity and selectivity. Second, the use of redox couples limits the practical
applications of biosensors in complex biological fluids [153]. In addition, non-faradaic analysis is
more sensitive to changes in the interface between the electrode and the solution because the
faradaic charge-transfer resistive process can mask simultaneous surface resistive and capacitive
effects [147]. For these reasons, throughout this thesis a non-faradaic approach is used for more
sensitive measurement of trans-resveratrol (Chapter 3), cortisol (Chapter 4), and various sepsis

biomarkers (Chapter 5).

Figures 2.2, 2.3, and 2.4 show the amperometric, voltametric, and impedimetric
responses to the changes of the polymeric surface in faradaic and non-faradaic systems. The
comparison between these methods show that EIS is the most important electrochemical
technique that can be used for analysis of non-faradaic systems. However, the changes in non-
faradaic EIS tend to be small which requires a perfectly fit circuit to monitor and predict these
changes. As an alternative to fitting the data to an equivalent circuit is to develop an empirical

correlation using an EIS parameter at a single frequency.

2.3 EIS Data Collection

During a potentiostatic EIS experiment, the potentiostat (Figure 2.5) applies sinusoidal
potentials (Equation 2.1) to an electrochemical system at multiple frequencies and measures the

corresponding sinusoidal currents (Equation 2.2) at all these frequencies to create a spectrum.

E, = E; Sin (wt) Equation 2.1
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Figure 2.2. Amperometric method for analysis of surface in faradaic and non-faradaic systems. The
amperometric technique cannot measure the non-faradaic changes of the surface.
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Figure 2.3. Voltametric method for analysis of surface in faradaic and non-faradaic systems. The
voltametric technique cannot measure the non-faradaic changes of the surface.
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Figure 2.4. Impedimetric method for analysis of surface in faradaic and non-faradaic systems. EIS can
measure both faradaic and non-faradaic changes of the surface.
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I; = I Sin (wt + ) Equation 2.2

The applied sinusoidal potential fluctuates as a function of time (t). E, is the amplitude of
the signal and represents the amount of applied potential. w is the angular frequency and shows
how frequently the signal oscillates. The term wt represents the phase of the waveform. The
output sinusoidal current has the same frequency but may be offset from the input sinusoidal

potential by a phase shift or phase angle (®) (Figure 2.5).

Some operations that are hard to perform in time domain, may be easier in frequency
domain. Mathematical Fourier Transform functions are used to convert time domain data to
frequency domain data. The potentiostat takes a Fourier transform of all the input and output
signals to convert all the time (s) domain data into the frequency domain data. The potentiostat
uses ratios of the frequency dependent potential over the frequency dependent current to find

the impedance Z (Equation 2.3) at different frequencies.

7 = t— Equation 2.3

In Equation 2.3, E(w) and I(w) are Fourier transformed potential and current,
respectively. Equation 2.3 is analogous to Ohm’s law and in a potentiostatic EIS system,
impedance can be defined as the resistance in an alternating potential. So, rather than plotting
the current and potential as we would normally see in DC voltammetry techniques like CV, in EIS,
the potentiostat provides us with two measurables: the magnitude of impedance (|Z|) and phase

angle (®).
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Figure 2.5. During a potentiostatic EIS experiment, the potentiostat (shown on the left) applies a
sinusoidal potential and measures the current. (shown on the right)
The magnitude of impedance (|Z|) is a ratio of the potential and current amplitudes at a

specific frequency (Equation 2.4).
Eo .
|Z| = - Equation 2.4
0

Impedance is a complex number. Therefore, impedance can be shown in polar coordinate
as (|Z|, ®) (Figure 2.6). Another common way to show impedance is in a cartesian coordinate. If
we convert from the polar coordinate to the cartesian coordinate (Equation 2.5), we can break
down the magnitude of the impedance (|Z]) and the phase angle (®) to get the impedance that
is associated with the X axis which is referred to a real impedance (Z') and the impedance

associated with the Y axis which is called the imaginary impedance (Z').

Z=7'+7 Equation 2.5
Z' = |Z|cos® Equation 2.6
7' = |Z|sin® Equation 2.7
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If we substitute the Z’and Z'in Equation 2.5, we can write:
Z = |Z|(cos® +j sin®d) Equation 2.8

Using Euler’s formula (e’ = cosx + j sinx), the impedance Z can be written as:

Z=|Z| e?® Equation 2.9
A Imaginary
90
4
: Z Real
(O]
e = -—P
210

Figure 2.6. Impedance is an imaginary number and can be shown in a polar or cartesian coordinate. |Z|
and @ are the impedance variables in polar coordinate; while, Z' and Z are impedance variables in
cartesian coordinate.

Similar to impedance, capacitance can be shown in a cartesian coordinate as a complex

number and the total capacitance (C), is represented by the real part (C’') and the imaginary part

(C”) and it is expressed as Equation 2.10-2.12 [155]:

C = C'+C Equation 2.10
P -7 .
C' = —(2'2 75 Equation 2.11
w +
" A .
C = —W Equation 2.12
w
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2.4 EIS Data Analysis

EIS data is usually interpreted with the use of equivalent electrical circuits (EEC). Fitting
the EIS data with electrical circuit models allow us to collect quantitative information about the
electrochemical phenomena that happen in the system. For example, the solution resistance and
the electrochemical double layer can be modeled as a resistor and capacitor, respectively and
the charge transfer resistance is often used to monitor the surface changes in faradaic EIS

experiments.

While extensive research has been conducted to analyze faradaic EIS data [156], some
problems still remain with the analysis of non-faradaic EIS. In a typical non-faradaic EIS
measurement, the parameters associated with electron transfer such as charge transfer
resistance and Warburg impedance are eliminated and this makes finding the equivalent
electrical circuit (EEC) that fits the data challenging [157,158]. The second approach for analysis
of EIS data is to use a single EIS parameter such as real impedance (Z’), imaginary impedance
(Z"), magnitude of impedance (|Z]), real capacitance (C’), imaginary capacitance (C”), total
capacitance (C), and phase angle (®) at a designated frequency and develop an empirical
correlation between that parameter at that frequency and the surface changes. The single
frequency EIS approach allows us for simultaneous EIS data collection and analysis; however, it
is often difficult to develop any meaningful or scientific reasoning for selecting a specific

frequency.
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2.4.1 Faradaic EIS Data Analysis of an Unmodified Glassy Carbon Surface

A BASI® glassy carbon electrode was polished with 0.55 pm alumina for 1 min and was
then sonicated in UHP water for 1 min. The electrode was rinsed thoroughly with UHP water and
the faradaic EIS measurements were carried out in 20 mL of 20 mM ferri/ferrocyanide in UHP
(Figure 2.7). Bode and Nyquist plots are two different representations of EIS data. If we plot the
magnitude of the impedance (|Z]) and phase angle (®) as a function of frequency, we get Bode
plot. The Nyquist plot shows the negative imaginary part of the impedance (—Z') in the y axis
and the real part of the impedance (Z’) in the x axis. Figure 2.8A and Figure 2.8B show faradaic

Nyquist and Bode plots of glassy carbon electrode after polishing.

Figure 2.7. Faradaic EIS in ferri/ferrocyanide solution in UHP. The yellow color of the solution is due to the
presence of in ferri/ferrocyanide ions.

The most common electrical circuit to fit faradaic EIS data is Randle’s circuit (Figure 2.9).
The Randles circuit consists of a solution resistance Rs in series with the double layer capacitance
Caq, charge transfer resistance Re, and Warburg impedance. Double layer capacitance deviates
from ideal behavior due to surface roughness and constant phase element (CPE) is often used in
equivalent circuit model. While the impedance of the resistors is not frequency dependent

(Equation 2.13), the impedance of the capacitor (Equation 2.14) and Warburg element (Equation

a7



2.15)is frequency dependent and is larger at lower frequencies. The A,, in Equation 2.15 is called

the Warburg coefficient and is the diffusion coefficient of ions in solution.

ZResistor = R

ZCapacitor jwC

ZWarburg Element — (70)05

Equation 2.13

Equation 2.14

Equation 2.15
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Figure 2.8. Faradaic EIS data of a glassy carbon electrode: (A) Bode and (B) Nyquist plot. The red and black
dotted lines show the data points. The purple dash lines in Bode plot shows the theoretical values in the
absence of reference electrode artifacts (in high frequencies) and Warburg impedance (in low

frequencies).
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[
CPE,

Figure 2.9. The Randle’s circuit is the most common electrical circuit to model the EIS data.

In theory, at very high frequencies (39890-100078 Hz), Ca should effectively have no
impedance and all of the current should go through the Cq.and Rs and none of the current should
flow through the R (Figure 2.8A). The deviation between the purple dash lines (theory) and the
red and black dotted lines (data) is due to the large impedance of reference electrode in high

frequencies [159].

At medium frequencies (63.3-39890 Hz), the Cqihas some impedance. Therefore, as the
frequency decreases from 39890 Hz to 2527 Hz, the impedance magnitude increases from 124.2
Q to 165.241 (Figure 2.8A). Additionally, because this increase in impedance is caused by a
capacitor, the phase angle starts to deflect away from 0 and goes toward -90. However, the phase
angle does not get to -90 because the impedance of Rt and Rs is independent of frequency and

therefore Rt has still some meaningful contribution to the impedance.

At very low frequencies (0.1-63.3 Hz), the Cq has a much greater impedance than Rccand
almost all of the current flows through the Rccand Warburg element. If diffusion of ions had not
occurred in the system, Warburg impedance would have not existed, Rct would have been the

only element creating the impedance, and instead of the increase in impedance at low
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frequencies (black impedance magnitude data points), we would have seen the purple straight

lines because the impedance of Rctis independent of frequency (Figure 2.8A).

2.4.2 Faradaic vs Non-Faradaic EIS Data Analysis of a Polymer Surface

One of the most common applications of faradaic EIS is monitoring the charge transfer
resistance after each modification step. For example, Figure 2.10 shows the EIS data of a glassy
carbon electrode (GCE) before (Figure 2.10A) and after modification with carboxyphenyl groups
(Figure 2.10B). The carboxyphenyl groups were then modified with polypropylene glycol (PPG)
(Figure 2.10C). The faradaic EIS measurements were carried out in 20 mL of 20 mM
ferri/ferrocyanide in UHP and Randle’s circuit was used to model the EIS data of GCE, GCE-
carboxphenyl, and GCE-carboxphenyl-PPG surfaces. Comparison of different circuit elements
after each modification stage (Figure 2.10D) shows that the charge transfer resistance (Rct) and
Warbug element (W) increase after each modification stage. The faradaic current in this system
is generated due to the presence of ferri/ferrocyanide ions. Therefore, modifying the glassy
carbon electrode with carboxyphenyl and polypropylene glycol on one hand decreases the redox
reactions on the electrode and electron transfer rate (increase in R¢t) and on the other hand
hinders the diffusion of these ions to the electrode surface. Depletion of these ions in front of

the electrode causes the increase in W.
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Figure 2.10. Bode plots of faradaic EIS in 20 mM ferri/ferrocyanide in UHP: (A) an unmodified glassy carbon
electrode, (B) after modification with carboxyphenyl groups, and (C) after modification with PPG. Randle’s
circuit was used to model the data and (D) is the changes in different circuit elements upon surface
modification.

We additionally performed non-faradaic EIS experiments in a blank PBS buffer solution
(Figure 2.11) and the non-faradaic EIS data of GCE, GCE-carboxphenyl, and GCE-carboxphenyl-
PPG surfaces are shown in Figure 2.12. We fitted the non-faradaic data with Randle’s circuit and
Figure 2.12D shows the Randle’s circuit components of each surface. Figure 2.12D shows no
meaningful trend in R« upon surface modification since there are no redox couples in the
solution, and only the non-faradaic current flows through the system. Therefore, Randle’s circuit
cannot be used to model this system because it does not describe the electrochemical
phenomena appropriately. In the following sections of this chapter, the appropriate methods for
analysis of non-faradaic EIS data will be discussed.
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Figure 2.11. Non-Faradaic EIS in PBS buffer. The solution is clear because there are no ferri/ferrocyanide
ions present.
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Figure 2.12. Bode plots of non-faradaic EIS in PBS buffer: (A) an unmodified glassy carbon electrode, (B)
after modification with carboxyphenyl groups, and (C) after modification with PPG. Randle’s circuit was
used to model the data and (D) is the changes in different circuit elements upon surface modification.
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2.4.3 Non-Faradaic EIS Analysis of a Polymer-Cyclodextrin Surface

As we mentioned in Section 1.3, all current cyclodextrin biosensors are single use and one
of the important aims of this project was development of the first reusable cyclodextrin
biosensors. Therefore, throughout this thesis and specifically in Chapters 3 and 4, we will use EIS
to investigate the reusability of our cyclodextrin surfaces. In Chapter 3, we will use faradaic EIS
to show reusability of a-CD surface and in Chapter 4 we will use non-faradaic EIS to demonstrate
reusability of BCD surface. Since in this section we want to focus on analysis of non-faradaic EIS

data, we chose the EIS reusability data of BCD surface for this section.

To collect the non-faradaic reusability data, we first modified a glassy carbon electrode
with carboxyphenyl and polypropylene glycol (PPG). Then we incubated the surface in the BCD
solution for 1 hr to allow the cyclodextrin mediators load on PPG polymers. We assumed the
interaction between cyclodextrins and PPG polymers are reversible and the cyclodextrins can be
removed by a 1 hr ethanol soak. Further, we hypothesized the cyclodextrin surface can be
regenerated by reincubation of the surface in the cyclodextrin solution (Figure 2.13). To prove
our hypothesis, we modified three independent polymer surfaces (N=3) and for each surface we
performed the cycle of cyclodextrin loading and removal of cyclodextrin by ethanol soak as many
as 10 times (n=10). After each cyclodextrin loading and ethanol soak we rinsed the surface with
UHP water, dried with N2, and measured non-faradaic EIS response in blank PBS solution. In this
section we will explore the analysis of the collected non-faradaic EIS data using different

methods.
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Figure 2.13. The schematic that shows the reversible interactions between CD and PPG polymers. We
used EIS to show that we can do this cycle (CD loading and unloading) for 10 times with three different
electrodes.

2.4.3.1 Equivalent Circuit Models

To interpret the non-faradaic EIS data, the equivalent circuit models (Figure 2.14) were
first used to model the electrode-electrolyte interface. The first circuit (Figure 2.14A) assumes
that the electrode surface is only partially covered by carboxyphenyl-PPG or carboxyphenyl-
PPG:BCD chains and the double layer capacitance (CPEq) is present. It also assumes that the
surface modification is a single layer that blocks the current and can be modeled with a layer
capacitance (CPEjayer1). But since this layer is porous, some current flows through the leakage
resistance (Ri) that exists in parallel with the CPEjayer1. In the second circuit (Figure 2.14B), the
modification consists of two separate layers: the inner layer that is thinner and has fewer pores
and the outer layer that is thicker and more porous. Similar to the first circuit, the second circuit
has a CPEq due to the partial coverage of the electrode. The third circuit (Figure 2.14C) is very
similar to the second circuit except it assumes the electrode is fully modified and therefore the

CPEqiis no longer present.
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= Electrolyte =~ Electrolyte

Figure 2.14. The equivalent circuit models that were used to model the non-faradaic EIS data: (A)
assuming partial electrode coverage and 1 porous layer, (B) assuming partial electrode coverage and two
porous layers, (C) assuming full electrode coverage and two porous layers.

Figure 2.15, 2.16, and 2.17 show the results of the successful fitting of the same non-
faradaic EIS data with the first, second, and third circuit, respectively. The changes in different
circuit elements upon cyclodextrin loading (blue bars) and cyclodextrin removal by ethanol soak
(red bars) are demonstrated. The summary of the data analysis and quantitative values are

shown in Table 2.1.

Figure 2.15A and 2.15C show that the ethanol soak (blue to red) causes an increase in the
value of double layer capacitance and a decrease in the value of leakage resistance. Additionally,
by cyclodextrin reloading and surface regeneration (red to blue), the double layer decreases and
the leakage resistance increases. Therefore, in the first circuit, the double layer capacitance and

leakage resistance are both impacted by the cyclodextrin loading and removal and these
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parameters can provide useful information about the surface state. Figure 2.15D shows that the
changes in solution resistance are not significant (84-97 Q) confirming the first circuit can truly
model the surface. Table 2.1 shows that while the double layer capacitance values of the first
circuit are in the range of 1.5 - 2.4 10°® F, the layer capacitance values are in the 0.75-1.1 107 F
range. This shows that due to the thickness of the modification layer, the double layer

capacitance is one order of magnitude higher than the capacitance of the inert layer [144].

While the results from the first circuit are reasonable (Figure 2.15), neither capacitance
nor resistance values in Figure 2.16 are acceptable. The error bars in Figure 2.16 are large and
none of the circuit elements follow any predictable trends. In addition, the large fluctuations of
the solution resistance (0.01-95.12 Q) in Table 2.1 confirm the second circuit is not an
appropriate model to describe the surface. Figure 2.17A and 2.17C show that when cyclodextrins
leave the surface (blue to red), the values of layer capacitances Ciayer1 and Ciayer2 decrease and
increase, respectively. Although, the error bars especially for the Ciayer1 are relatively large and
solution resistance does not stay constant in different measurements and varies between 0.01

and 59.96 Q.

In conclusion, Circuit 1 (Figure 2.14A) which consists of a single porous inert layer partially
covering the glassy carbon electrode is the best circuit to model our cyclodextrin surface. Using
this circuit, we can show the two states with and without BCD on the surface (Figure 2.13), show
that the PPG and BCD interactions are reversible, and the cyclodextrin surface can be reusable

(Figure 2.15).
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Figure 2.15. Non-faradaic EIS data interpretation using the first circuit. The blue bars show the surface
after cyclodextrin loading and red bars show the surface state after cyclodextrin removal by ethanol soak.
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Figure 2.16. Non-faradaic EIS data interpretation using the second circuit: (A) Cqi, (B) Ciayer1, (C) Ciayer2, (D)

Riayer1, (E) Riayerz and (F) Rs are different circuit elements that can be affected by the cyclodextrin loading,
removal, and reloading process.
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Table 2.1. The summary of the equivalent circuit models analysis

Circuit Models

cdl (F) Clayerl (F) Rlayerl (Q) Clayerz (F) Rlayerz (Q) RS (Q)

0.75107

Lower limit

Circuit 1

Figure 2.15  ypper limit  2.410° 1.1107 27 97
Lower limit 1.910% 0.3210°® 0.01  3.2210% 17.95  0.01

Circuit 2

Figure 2.16 Upper limit  2.1310° 2.1110° 2230 2.3110° 12157 95.12

Lower limit 1.15 107 51 1.5210°  2.6310° 0.01

Circuit 3

Figure 2.17

Upper limit 1.3910° 124 2.5210° 1.64 10" 59.96

2.4.3.2 Single Frequency Data Analysis

While the equivalent circuit models provide valuable information about the surface,
finding the equivalent circuits that describe multi-layer complicated surfaces accurately, can be
quite difficult. Besides, the process of fitting the data with equivalent circuits is time-consuming
and requires a specific software. Therefore, to develop point of care biosensors with EIS

transducers, a more efficient method to analyze the non-faradaic EIS data is needed.

In the last couple of years, single frequency data analysis method has been employed in
development of non-faradaic EIS biosensors for detection of many analytes in various complex

media (Table 2.2). In this method, the non-faradaic EIS data can be conveniently analyzed by one
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of the EIS parameters that the potentiostat measures at different frequencies. Therefore,

deciding on the right EIS parameter at the best frequency can be challenging. While a few

researchers [160,161] used the equivalent circuit models alongside the single frequency method,

unfortunately most of the research groups did not explain either why they chose a specific EIS

parameter, nor how they found the characteristic frequency values [162—-169]. This is especially

problematic when the effect of EIS drift is not considered and the necessary control experiments

are not performed prior or together with the analyte tests [170].

Table 2.2. Non-faradaic EIS data analysis based on characteristic frequency values

Sensor

Analyte

Medium

EIS Data

Analysis

EIS
parameter

Frequency Ref

Gold-11 MUA/16 MDA- E. coli PBS Single Impedance 10 kHz [162]
OMP Agl Aptamer Frequency Magnitude

ZnO0 thin films-Cortisol Cortisol Sweat Single Imaginary 100 Hz [163]
antibodies Frequency Impedance

PET-ZnO-CRP antibodies C-reactive protein PBS Both Impedance 100 kHz [160]
(CRP) Magnitude

Aluminium IDE-Con A Prostate-specific PBS Single Total 1Hz [164]
membrane Frequency Capacitance

antigen (PSMA)

ZnO /CuO -Caspase-9 Active capase-9 PBS Both Impedance 6 MHz [161]
antibodies Magnitude

Gold IDE-LDL LDL-cholesterol PBS Single Total 398 mHz [165]
Cholesterol antibodies Frequency Capacitance

ICE-SAM- a8 antibodies = Amyloid beta (af) PBS, Single Total 1Hz [166]
1-42 Serum Frequency Capacitance

Graphene-MC-LR Microcystin-LR PBS, Single Phase Angle 167 mHz [167]

antibody (MC-LR) Tap Water  Frequency

Gold IDE-S. Ascospore PBS Single Impedance 1000 Hz [168]
sclerotiorum antibodies Frequency Magnitude

Gold IDE-L-Cysteine Pb(1) Tap Water Single Total 9.37 Hz [169]
Frequency Capacitance
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In this section we want to investigate if the equivalent circuit models that were discussed
in Section 2.4.3.1, can give us some insight on choosing the best EIS parameter among real
impedance (Z'), imaginary impedance (Z'), magnitude of impedance (|Z|), real capacitance (C’),
imaginary capacitance (C”), total capacitance (C), and phase angle (®) at the best frequency. To
do so, we modeled a cyclodextrin loaded surface with the Circuit 1 (Figure 2.14A) and showed
the obtained resistance and capacitance values in Figure 2.18A. We also showed the complex
impedance and capacitance values in Figure 2.18B and 2.18C, respectively. Then, we tried to find
the frequencies that the resistance and capacitance values from modeling cross the complex
impedance and capacitance plots. Figure 2.18B shows that the leakage resistance and solution
resistance cross the complex resistance values at very high frequencies and the potentiostat’s
inability to measure at sufficiently high frequencies makes it impossible to use this method to
find the characteristic frequency values from the complex impedance plots. However, Figure
2.18C shows that the double layer capacitance and the real capacitance have an intersection at
0.5 Hz, and the inert layer capacitance intersects with the real and imaginary capacitances at
5015 and 12609 Hz, respectively. Therefore, we chose the real capacitance at 0.5 Hz (Figure
2.18D), the real capacitance at 5015 Hz (Figure 2.18E), and the imaginary capacitance at 12609
Hz (Figure 2.18F) to analyze the collected non-faradaic EIS data and evaluate the reusability of
BCD surface (Figure 2.13). The results show that the real capacitance at 0.5 Hz (Figure 2.18D)
always increases by cyclodextrin removal (ethanol soak) and decreases by cyclodextrin loading.
Therefore, to evaluate the reusability of cyclodextrin surfaces, instead of finding the double layer
capacitance values with the circuit model, we can directly use the real capacitance values at a

specific frequency of 0.5 Hz.
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Figure 2.18. Single Frequency analysis of non-faradaic EIS data by the aid of equivalent circuit model: (A)
modeling of a cyclodextrin surface using Circuit 1, (B) complex impedance plane of the same cyclodextrin
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surface, (C) complex capacitance plane of the same cyclodextrin surface, (D) real capacitance at 0.5 Hz,
(E) real capacitance at 5015 Hz, and (F) imaginary capacitance at 12609 Hz
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Additionally, Figure 2.18C shows that the imaginary capacitance has a maximum value at
1578 Hz. In supercapacitors, the imaginary capacitance shows the energy dispersion, and the
dielectric relaxation time constant can be obtained by the frequency of the maximum imaginary
capacitance [171]. Although we do not know the physical meaning of the maximum imaginary
capacitance in biosensors, we used the 1578 Hz frequency to plot the imaginary capacitance
(Figure 2.19A) as well as the real capacitance (Figure 2.19B), total capacitance (Figure 2.19C),
imaginary impedance (Figure 2.19D), real impedance (Figure 2.19E), impedance magnitude
(Figure 2.19F), and phase angle (Figure 2.19G). Comparing the results in Figure 2.19 show that
imaginary capacitance, imaginary impedance, and phase angle data at 1578 Hz frequency can all
provide a signal when the cyclodextrin loading or removal causes a change in surface state. This
makes sense because these parameters (imaginary capacitance, imaginary impedance, and
phase angle) are all somehow related to the capacitance of the surface and indicate the

capacitance changes when a non-faradaic process occurs.

Finally, we created the decision map (Figure 2.20) to summarize different methods of
analysis of non-faradaic EIS data that were discussed in Section 2.4.3 and can be applied in design

of non-faradaic biosensors.
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Figure 2.19. Single Frequency analysis of non-faradaic EIS data by using the 1578 Hz frequency at the
maximum imaginary capacitance: (A) imaginary capacitance, (B) real capacitance, (C) total capacitance,
(D) imaginary impedance, (E) real impedance, (F) impedance magnitude, and (G) phase angle
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Figure 2.20. Summary of non-faradaic EIS data analysis methods that can be used to design non-faradic
biosensors

2.5 Conclusion

EIS can distinguish between multiple surface phenomena that occur at the same time and
it can provide valuable information about non-faradaic processes. Generally, there are two
methods for analysis of non-faradaic EIS: equivalent circuit models and EIS parameters at a single
Frequency. Choosing an equivalent circuit model that properly explains the system or selecting
an appropriate EIS parameter at the correct characteristic frequency can be quite challenging.
However, by using both methods simultaneously, we can perform a more accurate data analysis

and improve our understanding of the surface.
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3. Development of the First Reusable Cyclodextrin Biosensor

3.1 Rational: The Need for Reusable Cyclodextrin Biosensors

In recent years, different strategies have been directed toward the development of
reusable aptamer-based sensors and immunosorbent surfaces; although, regeneration of
aptamer and antibody surfaces is difficult after multiple uses [172]. Single use biosensors are not
appropriate for applications where on-line continuous measurement of analytes is required.
Therefore, the main goal of this chapter is to create a reusable cyclodextrin surface that can be
implemented in a cross-reactive biosensor for continuous monitoring of urine samples. As it was
explained in Section 1.3, cyclodextrins (CDs) can capture various organic and inorganic
hydrophobic molecules into their cavity by reversible binding, which made them promising
candidates for use as hydrophobic recognition elements in our reusable biosensor development.
To create a reusable CD surface, we propose to use a weak surface CD mediator: surface-bound
polyethylene glycol (PEG). A gold surface can be modified with carboxy-PEG 12-Thiol (PEG-SH) via
thiol chemistry. aCD forms inclusion complexes with PEG if the molecular weight is higher than
200[173,174]. Asingle aCD molecule is estimated for every two CH,-O-CH; PEG groups, indicating
a surface-based rotaxane can be created [173,174]. Surface PEG will be complexed with aCD; the
carboxyl end-group of PEG allows for an additional CD to potentially hydrogen bond with COOH.
Among hydrophobic molecules of interest, trans-resveratrol offers ideal characteristics for a
model analyte to demonstrate the reusability of PEG:aCD surface and evaluate the sensitivity and

selectivity of the proposed sensor; trans-resveratrol is largely hydrophobic with a strong
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association to aCD, being the functional component of the proposed class recognition

hydrophobic analyte sensor [175].

Animal studies and preliminary clinical trials have shown the effect of trans-resveratrol on
general health maintenance and prevention of various diseases and disorders [176—178].
Although, due to rapid metabolism and poor bioavailability, many of the promising health-
promoting effects of trans-resveratrol in animal models have not yet been confirmed in humans,
and trans-resveratrol is currently not prescribed for the treatment of any human disease
[177,178]. Previous clinical studies indicate nanomolar range of trans-resveratrol sensing is
necessary for pharmacokinetics, bioavailability, and metabolite studies of trans-resveratrol in
humans [179,180]. A CD modified glassy carbon electrode for trans-resveratrol detection has
been engineered for single-use applications; trans-resveratrol adsorbed strongly to the surface
and could not be removed by polishing or cleaning the electrode [175]. Here, to demonstrate the
reusability of GOLD-PEG:aCD surface, we will show consecutive trans-resveratrol serial dilution
results using a single surface [181]. Chemical structures of the sensor compounds and trans-

resveratrol are demonstrated in Figure 3.1.
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Figure 3.1. Chemical structures of the reusable sensor compounds and the model hydrophobic analyte,
trans-resveratrol: (A) Carboxy-PEG 12-Thiol (CT(PEG)12), (B) a cyclodextrin (aCD), and (C) Trans-resveratrol.
Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable

Cyclodextrin-Based Electrochemical Platform for Detection of trans-Resveratrol." ACS applied polymer
materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical Society.
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3.2 Preparation of a Reusable Gold-PEG:aCD Surface

A gold electrode was polished in a figure-eight by 3 um diamond for 1 min followed by 1
um diamond for 1 min. After each polishing step, the electrode was rinsed with methanol and
ultra-high purity (UHP) water for 1 minute. The electrode was then polished with 0.55 pm
alumina for 1 min. The electrode was rinsed with UHP and dried with nitrogen. Oxygen plasma
was used to remove any remaining surface organic impurities. The gold surface was modified by
carboxy-PEG 12-Thiol. 5 mg of thiolated polyethylene glycol (PEG-SH) was added to 10 ml of PBS
and stirred by sonication for 10 min at room temperature. The gold surface was incubated in the
solution for 30 min to allow the -SH groups to covalently bond with gold surface[182]. After PEG
modification, the surface was washed with UHP water for 90 seconds to remove nonspecific
bindings, leaving adsorbed and covalently-bound PEG. The third step consisted of immobilizing
aCD on the PEG-modified surface via incubation in a 5 mM aCD deionized water solution for 45
min at room temperature. The surface was then incubated in 160 nM trans-resveratrol in
phosphate buffered solution (PBS), pH = 7.4 for 5 minutes. To regenerate the aCD surface, the
surface was washed thoroughly with UHP after exposure to trans-resveratrol and the surface was

then reloaded with a 45 min soak in 5 mM aCD solution at room temperature.

3.3 Surface Characterization Using Faradaic EIS, XPS, and FTIR

The electrodes were carefully rinsed with UHP thoroughly before and after each EIS
experiment to remove any excess and weakly adsorbed chemicals. The electrochemical
experiments were performed with Gamry Instruments Reference 600+ potentiostat in a Vista

Shield faradaic cage at room temperature. The results were analyzed by Gamry Echem Analyst.
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Platinum wire auxiliary electrode, Ag/AgCl/ 3M NaCl reference electrode, and a gold disc
electrode (BASi, area=0.0201 cm?) working electrode. These measurements were performed by
scanning the frequency from 100 kHz to 0.1 Hz, acquiring 10 points per decade, unless stated
otherwise. DC voltage was 0 V versus open circuit potential, and the AC voltage was 10 mV. The
faradaic EIS measurements for monitoring surface modification were carried out in 20 mL of

20mM ferri/ferrocyanide in UHP.

Gold-coated silicon wafers were used for ATR-FTIR and XPS analysis for better contact
with the analytical equipment; the gold-coated silicon wafer was prepared the same as the gold
disc electrodes. ATR—FTIR data collection was conducted with Thermo Nicolet iS10 equipped with
air purge with a dew point of -95 °F. Spectra were the results of 128 scans. XPS analyses were

performed using Kratos Axis Supra XPS (X-ray Photoelectron Spectroscopy).

3.4 EIS Results of the Gold Modification with PEG and aoCD Immobilization

Figure 3.2A shows a schematic illustration of the reusable aCD biosensor: a gold surface
is modified with carboxy-PEG 12-Thiol (PEG-SH), and the PEG surface is complexed with aCD.
When the PEG:aCD surface was exposed to a solution containing trans-resveratrol, a measurable
amount of aCD decoupled from the surface to form a complex in solution with trans-resveratrol
because trans-resveratrol had a greater affinity with aCD compared to PEG. Figure 3.2B shows
that the initial PEG modified surface had an increase in charge transfer resistance following aCD
loading on the surface. These results indicate that there was some remaining weakly adsorbed

carboxy-PEG 12-Thiol. During the first aCD loading, aCD molecules complexed with physiosorbed
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PEGs, and the charge transfer resistance increased because a layer of aCD was formed on the
surface. Thus, for the first aCD loading, aCD favorably bound to physiosorbed PEG, compromising
of hydrogen bonding between the -OH of aCD to the COOH end groups or the C-O-C chain groups
of PEG. By exposing the PEG:aCD modified surface to trans-resveratrol solution, aCD molecules
dissociated from the surface, and the charge transfer resistance decreased. The action of aCD
removal also caused the removal of physiosorbed PEG, further allowing the incomplete PEG

surface to form a bent over shape keeping a consistent impedance response.

3.5 Confirmation of Surface Regeneration

The schematic in Figure 3.3A illustrates the surface regeneration with a second aCD soak
and aCD release following the incubation of surface in trans-resveratrol solution. A decrease in
charge transfer resistance was observed following aCD reloading, and an increase was observed
after the aCD was fully removed following serial dilution (Figure 3.3B). The aCD cavity threads
the chemisorbed PEG chains to form channel-type crystalline microdomains resulting in a faster
electron transfer and easier diffusion of ions through the surface [183]. When there is no aCD on
surface, chemisorbed PEG groups have a mushroom configuration, which resulted in the PEG
layer becoming a less porous surface and a decreasing electron transfer rate (Figure 3.3A and
3.3B). Unloaded states were generated after serial dilutions with trans-resveratrol (Figure 3.3B).
We were able to obtain a similar response from ethanol soaking to remove the aCD from the

surface (Figure 3.3C and Figure 3.4).
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Figure 3.2. Developing a sensor for trans-resveratrol detection: (A) (left) Schematic representation of
surface PEG modification, (middle) the first aCD loading, and (right) the first aCD release by trans-
resveratrol, (B) EIS Nyquist plots in 20 mM ferri/ferrocyanide in deionized water after each modification
step. aCD release was after exposure to 160 nM trans-resveratrol in PBS. After aCD loading, the
impedance increased due to the formation of an aCD layer on physiosorbed PEG. Reprinted with
permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable Cyclodextrin-
Based Electrochemical Platform for Detection of trans-Resveratrol." ACS applied polymer materials 2.11
(2020): 5086-5093. Copyright 2020 American Chemical Society.

X-ray photoelectron spectroscopy (XPS) and Attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) were used to further investigate both aCD-loaded
and unloaded surface states as described in Figure 3.3. XPS analysis (Figure 3.5 and Table 3.1)
revealed that after PEG modification, the relative-intensity of Au peaks decreased with respect
to carbon, and an Au-S peak was observed at 160 eV, indicating the surface was covered by thiol
groups covalently attached to the gold surface. In addition, when aCD was loaded on the surface,
the Au peaks were weaker compared to when aCD had been released from the surface indicating

a surface complexation. The XPS results indicate the aCD had a strong interaction with the PEG

surface, and the signal was reversible and repeatable.
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Figure 3.3. Reversible binding of aCD on PEG: (A) (left) the aCD release by trans-resveratrol, (right)
regeneration of surface by aCD loading, (B) Nyquist plots of reloading and release of aCD by 160 nM trans-
resveratrol in PBS, and (C) aCD release by ethanol soaking for 45 min. (B&C) The surface is fully reloadable
and reusable showing it can return to original sensing state. Reprinted with permission from Panahi, Zahra,
Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for
Detection of trans-Resveratrol." ACS applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020
American Chemical Society.
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Figure 3.4. Reversible binding of aCD confirmed by ethanol soak: A PEG modified gold surface was loaded
by aCD and unloaded by ethanol for 5 times. The fourth and fifth loading/unloading is displayed (the
second and third are shown in Figure 3.3C). When aCD is loaded on the surface, charge transfer resistance
decreases due to a change of the PEG mushroom structure to a more oriented channel type
microcrystalline domain structure. Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and
Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for Detection of trans-

Resveratrol." ACS applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical
Society.

73



ATR-FTIR analysis (Figure 3.6) showed the presence of C=0 bonds of the PEG end-groups
at 1750 cm™ and the C-O-C PEG bonds at 1260 cm*. After aCD loading, C=0 double bonds and C-
O-C bonds were replaced by C-OH bonds from aCD, because the aCD host is dominating the
spectra of the PEG guest indicating the aCD is forming surface rotaxane supramolecules and
hydrogen bonding with the COOH groups. The intensity of PEG peaks at 1750 and 1260 cm™
increased after the aCD is released. A similar response can be observed after aCD reloading,
reconfirming the EIS and XPS results indicating the successful development of reusable CD

surface.
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Figure 3.5. Characterizing the electrode after different modification steps with XPS. Intensity of Au peaks
(Au 4f:84.4, Au 55:125.4, Au 4d:336.4 and 354.4, and Au 4p:533 eV) decrease during different steps of
surface development, i.e., PEG modification and aCD loading. Au peak intensities return after 160 nM
trans-resveratrol soak for 10 min, which confirms the release of aCD from the surface to bind with trans-
resveratrol. Au-S peak at 160 eV shows the presence of covalently attached PEG on the surface. Similarity
between the spectra before aCD loading and after aCD release confirms the reproducibility of the surface
and reversible binding of aCD on PEG. Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill,
and Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for Detection of trans-
Resveratrol." ACS applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical
Society.
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Figure 3.6. Characterizing the electrode after different modification steps with ATR-FTIR. After PEG-gold
modification, C=0 at 1750 cm™ and C-O-C bindings at 1260 cm™ appear. After aCD loading, COH bonds
(1150 cm™) of aCD dominate the spectra; masking the PEG signal. The spectra after (1) aCD release returns
in similarity to a PEG-gold modification (orange vs red) and (2) after aCD reloading returns in similarity to
the initial aCD loading (grey lines), confirming reusability of the surface. Reprinted with permission from
Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based
Electrochemical Platform for Detection of trans-resveratrol." ACS applied polymer materials 2.11 (2020):
5086-5093. Copyright 2020 American Chemical Society.
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Table 3.1. Quantification of Au 4f, C 1s, and O 1s with XPS. Similarity between the Ratio of Au/C and C/O
after the first and the second CD loading confirms the reproducibility of the Gold-PEG:aCD surface.
Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable
Cyclodextrin-Based Electrochemical Platform for Detection of trans-resveratrol." ACS applied polymer
materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical Society.

Assigned  Binding energy  Bare Mass concentration (%)
peak (ev) gold PEG PEG:CD  PEGAfter  PEG:CD Second

CD Release Reload

Au 4f 84.52 +0.5 36.3 35.57 2.04 26.9 2.64

87.92+0.6 59.46 28.6 1.57 21.89 1.83

C1ls 284.92 + 0.65 2.26 4.32 56.88 10.73 51.61
O1s 531.72 £ 0.58 1.98 5.75 43.54 6.67 40.98
Ratio Au/C - 42.37 14.85 0.063 4.547 0.087
Ratio C/O - 1.14 0.75 1.306 1.609 1.259

3.6 Trans-resveratrol Serial Dilution in PBS Buffer Procedure

All trans-resveratrol stock solutions were stored in a dark fridge to prevent trans-
resveratrol from changing to its cis isomer conformation. 1.08 mg of trans-resveratrol was added
to 50 ml of PBS to make a concentrated trans-resveratrol solution. Then the solution was
sonicated for 10 min. Serial dilutions of the trans-resveratrol solutions were done in a beaker
containing PBS (pH 7.4) by adding the concentrated solution to 15 ml of PBS solution to get 2.5,
5.4, 11.1, 20.8, 40.35, 80.6, and 160.5 nM concentrations. For lower concentrations,
concentrations of 0.5, 1.5, 3, 5, 7.5, 10, 13, and 17 nM were used. The modified surface was
incubated in the trans-resveratrol solution, with the desired concentration, for 5 min prior to
running EIS. For non-faradaic analysis, EIS was performed in PBS without added redox active

molecules. All other parameters were kept the same as Section 3.3.
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3.7 Results for Trans-resveratrol Detection by Gold-PEG:aCD Surface in PBS Buffer

The surface’s ability to monitor repeated non-faradaic impedance response to nM
concentrations of trans-resveratrol was first explored in a PBS solution. All experiments were
performed in triplicate to confirm reproducibility and standard variation. Original Bode plots for
four different concentrations are presented in Figure 3.7 (PEG:aCD modified surface - test) and

Figure 3.8 (bare gold electrode - control).

The magnitude and phase of the impedance are shown for 20 nM concentration (Figure
3.9A) indicating the difference between the control and test case. The capacitive behavior of the
modified surface at low frequencies is indicative of the PEG coating layer which blocked the
current. Based on these results, the equivalent circuit that best described and fitted our sensor
was proposed as a coating with porous structure (Figure 3.9B and 2.14A) [144]. We extensively

discussed this model in Section 2.4.3.1.

77



3000000

®25nM e 2.5nM 5.4 nM 10
2500000 5.4nM *11.1nM ©208nM "%, )
L)
e11.1nM 1— S 2
2 ]
= 000000 fs e 20.8 "M car... K ~
= s AR L . N
S1500000 |8 ' R N
= < 1 50 &
N
N1000000 | @
[ ]
° 1 -70
500000 [ %
M B
0 1 1 1 -90
0.1 10 1000 100000 0.1 10 1000 100000

Frequency (Hz) Frequency (Hz)

Resveratrol concentration (nM)

2.5 5.4 11.1 20.8
O .-
-1 F !
@2t
c
©
e
o
v -3
©
<
a
4}
C
-5

Figure 3.7. Trans-resveratrol serial dilutions by a Gold-PEG:aCD modified surface in PBS. Bode plot of four
different concentrations of trans-resveratrol in PBS at a PEG:aCD modified surface. (A) Magnitude, and
(B) phase of the impedance versus frequency. (C) Shows the resulting phase change at 0.1 Hz; average
and standard deviation of triplicate data of three unique sensors displayed. The data shows that as aCD
molecules leave the PEG surface to complex with trans-resveratrol in PBS; the phase angle decrease.
Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable
Cyclodextrin-Based Electrochemical Platform for Detection of trans-Resveratrol." ACS applied polymer
materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical Society.
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Figure 3.8. Trans-resveratrol serial dilutions by a bare gold surface. Bode plot of four different
concentrations of trans-resveratrol at a bare gold surface. (A) Magnitude, and (B) phase of the impedance
versus frequency. (C) Shows the resulting phase change at 0.1 Hz; average and standard deviation of
triplicate data of three unique sensors displayed. The data shows no change in phase angle was observed
by trans-resveratrol serial dilution with a bare gold surface. Reprinted with permission from Panahi, Zahra,
Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for
Detection of trans-Resveratrol." ACS applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020
American Chemical Society.
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Figure 3.9. The developed Gold-PEG:aCD surface for trans-resveratrol detection: (A) Magnitude and phase
of the impedance for 20.8 nM concentration of (red) a bare gold surface and (black) a Gold-PEG:aCD
modified surface. The green circle shows that the phase of the modified surface is closer to -90°C and is
more capacitive. (B) Equivalent circuit model used to fit the data for the Gold-PEG:aCD surface. Leakage
resistance (R.) was used as the dominating element of interest. | is the total current; I; and |, are the
current through the blocking PEG layer and leakage resistor, respectively. (C) Calibration curve of (red) a
bare gold surface and (black) an Gold-PEG:aCD surface indicating greater sensitivity in the aCD surface.
Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable
Cyclodextrin-Based Electrochemical Platform for Detection of trans-Resveratrol." ACS applied polymer
materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical Society.

In parallel with the coating capacitance, a resistive path could be modeled by leakage
resistance (RL), due to the small ionic current that flew through the surface pores of the sensing
layer. The serial dilution results show that leakage resistance was the main affected circuit
element, and the leakage resistance provided the most detailed information about the
physiochemical processes of the aCD release and PEG flattening into a mushroom configuration.
The change in leakage resistance between a certain concentration and the 0 nM concentration
base signal was then used for the analysis (AR(=Ri-Rio). The sensor was first tested for
concentrations in the range of 2.5 to 160 nM (Figures 3.7 and 3.9C, black). As the surface was
exposed to trans-resveratrol, aCD was released from the surface, and a decrease in leakage
resistance was observed. Theoretically, for an ideal insulating layer, R. would be infinite and the
current through the leakage resistance (I2) would equal zero (Figure 3.9B). However, PEG coating

layer imperfectly blocks ionic current and R is finite. With decrease in leakage resistance

followed by an increase in trans-resveratrol concentration, the current through the leakage
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resistance (l2) increased and the current through the coating capacitance (1) decreased. This
suggests that the PEG capacitive layer became less porous and more capacitive due to flattening
into a mushroom structure as described earlier. Additionally, Figure 3.8 shows the decrease in

phase angle at 0.1 Hz frequency following the increase in concentration of trans-resveratrol.

From Figure 3.9C, we can observe that 20 nM was the saturation concentration; the
leakage resistance remained constant at concentrations higher than 20 nM because all aCD
molecules were removed from the surface. In contrast, almost no response was observed by the
bare gold surface (Figures 3.8 and 3.9C, red). Likewise, a surface employing aCD produced a
weaker response to cortisol, a competing analyte that is mostly known for making complexes with

BCD (Figure 3.10).

Two additional controls showing minimal response were: (1) a PEG surface not loaded
with aCD to confirm trans-resveratrol was not physisorbing to PEG (Figure 3.11) and (2) no trans-
resveratrol in the solution to show the stability of aCD surface in PBS (Figure 3.12). We observed
Langmuir isotherm unbinding with an equilibrium constant of 0.0904 nM*for the Gold-PEG:aCD
surface after first modification (Figure 3.13A) and 0.1439 nM! after subsequent aCD loadings
(Figure 3.13B). Finally, the third serial dilution was performed to confirm the reusability of the

sensor and reproducibility of the surface (Figure 3.13C).
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Figure 3.10. Cortisol serial dilution with PEG:aCD modified surface. Bode plot of four different

concentrations of cortisol at a PEG:aCD modified surface. (A) Magnitude, (B) phase of the impedance

versus frequency. (C) Shows the resulting phase change at 0.1 Hz; average and standard deviation of
triplicate data of three unique sensors displayed. (D) Compares the response of the surface to trans-
resveratrol with cortisol. This data indicates that the surface is semi-selective to trans-resveratrol and

responds better to analytes that have a higher affinity with aCD. Reprinted with permission from Panahi,
Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based Electrochemical
Platform for Detection of trans-Resveratrol." ACS applied polymer materials 2.11 (2020): 5086-5093.

Copyright 2020 American Chemical Society.
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Figure 3.11. Trans-resveratrol serial dilution with a PEG modified surface without aCD immobilization.
Bode plot of four different concentrations of trans-resveratrol at a PEG modified surface (with no aCD).
(A) Magnitude and (B) phase of the impedance versus frequency. (C) Shows the resulting phase change at
0.1 Hz; average and standard deviation of triplicate data of three unique sensors displayed. This data
confirms that aCD is needed to cause a response with trans-resveratrol. Reprinted with permission from
Panahi, Zahra, Mckenna A. Merrill, and lJeffrey Mark Halpern. "Reusable Cyclodextrin-Based
Electrochemical Platform for Detection of trans-Resveratrol." ACS applied polymer materials 2.11 (2020):
5086-5093. Copyright 2020 American Chemical Society.
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Figure 3.12: Multiple EIS scans of a PEG:aCD modified surface in PBS with no addition of trans-resveratrol.
Bode plot of five different scans at a PEG:aCD modified surface with no trans-resveratrol added in PBS.
(A) Magnitude and (B) phase of the impedance versus frequency. (C) Shows the resulting phase change at
0.1 Hz; average and standard deviation of triplicate data of three unique sensors displayed, and (D)
Comparison between test and control, p-value<0.05. The data confirms the surface is stable in a solution
without hydrophobic analytes, and in the presence of trans-resveratrol, the phase change is larger due to
aCD disassociating from the surface. Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill,
and Jeffrey Mark Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for Detection of trans-
Resveratrol." ACS applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical
Society.
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3.8 Trans-resveratrol Serial Dilution in Urine

Received pooled urine was filtered through 0.2 um Polyethersulfone (PES) membrane
filter and it was stored in -20°C freezer. Stock solution was prepared by adding 0.447 mg trans-
resveratrol to 100 mL of urine prior to filtering. The concentrated trans-resveratrol solution in
urine was serially diluted in 20 mL of filtered urine. The non-faradaic EIS analysis in urine was
performed without added redox active molecules. All other parameters were kept the same as

Section 3.3.

3.9 Results for Trans-resveratrol Detection by Gold-PEG:aCD Surface in Urine

To test the non-specific response of the surface in a complex media, the proposed surface
was tested in human urine (Figure 3.13D, 3.13E, and 3.14). Langmuir equilibrium constants were
found to be 0.5640 and 0.5106 nM™* for initial modified surface and regenerated surface,
respectively. Additionally, a control experiment was performed in urine with no trans-resveratrol
addition (Figure 3.15). The cyclodextrin sensor in PBS and human urine showed significantly
higher phase change in the presence of trans-resveratrol compared with controls (p-values <0.05
and <0.01, respectively) (Figure 3.13F) indicating aCD and trans-resveratrol binding and release
occurring at the surface. The discrepancy between Langmuir equilibrium constants in PBS
(pH=7.4) and urine (pH= 6.3) can be attributed to the difference in conductivity, ionic strength of
the solutions, and pH of the two solutions [184]. This difference can be also explained by
additional aCD decoupling due to unspecific bindings of aCD with other molecules in urine which

are not present in PBS (Figure 3.13F).
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After gold surface modification with PEG, the surface was rinsed with UHP to remove
excess physiosorbed PEG molecules. However, the first serial dilution showed some
physiosorbed PEGs still exist on the surface (Figure 3.2, 3.13A and 3.13D). Consequently, the
sensor response after the first aCD loading (Figure 3.13A and 3.13D) had larger error bars
indicating a less precise response due to the presence of physiosorbed PEG that bound with aCD
(Figure 3.2). When trans-resveratrol was introduced to the solution, the physiosorbed PEGs
decoupled from the surface with the aCD: trans-resveratrol complexes. The second trans-
resveratrol serial dilution, after reloading of aCD on the surface, showed smaller error (Figure
3.13B and 3.13E). Figure 3.13C showed the consistency between the second and third serial

dilution in the absence of physiosorbed PEG molecules.
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Figure 3.13. Calibration curve of the average of PEG:aCD surfaces response to trans-resveratrol during the
(A) first usage in PBS pH=7.4 and the (B) second usage in PBS pH=7.4. Data points (dots) and calculated
Langmuir isotherm fit (dotted line) with the standard deviation error of quadruplicate data. (C) Calibration
curve comparison of (black) second) and (red) third usage in PBS pH=7.4 showing minimal loss of activity
from subsequent serial dilutions. Calibration curve of the average of PEG:aCD surfaces response to trans-
resveratrol during the (D) first usage in urine pH=6.3 and the (E) second usage in urine pH=6.3. Data points
(dots) and calculated Langmuir isotherm fit (dotted line) with the standard deviation error of triplicate
data. (F) Average phase change at 0.1 Hz comparing the baseline to 17nM trans-resveratrol in PBS, PBS
only (no trans-resveratrol), trans-resveratrol in urine, and urine only (no trans-resveratrol); *p-value<0.05
& **p-value<0.01. Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark
Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for Detection of trans-Resveratrol." ACS
applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical Society.
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Figure 3.14. Trans-resveratrol serial dilutions by a Gold-PEG:aCD modified surface in urine Bode plot of
four different concentrations of trans-resveratrol in urine at a Gold-PEG:aCD modified surface.
(A) Magnitude and (B) phase of the impedance versus frequency. (C) Shows the resulting phase change at
0.1 Hz; average and standard deviation of triplicate data of three unique sensors displayed. The data
shows that as aCD molecules leave the PEG surface to complex with trans-resveratrol in urine; the phase
angle decreases. This data confirms the Gold-PEG:aCD modified surface shows a response to trans-
resveratrol in urine. Reprinted with permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark
Halpern. "Reusable Cyclodextrin-Based Electrochemical Platform for Detection of trans-Resveratrol." ACS
applied polymer materials 2.11 (2020): 5086-5093. Copyright 2020 American Chemical Society.
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Figure 3.15: Multiple EIS scans of a Gold-PEG:aCD modified surface in urine with no addition of trans-
resveratrol Bode plot of five different scans at a Gold-PEG:aCD modified surface with no trans-resveratrol

added in urine. (A) Magnitude and (B) phase of the impedance versus frequency. (C) Shows the resulting
phase change at 0.1 Hz; average and standard deviation of triplicate data of three unique sensors

displayed. (D) Comparison between test and control, p-value<0.01. The data confirms the surface is stable

in a complex solution (e.g. urine) with some competing hydrophobic analytes, and in the presence of
trans-resveratrol, the phase change is larger due to aCD disassociating from the surface. Reprinted with
permission from Panahi, Zahra, Mckenna A. Merrill, and Jeffrey Mark Halpern. "Reusable Cyclodextrin-
Based Electrochemical Platform for Detection of trans-Resveratrol." ACS applied polymer materials 2.11

(2020): 5086-5093. Copyright 2020 American Chemical Society.
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3.10 Conclusion

In this Chapter, we developed the first reusable cyclodextrin surface which showed
excellent sensitivity to nM ranges of hydrophobic analytes demonstrated with trans-resveratrol.
Specifically, we modified a gold surface with PEG and then aCD was loaded on PEG surface.
Faradaic EIS was used to monitor charge transfer resistance during sensor modification steps.
ATR-FTIR and XPS techniques were further used to characterize the surface and verify the
impedance response. A large conformational change takes place when aCD releases from PEG
surface to make inclusion complexes with trans-resveratrol in solution. In the absence of aCD,
PEG flattening on the surface allows measurement of leakage resistance. The change in leakage
resistance is further proportional to trans-resveratrol concentration in PBS or urine. These
findings were in line with faradaic EIS results in the presence of ferri/ferrocyanide and can

substantially affect the ability to improve the performance of non-faradaic sensors.
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4.  Enhancing Stability of Reusable Cyclodextrin Biosensor

4.1 Rational: The Need for Improving Stability of Cyclodextrin Biosensors

In the Chapter 3, a gold electrode modified with a thiol containing polyethylene glycol
(thiol-PEG) was used as a support for aCD [181]. We showed that the PEG:aCD surface could be
regenerated for three times; however, the surface lost its stability after four or five uses. We
hypothesize this limitation was imposed by low stability of the covalent bond between gold and
thiol-PEG. Alternatively, surface-immobilization can be performed by reduction of diazonium
salts and formation of carbon-carbon bonds between a diazonium salt and a carbon surface [185—

187].

In this Chapter we will compare the stability of gold-thiol versus carbon-carbon covalent
bonds to develop the most stable PPG:BCD biosensor [188]. The -OH groups of BCD allow
hydrogen bonding with polymer materials such as poly propylene glycol (PPG) derivatives. The
molecular weight of the PPG main chain as well as the size and shape of the PPG end group affect
the efficiency of the complex formation between BCD and PPG. For example, BCD can form
channel type crystallin complexes with PPG (MW=2000) with NH2 end groups because the NH;

groups are small enough to pass through BCD molecules [189,190].

BCD and cortisol can make host/guest inclusion complexes, and BCD has been used as a
carrier for cortisol in various drug delivery systems [191,192]. Elevated levels of stress hormones
such as cortisol have been demonstrated in sepsis [193]. Septic patients typically will see an
increase of urinary cortisol of 3-8 times higher than normal levels and salivary cortisol levels in

severe sepsis patients is 2.6 times higher than healthy subjects [193,194]. Unlike some other
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sepsis biomarkers that have a short half-life, cortisol is a stable sepsis biomarker [195]. A study
that observed and analyzed inflammatory parameters of 62 intensive care unit (ICU) patients,
demonstrated a significant positive correlation between blood cortisol concentrations and daily
Sequential Organ Failure Assessment (SOFA) scores [196]. However, cortisol levels change rapidly
and measurement of blood cortisol concentrations requires the blood test which may increase
stress hormone levels [197]. Therefore, measurement of cortisol in noninvasive relevant biofluids

such as urine and saliva can yield better data [198].

Various electrochemical [10,199-204], colorimetric [197,205], and surface plasmon
resonance [206] methods have been used to develop cortisol biosensors. Despite the progress
made in recent years, most of the research in this area has focused on employing different
methods to immobilize antibodies or aptamers on the surface. However, a recent study has
shown that compared to reference method of high performance liquid chromatography
(HPLC), biosensors based on antibody or aptamer recognition mechanisms can have a wide range
of interassay and intraassay variation leading to an over or under estimate the true cortisol
concentrations [207]. Therefore, the development of a chemically modified reusable biosensor
would provide a potential tool for clinicians to continuously measure the cortisol levels and
monitor the course and severity of sepsis in hospitalized patients. To our knowledge, no reusable
biosensor for continuous cortisol measurements has ever been developed and all the current

cortisol biosensors are single use.

To compare the stability of gold-thiol versus carbon-carbon covalent bonds, we
developed and characterized two PPG surfaces: The gold-PPG surface (Figure 4.1A) was

fabricated based on thiol self-assembled monolayers (SAMs) of 3-Mercaptopropionic Acid
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(3MPA). Adsorption of 3MPA thiols on a gold surface produces ordered monolayers and the
carboxylic acid end group allows further modification with PPG. The second PPG surface (Figure
4.1B) was prepared based on carbon-carbon covalent bond between glassy carbon and aryl
diazonium salt. Among all diazonium salts with various functional groups, 4-carboxyphenyl
diazonium salt with a carboxylic acid group was selected to make the two surfaces comparable.
Therefore, carboxylic acid groups of both 3MPA and carboxyphenyl surfaces could be activated

and modified with NH,-PPG-NH; via carbodiimide/succinimide (EDC/NHS) chemistry (Figure 4.1).
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Figure 4.1. Schematic that illustrates surface modification steps of (A) Gold-3MPA-PPG:BCD and (B) GC-
carboxyphenyl-PPG:BCD. Reprinted with permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark
Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in
Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American Chemical Society.

4.2 Gold-3MPA Modification Procedure

A BASI® gold disk electrode was polished in a figure-eight pattern by 1 um diamond for 1
min and then it was rinsed with methanol and UHP water [181]. The electrode was then polished
with 0.55 um alumina for 1 min and it was sonicated for 1 min in UHP water to remove residual

alumina particles. The electrode was dried with nitrogen and oxygen plasma was used to remove
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any remaining organic contaminations. The gold surface was then modified by 10 mM 3MPA in
ethanol [208]. The gold surface was incubated in the 3MPA solution for 24 h to allow thiol groups
to covalently bond with gold surface. The electrode was then rinsed thoroughly with UHP water

to remove physiosorbed molecules and dried with N; prior to PPG modification.

4.3 Electrografting of 4-carboxyphenyl Diazonium Salt on Glassy Carbon

A BASI® glassy carbon disk electrode was polished with 0.55 um alumina for 1 min and
the electrode was then sonicated in UHP water for 1 min and rinsed thoroughly with UHP water.
In situ generation of 4-carboxyphenyl diazonium salt was performed by the reaction between 4-
aminobenzoic acid (C7H7NOz), sodium nitrite (NaNOz), and hydrochloric acid (HCI) [187]. Since
this reaction is exothermic, the reaction vessel was placed in ice bath to control the temperature.
First, 10 mL of 2mM 4-aminobenzoic acid was added to 10 mL of 0.5 M hydrochloric acid. Then
10 mL of 2 mM sodium nitrite was slowly added and the solution was stirred for 10 min. 15 mL
of 4-carboxyphenyl diazonium salt solution was transferred into a shot glass and the polished
glassy carbon surface was immersed in the solution. The electrochemical grafting of glassy carbon
surface was performed with Gamry Reference 600+ potentiostat. Three cyclic voltammetry (CV)
scans were run to graft 4-carboxyphenyl diazonium salt on the surface. CV scans were conducted
at 100 mV/s by potential cycling between 0.4 and -0.6 V vs Ag/AgCl. The electrode was then
rinsed with UHP water and dried with N; prior to the next step. The remaining 4-carboxylphenyl
diazonium salt solution was quenched with hypophosphorous acid (HsPO2) immediately after

modification of the electrodes [209].
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4.4 PPG Attachment on Gold-3MPA and GC-carboxyphenyl Surfaces

The carboxylic groups are present on both Gold-3MPA and GC-carboxyphenyl surfaces.
EDC/NHS chemistry was used to activate carboxylic groups. 10 mL of 100 mM EDC/20 mM NHS
in MES buffer (pH=5) was prepared and the electrodes were incubated in the solution for 90 min.
Then the electrodes were rinsed with UHP water and modified with poly (propylene glycol) bis
(2-aminopropyl ether). 5 ml of PPG was added to 20 ml of PBS and stirred by sonication for 10
min. Gold-3MPA-PPG and GC-carboxyphenyl-PPG surfaces were prepared by immersing the
electrodes in the PPG solution for 30 min. The electrodes were rinsed with UHP water followed
by incubating the surfaces in 1 M ethanolamine solution in PBS for 10 min to deactivate excess
reactive groups [210]. Finally, the electrodes were rinsed with UHP water and dried with N, and

stored in UHP water.

4.5 Surface Characterization Procedure (EIS, ATR-ATR-FTIR, and XPS)

All electrochemical measurements were performed with Gamry Instruments Reference
600+ potentiostat in a C3 Cell Stand. Three electrode system compromising an Ag/AgCl/3 M NacCl
reference electrode, a platinum wire auxiliary electrode, and a gold or glassy carbon disc
electrode working electrode was used for electrochemical experiments. These measurements
were performed within the frequency range of 0.1 to 100 kHz, acquiring 10 points per decade
with DC potential of 0 V versus open-circuit potential, and the AC voltage of 10 mV. The faradaic
EIS measurements for surface characterization and monitoring the surface stability were carried
out in 20 mL of 20 mM ferri/ferrocyanide in UHP [181]. The faradaic data was fitted with Randles

circuit to find charge transfer resistance R for different surfaces. Non-faradaic EIS was conducted
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in the indicated buffer without a supporting electrochemical mediator. Non-faradaic EIS was

interpreted through the capacitive components of the impedance.

ATR-FTIR measurements were performed with Thermo Nicolet (iS10 ATR-FTIR) and XPS
data collection was conducted using Kratos AXIS Supra XPS at university instrumentation center
of University of New Hampshire. To prepare samples for these tests, gold-coated silicon wafers
and screen-printed carbon electrodes were used to prepare Gold-3MPA-PPG and GC-
carboxyphenyl-PPG, respectively. All samples were rinsed with UHP water prior to ATR-FTIR and

XPS characterization.

4.6 Results for Gold-3MPA-PPG and GC-carboxyphenyl-PPG Characterization

Selection of a robust and stable support is an important step in developing reusable
biosensors. In an attempt to develop a reusable BCD platform, we evaluated two different PPG
surfaces, as a BCD support, to evaluate the long-term stability and reuse of each surface. The first
surface (Gold-3MPA-PPG:BCD) was constructed through the covalent modification of 3MPA on
gold via thiol bond. The second surface (GC-carboxyphenyl-PPG:BCD) was glassy carbon modified
by reduction of in situ electrochemically generated 4-carboxyphenyl diazonium salt. Grafting
onto the glassy carbon electrode was performed by CV and the first scan showed a cathodic peak
at -0.25 V vs. Ag/AgCl reference electrode as shown in Figure 4.2. This cathodic peak is resulted
from the loss of a N2 molecule, formation of an aryl radical, followed by covalent binding of the
aryl radical to the glassy carbon surface [187]. Disappearance of the cathodic peak in the second
and third CV scans indicates the glassy carbon surface is fully modified with carboxyphenyl

groups.
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Figure 4.2. Cyclic voltammograms of electrochemical grafting of carboxyphenyl groups on GCE in 4-
carboxyphenyl diazonium salt solution from +0.4 to -0.6 vs. Ag/AgCl at scan rate of 100 mV s™%. The
characteristic cathodic peak in the first CV scan suggests the formation of a carboxyphenyl layer. Due to
blocking effect of carboxyphenyl layer the cathodic peak disappears in the second and third CV scans.
Reprinted with permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. "Nanostructured
Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied
Materials & Interfaces (2022). Copyright 2022 American Chemical Society.

We studied surface modification of both surfaces using EIS, ATR-FTIR, and XPS. The results
of the faradic EIS in 20 mM ferri/ferrocyanide are demonstrated in Figure 4.3. The insets in Figure
4.3A and 4.3B show the Nyquist plots of an unmodified gold (orange circle) and an unmodified
glassy carbon (black circle), respectively. The diameter of the semicircle in Nyquist plot is directly
proportional to the charge transfer resistance. An increase in charge transfer resistance is
observed by attachment of 3MPA (green triangle) and carboxyphenyl (blue triangle) followed by
modification of both surfaces with PPG (red square) due to the additional passivation of

electrode. We infer from these graphs that we successfully modified both PPG surfaces.

In order to confirm successful PPG modification on electrode surfaces, we analyzed the
functional groups of Gold-3MPA-PPG and carbon-carboxyphenyl-PPG surfaces by ATR-FTIR
(Figure 4.4A and 4.4B). According to Figure 4.4A, two peaks at 1239 and 1400 cm are noticed

for 3MPA spectrum (green). These peaks correspond to C-O and belong to aliphatic chain of
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3MPA. The peak at 1695 cm™ is assigned to the carboxylic acid end group of 3MPA. However, this
peak disappears after PPG modification (red), suggesting the binding interaction of PPG to the
carboxylate on-top of 3MPA surface. The peaks at 1100, 1376, and 1450 are due to C-O stretch
and the peaks at 2865, and 2972 cm™ arise from C-H stretching groups of PPG [211]. In Figure
4.4B, the presence of carboxyphenyl groups of diazonium salt can be confirmed by peaks
observed at 1520 and 1660 cm™ (blue). These peaks may be attributed to the aromatic and/or
carboxylic acid groups and they vanish after the attachment of PPG (red) [212]. The C-O
stretching peaks of PPG appear in the 1000-1500 cm™ range and the 2865, and 2972 cm™ peaks

indicate the presence of C-H groups of PPG [211].

XPS analysis was performed to verify the EIS and ATR-FTIR results (Figure 4.4C and 4.4D).
The orange graph in Figure 4.4C shows an unmodified gold surface with dominant gold (Au 4f)
peaks. After modification of gold surface with 3MPA (green), the intensity of gold peak decreases
and some carbon (C1s) and oxygen (O1s) peaks appear. The presence of sulfur peak in 3MPA
spectrum is due to the thiol-gold bonding. Appearance of nitrogen (N 1s) peak after PPG
modification can be assigned to unreacted NH; groups of PPG. Table 4.1 shows the decrease in
Au/C ratio from 122.1 to 18.8 by 3MPA modification and increase in C/O from 1.75 to 5.37 by
PPG modification. Wide XPS spectrum of carbon-carboxyphenyl-PPG surface is shown in Figure
4.4D. The presence of carboxyphenyl groups and PPG molecules is supported by the increase in
C 1s and O 1s signals after modification of carbon surface with diazonium salt (blue) and PPG
(red), respectively. Also, the N 1s peak appears upon modification of diazonium surface with PPG.
Finally, Table 4.2 indicates that by modification of carboxyphenyl surface with PPG, the C/O ratio

increases from 0.63 to 4.14.
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Figure 4.3. Nyquist plots of faradaic EIS in 20 mM ferri/ferrocyanide in UHP: (A) a gold surface before and
after modification with 3MPA and PPG and (B) a glassy carbon surface before and after modification with
carboxyphenyl and PPG. The increase in diameter of the semicircle in Nyquist plots indicates an increase
in the charge transfer resistance. Reprinted with permission from Panahi, Zahra, Tianyu Ren, and Jeffrey
Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol
in Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American Chemical
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Figure 4.4. ATR-FTIR and XPS characterization of surfaces: (A) ATR-FTIR of Gold-3MPA-PPG, (B) ATR-FTIR
of Carbon-carboxyphenyl-PPG, (C) XPS of Gold-3MPA-PPG, and (D) XPS of Carbon-carboxyphenyl-PPG. The
ATR-FTIR peaks at 1239 and 1400 cm™ in (A) are assigned to C-O and the peak at 1695 cm™* belongs to C=0
binding of 3MPA. The peaks at 1520 and 1660 cm™ in (B) can be attributed to the aromatic and/or
carboxylic acid groups of carboxyphenyl surface. In both 3MPA and carboxyphenyl surfaces in (A) and (B),
after PPG modification, C-H stretching groups (at 2865 and 2972 cm™) of PPG dominate the spectra and
mask 3MPA and carboxyphenyl signals. The comparison of XPS data after different modification steps in
(C) and (D) shows successful modification of Gold-3MPA-PPG and Carbon-carboxyphenyl-PPG surfaces.
Reprinted with permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured
Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied
Materials & Interfaces (2022). Copyright 2022 American Chemical Society.

Table 4.1. Quantification of Au 4f, C 1s, O 1s, and N 1s of gold electrode after different modification steps
with XPS. By modification of gold surface with 3MPA, the Au/C ratio decreses and by modification of gold-
3MPA surface with PPG, the C/O ratio increases. Reprinted with permission from Panahi, Zahra, Tianyu
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Ren, and lJeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive
Determination of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright
2022 American Chemical Society.

Assigned peak Binding energy (eV) Mass concentration (%)
Unmodified Gold Gold-3MPA Gold-3MPA-PPG
Au 4f 84.2+0.5 54.3 52.3 0
87.2+0.5 43.4 39.9 0
C1ils 284.8+0.5 0.8 4.9 82.8
O1s 532+0.5 15 2.8 154
N 1s 398+0.5 0 0 1.8
Ratio Au/C - 1221 18.8 0
Ratio C/O - 0.53 1.75 5.37

Table 4.2. Quantification of C 1s, O 1s, and N 1s of carbon surface after different modification steps with
XPS. By modification of Caron-Carboxyphenyl surface with PPG, the C/O ratio increases. Reprinted with
permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-
Mediated Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied Materials &
Interfaces (2022). Copyright 2022 American Chemical Society.

Assigned peak

Binding
energy (eV)

Mass concentration (%)

Unmodified Carbon- Carbon-Carboxylpenyl-
Carbon Carboxylpenyl PPG
C1ls 284.8 £ 0.5 79.7 38.2 80
O1s 532+0.5 20.3 59.9 19.3
N 1s 398 £ 0.5 0 1.9 0.7
Ratio C/O - 3.9 0.63 4.14

4.7 Procedure to Evaluate Long-term Stability of Surfaces
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Gold-3MPA-PPG (N=3) and GC-carboxyphenyl-PPG (N=3) modified surfaces were stored
in UHP water at room temperature and an EIS measurement in 20 mM ferri/ferrocyanide

aqueous solution was performed every 7 days for up to a month.

4.8 Long-term Stability of Gold-3MPA-PPG and GC-carboxyphenyl-PPG

EIS data is usually interpreted with the use of equivalent electrical circuits. The most
common electrical circuit to fit faradaic EIS data is Randles circuit (Figure 4.5A). The Randles
circuit consists of a solution resistance Rsin series with the double layer capacitance Cq, charge
transfer resistance Re, and Warburg impedance. Double layer capacitance deviates from ideal
behavior due to surface roughness and constant phase element (CPE) is often used in equivalent
circuit model. We used Randles circuit to fit the faradaic EIS data shown in Figure 4.3 [144]. The
charge transfer resistance values for Gold-3MPA-PPG and GC-carboxyphenyl-PPG surfaces are
represented in Figure 4.5B and 4.5C, respectively (average and standard deviation reported,
N=3). To assess the long-term stability of modified PPG surfaces we kept both surfaces in room
temperature UHP water and measured the charge transfer resistance weekly. While the charge
transfer resistance of Gold-3MPA-PPG surface decreased dramatically after 1 week (p<0.05), the
charge transfer resistance of GC-carboxyphenyl-PPG surface remained constant (no statistically
relevant changes). This data indicates that stability GC-carboxyphenyl-PPG surface is higher than
the Gold-3MPA-PPG, and the replacement of thiol bonds by C-C contributes to the higher stability

of biosensor.
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Figure 4.5. Surface modification and stability test of Gold-3MPA-PPG and GC-carboxyphenyl-PPG surfaces
for a period of 1 month. Electrodes were stored in UHP water in-between stability tests; stability testing
was conducted in 20 mM ferri/ferrocyanide in UHP. (A) The Randles circuit that was used to fit the faradaic
EIS data, (B) Average charge transfer resistance (Re) for 3 Gold-3MPA-PPG surface, (C) Average charge
transfer resistance for 3 GC-carboxyphenyl-PPG surface. Error bars indicate the standard deviation of 3
independent surfaces (N=3). The data indicates that the GC-carboxyphenyl-PPG surface is more stable
than Gold-3MPA-PPG after just 1 week (*p<0.05). Reprinted with permission from Panahi, Zahra, Tianyu
Ren, and lJeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive
Determination of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright
2022 American Chemical Society.
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4.9 Procedure for BCD Loading and Investigating the Reusability of Surfaces

Gold-3MPA-PPG and GC-carboxyphenyl-PPG surfaces were immersed in 5 mM BCD
aqueous solution for 1 h to prepare Gold-3MPA-PPG:BCD and GC-carboxyphenyl-PPG:BCD
surfaces, respectively. The surfaces were washed thoroughly with UHP and an EIS run was
performed in PBS to measure impedance. Then the surfaces were incubated in ethanol for 1 h to
remove BCDs from the surface. The surfaces were rinsed with UHP and the impedance was
measured. We hypothesized that the surfaces could then be reloaded with another 1 h soakin 5
mM BCD solution. To investigate our hypothesis and evaluate the reusability of surfaces,
independent Gold-3MPA-PPG (N=3) and GC-carboxyphenyl-PPG (N=3) were modified the process

of BCD loading/ethanol soak was conducted for 10 consecutive times for each surface (n=10).

Throughout this Chapter we use N to indicate the number of different surfaces or
electrode preps and n to indicate multiple runs from the same surface. Both N (reproducibility of
electrodes, interassay reproducibility) and n (reusability of the same electrode, intraassay

reproducibility) are important for this Chapter.

4.10 Capacitive Modeling and Reusability of Surface Construction

Charge transfer resistance is often used to interpret the faradaic EIS in biosensors.
However, the use of redox couples limits the practical applications of biosensors in complex
biological fluids [153]. Redox couples, such as ferri/ferrocyanide, can interact with surface or
analytes and deteriorate surface sensitivity and selectivity. Therefore, a non-faradaic EIS
approach, in the absence of redox couples and electrochemical mediators, should be used with

cyclodextrin-based biosensors.
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The capacitance changes in non-faradaic EIS tend to be small which requires a perfectly
fit circuit to monitor and predict these changes. As an alternative to fitting the data to an
equivalent circuit is to use total resistance or capacitance data at a fixed frequency. In this work,
the imaginary part of the capacitance C" (Equation 2.12) has been used to interpret the EIS
output of the sensor, since the imaginary part displayed a higher sensitivity than the total

capacitance (Equation 2.10).

The reusability experiments were performed by developing three surface replicates of
Gold-3MPA-PPG (Figure 4.6A, N=3) and GC-carboxyphenyl-PPG (Figure 4.6B, N=3). The surfaces
were loaded with BCD and then soaked in ethanol to remove BCD molecules from the surface;
this process was repeated for 10 times measuring the imaginary capacitance after each stage.
The reported values (Figure 4.6) are the average and standard deviation over the 3 independent
surfaces. After each ethanol soak (i.e. BCD removal) the imaginary capacitance increased, and
the imaginary capacitance decreased after BCD reloading. This result suggests that the GC-
carboxyphenyl-PPG:BCD surface can be regenerated and reused up to 10 times. In addition,
smaller error bars of GC-carboxyphenyl-PPG:BCD suggests higher measurement and surface-to-

surface construct precision.
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Figure 4.6. Comparison between the reusability of surfaces (N=3): (A) Reusability of Gold-3MPA-PPG:BCD;
10 uses from the same electrode, and (B) Reusability of GC-carboxyphenyl-PPG:BCD; 10 uses from the
same electrode. The comparison between (A) and (B) shows that GC-carboxyphenyl-PPG:BCD is more
reproducible (smaller drift and run-to-run variation) and can be reused and regenerated for up to 10 times
(n=10). Reprinted with permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. "
Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple
Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American Chemical Society.

4.11 Procedure for Evaluation of the Short-term (Sensing Stability) During EIS

To determine measurement drift, after BCD loading (1 h), the electrodes were
immediately used for non-faradaic EIS experiments in PBS. Imaginary Capacitance was measured
over a frequency spectrum of 0.1 to 10° Hz. The normalized imaginary capacitance change

(%x 100) at all frequencies were calculated for Gold-3MPA-PPG:BCD (N=4) and GC-
0

carboxyphenyl-PPG:BCD (N=5). C ', is the imaginary capacitance at t=0 and C  is the imaginary

capacitance at t=30 min.
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4.12 Assessment of the Short-term (Sensing Stability) in PBS During EIS

Figure 4.7 demonstrates the short-term (sensing) stability of Gold-3MPA-PPG:3CD and
GC-carboxyphenyl-PPG:BCD surfaces in blank PBS over 30 min. Comparison between Figure 4.7A
and 4.7B shows that the imaginary capacitance change for Gold-3MPA-PPG:3CD in blank PBS is
smaller than GC-carboxyphenyl-PPG:BCD. The sensing stability of GC-carboxyphenyl-PPG:3CD
surface was proved to be higher than Gold-3MPA-PPG:BCD; therefore, the diazonium mediated
surfaces are more appropriate for sensing applications over thiol surfaces.

4.13 Procedure for Cortisol Detection and Control in PBS, Urine, and Artificial
Saliva

To determine the baseline (blank solution with no cortisol) the GC-carboxyphenyl-
PPG:BCD surface was first incubated in blank PBS and an EIS was run after 5 min. Then, the surface

was immersed in the cortisol solution, with the desired concentration, for 5 min and then EIS was

g
C'o

run. The normalized imaginary capacitance change (C X 100) was used to plot calibration

curves in PBS, urine, and saliva. C'o is the imaginary capacitance of baseline (blank solution) and

C" is the imaginary capacitance of concentrated cortisol solution.

The concentrated cortisol stock solutions in PBS (pH 7.4), urine, and saliva were prepared.
For PBS experiments, serial dilutions of cortisol solutions were done to get 2.5 to 160 nM
concentrations. For urine and saliva experiments, serial dilutions of cortisol solutions were done
to get 2.6 to 168.6 nM concentrations. For control experiments in PBS, urine, and saliva, an
equivalent volume of blank solutions were added to the test solutions, because the dilution of

the solution can decouple the CD from the surface.
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Figure 4.7. Comparison between the stability of surfaces in PBS from t=0 to t=30 min: (A) Gold-3MPA-
PPG:BCD (N=4) and (B) GC-carboxyphenyl-PPG:BCD (N=5). This data shows that GC-carboxyphenyl-
PPG:BCD has less imaginary capacitance change and higher sensing stability than Gold-3MPA-PPG:3CD
surface. Reprinted with permission from Panahi, Zahra, Tianyu Ren, and lJeffrey Mark Halpern.
"Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple
Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American Chemical Society.

4.14 Cortisol Detection Results Using Reusable GC-carboxyphenyl-PPG:CD
Surface

Figure 4.8A schematic illustrates the biosensor platform for cortisol detection. When
cortisol is introduced into this system, the BCD will depart from the PPG support because of the
competitive inclusion interaction between cortisol and BCD, leading to the decrease in
impedance and increase in capacitance. To confirm our theory that the increase in capacitance is
due to the release of BCD from the surface, XPS was used. Elemental composition of BCD surface
before and after cortisol detection was estimated by comparing C1s (Figure 4.8B and 4.9) and

O1s (Figure 4.8C and 4.10) spectra. XPS was performed on the following four samples:
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1. Carbon-carboxyphenyl-PPG:BCD surface (BCD loaded 1)

2. Carbon-carboxyphenyl-PPG:BCD surface after 1 h exposure to 160 nM cortisol solution
(cortisol 1)

3. Regenerated Carbon-carboxyphenyl-PPG:BCD surface (BCD loaded 2) by soaking the
electrode in 5 mM BCD solution for 1 h

4. Regenerated Carbon-carboxyphenyl-PPG:BCD surface after 1 h exposure to 160 nM

cortisol solution (cortisol 2)

The C 1s spectrum (Figure 4.9) can be deconvoluted into three peaks at 284.8, 286.4, and
288.5 eV which can be attributed to C-C or C-H, C-OH or C-O-C, and C=0, respectively. The bar
graph in Figure 4.8B represents mass concentrations (%) of peaks. All three C 1s components
were observed for all samples. Compared to BCD, PPG contains higher amount of C-C and C-H
bonds; therefore, the increase in mass concentration of these groups from 31.72 % in BCD loaded
1 surface to 62.14 % in cortisol 1 surface indicates the removal of some BCD molecules followed
by the incubation of surface in cortisol solution. After BCD reloading (BCD loaded 2), the mass
concentration of C-C and C-H groups decreases to 38.6 %, suggesting the biosensor can be
successfully regenerated by BCD reloading. Moreover, the mass concentration of dominant

groups of BCD; i.e., C-OH and C-O-C, decrease after the surface is exposed to cortisol solution.

For O1s spectrum (Figure 4.10), we can assign the peak with 531.2 eV binding energy to
C=0 and the components at 532.5 and 533.5 eV can be assigned to C-O-C and OH groups. Figure
4.8C demonstrates the mass concentration (%) of different components. By comparing the mass
concentration of C-O-C and OH components of different samples, it was found that the changes
in the amount of OH groups are more prominent than C-O-C groups since C-O-C groups are

109



present both in BCD and PPG molecules. The decrease in OH groups after the exposure of surface
to cortisol (34.8 % to 12.3 %) confirms release of BCD and the increase in OH groups after

reloading of BCD (12.3 to 28.9 %) confirms the reusability of surface.

Another set of XPS experiments on GC-carboxyphenyl-PPG:BCD surfaces were performed
to show the effect of ethanol soak on surfaces. Figure 4.8D and 4.11 represent C1s and Figure
4.8E and 4.12 represent O1s deconvolution peaks of GC-carboxyphenyl-PPG:BCD surfaces before
and after ethanol soak, after BCD reloading, and after second ethanol soak. These results are
consistent with Figure 4.6B; suggesting BCD can be removed from the surface by ethanol soak

instead of exposure to cortisol solution.
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Figure 4.8. Demonstration of GC-carboxyphenyl-PPG:BCD surface for reusable sensing of cortisol: (A)
schematic that demonstrates (left) release of BCD from PPG to interact with cortisol and (right) surface
regeneration by BCD reloading, (B) Mass concentration (%) of Cls peaks, and (C) O 1s peaks interpreted
from XPS performed on BCD surface before and after cortisol detection, (D) Mass concentration (%) of
C1s peaks, and (E) O 1s peaks interpreted from XPS performed on BCD surface before and after ethanol
soak. This data indicates that BCD can be removed from the GC-carboxyphenyl-PPG surface by immersion
in the cortisol solution (B and C) or ethanol soak (D and E). Reprinted with permission from Panahi, Zahra,
Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive

Determination of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright
2022 American Chemical Society.
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Figure 4.9. High-resolution C1s XPS spectra for 4 different surfaces: (A) Carbon-Carboxyphenyl-PPG:3CD
(BCD loaded 1), (B) Carbon-Carboxyphenyl-PPG:BCD surface after 1 hr exposure to 160 nM cortisol
(cortisol 1), (C) Regenerated Carbon-Carboxyphenyl-PPG:BCD (BCD loaded 2), and (D) Regenerated
Carbon-Carboxyphenyl-PPG:BCD surface after exposure to 160 nM cortisol solution (cortisol 2). Reprinted
with permission from Panahi, Zahra, Tianyu Ren, and leffrey Mark Halpern. " Nanostructured
Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied
Materials & Interfaces (2022). Copyright 2022 American Chemical Society.
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Figure 4.10. High-resolution O1s XPS spectra for 4 different surfaces: (A) Carbon-Carboxyphenyl-PPG:BCD
(BCD loaded 1), (B) Carbon-Carboxyphenyl-PPG:BCD surface after 1 hr exposure to 160 nM cortisol
(cortisol 1), (C) Regenerated Carbon-Carboxyphenyl-PPG:BCD (BCD loaded 2), and (D) Regenerated
Carbon-Carboxyphenyl-PPG:BCD surface after exposure to 160 nM cortisol solution (cortisol 2). Reprinted
with permission from Panahi, Zahra, Tianyu Ren, and lJeffrey Mark Halpern. " Nanostructured
Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied
Materials & Interfaces (2022). Copyright 2022 American Chemical Society.
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Figure 4.11. High-resolution C1s XPS spectra for 4 different surfaces: (A) Carbon-Carboxyphenyl-PPG:BCD
(BCD loaded 1), (B) Carbon-Carboxyphenyl-PPG:BCD surface after 1 hr exposure to ethanol (Ethanol 1), (C)
Regenerated Carbon-Carboxyphenyl-PPG:BCD (BCD
Carboxyphenyl-PPG:BCD surface after exposure to ethanol (Ethanol 2). Reprinted with permission from
Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for
Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces (2022).
Copyright 2022 American Chemical Society.

loaded 2), and (D) Regenerated Carbon-
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Figure 4.12. High-resolution O1s XPS spectra for 4 different surfaces: (A) Carbon-Carboxyphenyl-PPG:3CD
(BCD loaded 1), (B) Carbon-Carboxyphenyl-PPG:BCD surface after 1 hr exposure to ethanol (Ethanol 1), (C)
Regenerated Carbon-Carboxyphenyl-PPG:BCD (BCD loaded 2), and (D) Regenerated Carbon-
Carboxyphenyl-PPG:BCD surface after exposure to ethanol (Ethanol 2). Reprinted with permission from
Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for
Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces (2022).
Copyright 2022 American Chemical Society.
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The non-faradaic EIS response of GC-carboxyphenyl-PPG:BCD to 160 nM cortisol is shown
in Figure 4.13A. To perform these experiments, GC-carboxyphenyl-PPG:BCD surfaces (N=5) were
tested in PBS solution with spiked cortisol solutions. Additionally, to investigate the effect of
blank PBS on the biosensor response, control experiments were carried out by addition of
equivalent volumes of blank PBS to the test solution (N=5). Figure 4.13B shows an imaginary
capacitance change in response to 122.09 uL of blank PBS solution added to the test solution.
The capacitance change in blank solution can be due to the release of BCD molecules into the
blank solution [113] or drift in EIS measurements [170]. From Figure 4.13A and 4.13B, the
normalized imaginary capacitance change of a frequency with highest signal to noise ratio (SNR)
was selected as the biosensor signal. The SNR was defined by Equation 4.1 and calculated for test

(cortisol) and control (PBS).

2

_ K .
SNR = 5 Equation 4.1

where [ is the mean and § is standard deviation. The ratio of the SNR of test to control
was calculated at different frequencies, and 1577 Hz, which had the highest SNR between test to
control, was selected as the optimal frequency to evaluate the normalized imaginary capacitance

change (Figure 4.14A and 4.14B).

The normalized change in imaginary capacitance of GC-carboxyphenyl-PPG:BCD as a
function of cortisol concentration at 1577 Hz is plotted to generate a calibration curve in Figure
4.14C. The results show that the imaginary capacitance change response increases with
increasing cortisol concentration in the range of 2.5-160 nM, and the data can be fit with a

Langmuir isotherm. This indicates that the binding affinity of BCD and cortisol must be higher
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than the binding affinity of BCD and PPG. Therefore, once the BCD surface is introduced to the

cortisol solution, the BCD dissociates from PPG to interact with cortisol in the solution (Equations

4.2-4.4).
PPG: (BCD), + Cortisol - BCD: Cortisol Equation 4.2
_ [BCD:Cortisol] .
= [PPG:(BCD)y] [Cortisol] Equation 4.3
Q __ NKg[BCD:Cortisol] Equation 4.4

" 14+Kg4[BCD:Cortisol]

In Equations 4.3-4.4, Q is biosensor signal (% x 100), N is the maximum capacity of
0

BCD:cortisol interactions, and Keq is equilibrium constant [213-215].

The Keq of cortisol calibration curve in PBS (Figure 4.14C, black squares) was determined
0.18 nM, and N was calculated to be 5.56. Based on Equation 4.5 and 4.6 [216], the limit of

blank (LOB) and limit of detection (LOD) were calculated to be 0.94 and 2.13 nM, respectively.
LOB=mean piank+1.645 SDpiank Equation 4.5

LOD=LOB+1. 645 SD/owest concentration sample Eq Uatlon 4.6
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Figure 4.13. Comparison between the GC-carboxyphenyl-PPG:BCD response to: (A) 160 nM cortisol
solution (122.09 pL of concentrated cortisol solution added to PBS test solution) (N=5) and (B) 122.09 L
of blank PBS solution added to PBS test solution (N=5). For all frequencies, the ratio of (SNR of (A)/ SNR of
(B)) were calculated to find the frequency with highest value to find the best frequency to interpret the
data. Reprinted with permission from Panahi, Zahra, Tianyu Ren, and lJeffrey Mark Halpern. "
Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in Multiple
Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American Chemical Society.
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Figure 4.14. Cortisol detection in PBS using GC-carboxyphenyl-PPG:BCD: (A) Imaginary Capacitance vs.
frequency plot for various cortisol concentrations, (B) The normalized imaginary capacitance change has
the highest SNR at 1577 Hz, and (C) Biosensor response to cortisol (black squares) and blank PBS control
(red circles). This data shows that by increasing cortisol concentration the imaginary capacitance change
at 1577 Hz increases and was only due to the interaction of BCD with cortisol. Reprinted with permission
from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated
Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces
(2022). Copyright 2022 American Chemical Society.
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Finally, the biosensor’s response to increasing volumes of blank PBS (Figure 4.14C, red
circles) cannot be fitted by Langmuir isotherm; confirming that the blank PBS has almost no
influence on imaginary capacitance response of cortisol at 1577 Hz. Therefore, increasing
concentrations of cortisol was solely responsible for the increase in imaginary capacitance

response.

We evaluated capability of our modified GC-carboxyphenyl-PPG:BCD surface to identify
cortisol spiked pooled urine and artificial saliva samples. Similar to Figure 4.14C, Langmuir
isotherm was used to describe desorption of BCD molecules from the surface and in Figure 4.15
calibration curves of biosensor response to cortisol in human urine and saliva are shown. N values
are useful empirical measure of the biosensor performance. For urine, the N value for cortisol
solution is 6.69 (as opposed to 2.85 for blank urine) and for saliva the N value is 6.51 (as opposed
to 4.70 for blank saliva). N is closely related with the binding affinity of BCDs with cortisol;

therefore, in the absence of cortisol N is lower.

Urinary cortisol changes daily in the range of 11 — 281 nM [217] and the LOB and LOD for
the surface were found to be 0.84 and 1.29 nM, respectively. In addition, salivary cortisol
fluctuates in the range of 3.5 - 27 nM [218] and the LOB and LOD for our biosensor are 1.11 and
1.33 nM, respectively. Accordingly, it can be concluded that the proposed GC-carboxyphenyl-

PPG:BCD biosensor can be used for detection of cortisol in urine and saliva samples.
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Figure 4.15. Capacitive Determination of Cortisol in Multiple Biofluids: (A) Calibration results for
determination of cortisol concentrations urine (N=3), (B) Calibration results for determination of cortisol
concentrations in saliva (N=3), (C) Comparison between the biosensor response to addition of 2.5 nM
cortisol solution vs. addition of equivalent blank solutions, and (D) Comparison between the biosensor
response to addition of 160 nM cortisol in PBS and 168 nM cortisol in urine and saliva solution vs.
equivalent blank solutions. Reprinted with permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark
Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination of Cortisol in
Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American Chemical Society.
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4.15 Procedure for Evaluation of GC-carboxyphenyl-PPG:BCD Selectivity

The GC-carboxyphenyl-PPG:BCD surface was first immersed in PBS and after 5 min, an EIS
was run to determine the baseline value (C o). Then different volumes of concentrated solutions

were added to get 160 nM trans-resveratrol, uric acid, and acetaminophen solutions (C"). Then,

the normalized imaginary capacitance change (C;.Cox 100) was calculated for different

analytes.

4.16 Results for Selectivity of GC-carboxyphenyl-PPG:CD

In order to asses potential interfering analytes for clinical applications with the GC-
carboxyphenyl-PPG:BCD sensor, several compounds including uric acid, acetaminophen, and
trans-resveratrol were evaluated (Figure 4.16). Uric acid is one of the most important co-existing
analytes in urine and this data suggests that uric acid does not interfere with sensing of cortisol
and the biosensor can be tested in urine samples (p<0.001). Additionally, contrary to interfering
effect of acetaminophen with a previously developed BCD biosensor [103], GC-carboxyphenyl-
PPG:BCD does not respond to acetaminophen (p<0.005). Finally, while trans-resveratrol can
make host-guest inclusion complexes with aCD, trans-resveratrol does not influence the cortisol
detection by the developed BCD surface (p<0.005). In summary, the normalized imaginary
capacitance change in response to cortisol was significantly greater than blank PBS, uric acid,
acetaminophen, and trans-resveratrol (p<0.005). However, pairwise comparisons between uric
acid and acetaminophen, uric acid and trans-resveratrol, uric acid and blank PBS, acetaminophen
and trans-resveratrol, acetaminophen and blank PBS, and trans-resveratrol and blank PBS

showed these were not significantly different from each other.

122



Imaginary Capacitance Change (%)

—

Cortisol

Uric acid

Acetaminophen

Resveratrol

Blank PBS

Figure 4.16. Comparison of GC-carboxyphenyl-PPG:BCD biosensor response to cortisol (160 nM) vs. blank
PBS and potential interferents including uric acid (160 nM), acetaminophen (160 nM), and trans-
resveratrol (160 nM) in PBS. The data confirms that uric acid, acetaminophen, and trans-resveratrol do
not interfere with cortisol analysis (p<0.005). Reprinted with permission from Panahi, Zahra, Tianyu Ren,
and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-Mediated Surface for Capacitive Determination
of Cortisol in Multiple Biofluids." ACS Applied Materials & Interfaces (2022). Copyright 2022 American

Chemical Society.
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4.17 Comparison of GC-carboxyphenyl-PPG:BCD with other Cortisol Biosensors

We compared the results of GC-carboxyphenyl-PPG:BCD biosensor with other recently
developed cortisol biosensors. Table 4.3 shows that while the LOD is comparable to that of other

biosensors, GC-carboxyphenyl-PPG:BCD has three advantages:

e Development of the non-enzymatic GC-carboxyphenyl-PPG:BCD biosensor is simple and it
does not require expensive and complicated procedures that are usually involved in
development of immunoassays.

e GC-carboxyphenyl-PPG:BCD is the first reusable cortisol biosensor and it does not suffer from
the common restrictions of immunoassays including low stability and low reproducibility. The
surface is stable for at least a month and it can be reused for up to 10 times.

e GC-carboxyphenyl-PPG:BCD can be used to detect cortisol in various relevant biological fluids
such as urine (1.29-168 nM) and saliva (1.33-168 nM). Therefore, the developed biosensor is

applicable to detect cortisol levels in urine or saliva samples of septic patients.
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Table 4.3. Comparison of various recently developed biosensors for detection of cortisol. Reprinted with
permission from Panahi, Zahra, Tianyu Ren, and Jeffrey Mark Halpern. " Nanostructured Cyclodextrin-
Mediated Surface for Capacitive Determination of Cortisol in Multiple Biofluids." ACS Applied Materials &
Interfaces (2022). Copyright 2022 American Chemical Society.

Biosensor Detection method Medium LOD (nM) Reusability Ref.
Aptamer-Based lateral Artificial saliva *2.73 [197]
flow assay Colorimetric Human saliva *1.02 Single use
Hydroxylamine-reduced Surface enhanced Bovine serum [219]
silver nanoparticles (HA- Raman spectroscopy albumin in PBS **177 Single use
AgNPs) (SERS)
cortisol Magnetically Assisted-
antibodies/suspension of SERS (MA-SERS) Human urine **19.31
magnetic beads simulant and Single use [220]
cortisol antibodies /gold- Rigid Substrate-SERS human serum
coated glass (RS-SERS) **8.28
cortisol antibody/ UV-visible PBS Buffer **%275.89 Single use [221]
PEDOT/Ni/Pt micromotor spectrophotometry
PBS Buffer *2.13 & "72.5
kK This
H %
GC-carboxyphenyl- Electrochemical (EIS) Human urine 1.29& 2.5 Reusable work
PPG:BCD PP .
Artificial saliva *1.33 & 2.5

* LOD based on Equation 8-9

**L0OD, defined as 3 SDpank /s, Where s is the slope of the calibration curve
*** Lowest measured concentration
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4.18 Conclusions

We have designed a reusable biosensor platform that integrates the complexation of CDs
with various hydrophobic guest molecules and polymers. In this platform, when a hydrophobic
guest analyte is introduced into this system, the cyclodextrin will depart from the polymer
support due to the competitive inclusion interaction between the analyte and cyclodextrin. In
Chapter 3, we applied this technology to create an aCD based surface for detection of trans-
resveratrol. In this chapter, we first improved the stability of biosensor by replacing gold-thiol
bonds with stronger C-C bonds through diazonium salt chemistry. Second, we applied this
technology to develop a cortisol biosensor based on competitive interactions of BCD with PPG
and cortisol. As a result of higher stability, the GC-carboxyphenyl-PPG:BCD could be regenerated

and reused for up to 10 times.
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5. Progress on Development of Cyclodextrin Impedimetric Tongue

5.1 Rational: The Need for Development of Cyclodextrin Based Impedimetric
Tongue

Sepsis, a life-threatening medical condition and a major cause of in-hospital deaths,
contributes to more than 250,000 deaths in the United States [1]. Sepsis occurs when an infection
(e.g., bacteria, virus, mold) triggers the immune system to attack body organs. Patients in the
intensive care units (ICU) are at high risk for sepsis and 18% of ICU patients around the world
develop sepsis [2]. Unfortunately, in 25.8% of septic patients in the ICU, sepsis leads to septic
shock, multiple organ failure, and death [2]. Early administration of antibiotics and infusion of
intravenous fluids is essential to decrease in-hospital mortality rates [3]. Currently there is no
device for comprehensive testing of sepsis and development of a device for early diagnosis of
sepsis, monitoring the course of the disease, and monitoring septic patients’ response to the

treatment is necessary for full recovery.

Metabolomics is one of the methods to identify new biomarkers by analyzing various
endogenous and exogenous metabolites [222]. Metabolomics studies have been conducted to
identify sepsis biomarkers in urine and the results are shown in Table 5.1 [222-227]. In a study
on 64 critically ill septic patients in ICU, 'H NMR spectroscopy was used to identify sepsis
metabolite biomarkers in urine. Elevated levels of ethanol, glucose, hippurate, and lower levels
of methionine, glutamine, arginine, and phenylamine were observed in negative prognosis
patients [223]. In a different study on 1346 healthy volunteers and 1282 severe sepsis patients,

mass spectroscopy was used to identify kynurenic acid, hippuric acid, glycine, 3-methyluridine,
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and acetylcysteine as potential urinary sepsis diagnosis biomarkers [224]. Another 'H NMR study
on children aged 1 month to 11 years old suggested that septic patients had higher levels of 3-
hydroxybutyrate, carnitine, creatinine, creatine, glucose, and acetone compared with those of
healthy children [225,226]. Finally, the results of a metabolomic study by *H NMR and GC-MS
revealed an increase in acetate, acetone, glycine, lysine lactate, glucose, maltose in the urine of
septic infants. The data also indicated a decrease of ribitol, ribonic acid, pseudo uridine, 2,3,4-
trihydroxybutyric acid, 2-ketogluconic acid, 3,4-dihydroxybutanoic acid, citrate and creatinine for

infected patients [222,227].

Table 5.1. Summary of the metabolomics human studies to identify sepsis markers in urine

Analytical Method Study Group Potential Biomarker Ref. \
1H NMR 64 ICU patients ethanol, glucose, hippurate, methionine, [223]
glutamine, arginine, and phenylamine
LC-MS 1282 severe sepsis patients kynurenic acid, hippuric acid, glycine, 3- [224]
and 1346 healthy methyluridine, and acetylcysteine
volunteers (control)
1H NMR 60 children with septic 3-hydroxybutyrate, carnitine, creatinine, [225,226]
shock, 40 SIRS/ICU" children creatine, glucose, and acetone

(control), and 40 healthy
children (control)

1H NMR acetate, acetone, citrate, creatinine, glycine,  [222,227]
6 preterm infants with lactate, lysine, and glucose
persistent PDA™, 4 preterm
GC-MS infants without PDA lactate, glucose, maltose, ribitol, ribonic acid,
(control), 4 infants born at pseudo-uridine, 2,3,4-trihydroxybutyric acid,
term (control) 2-ketogluconic acid, and 3,4-dihydroxy
butanoic acid
1H NMR An infant with fatal MRSA™" 3-hydroxybutyrate, carnitine, creatinine, [225]
pneumonia, 4 children with acetone, acetoacetate, choline, fumarate,
influenza pneumonia glucose, and 3-aminoisobutyrate

(control), and 7 healthy

children (control)
*SIRS/ICU: systemic inflammatory response syndrome/intensive care unit. These children were not suspected of having an
infection.

** PDA: patent ductus arteriosus

EEey

MRSA: methicillin-resistant Staphylococcus aureus
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While antibodies are important for measurement of cytokine biomarkers, hydrophobic
cavity of cyclodextrins can provide binding sites for low molecular weight metabolites [8]. Many
of these relevant urinary sepsis biomarkers in Table 5.1 bind with different cyclodextrins
[73,228-236]. Table 5.2 shows sepsis metabolites than can interact with various cyclodextrins. In
Section 1.2 we discussed that the size, charge density of metabolites, number, and placement of
hydrogen donors affect the formation and stability of inclusion complexes. The crystal structure
of inclusion complexes between aCD and acetone has been studied by XRD and the suggested
stoichiometry for the complex is two aCD molecules per acetone molecule [229]. In another
study, XRD, FTIR and Differential Scanning Calorimetry (DSC) were used to characterize 2-
hydroxypropyl-B-cyclodextrin: iron (Il) fumarate inclusion complexes [233]. Besides, aCD forms
inclusion complexes with m-nitrophenyl acetate (mNPA) and p-nitrophenyl acetate (pNPA) and
for every 10 aCD molecule, 2 guest molecule is estimated [232]. The interactions between
cyclodextrin and glucose has been confirmed by measurement of free glucose with a glucose
meter [231]. The addition of aCD or BCD to the solution decreased free glucose concentrations
[231]. In another work, aCD was used because glucose (width and length of 5.6 and 6.5 A)
molecule fits better into the cavity of aCD (width and length of 5.7 and 7.8 A) in comparison to
BCD (width and length of 7.8 and 7.8 A) [230]. Similarly, while the diameter of aCD matches with
the dimensions of ethanol, BCD and yCD cavities are too wide to capture this molecule [234].
Imprinted poly (BCD) has been designed for detection of creatinine [228]. To investigate whether
the binding of creatinine BCD was due to hydrogen bonds or hydrophobic interactions, they
capped the hydroxyl groups on the BCD molecules with chlorotrimethylsilane (CTMS). After

capping the hydroxyl groups, the creatinine adsorption decreased significantly suggesting the
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binding of creatinine to BCD was caused mainly from hydrogen bonds. Similarly, hydrogen bonds
were responsible for the interactions between BCD and glycine [73]. Also, the amino and
carboxylic groups of arginine form hydrogen bond interactions with hydroxyl groups of

hydroxypropyl-BCD [235,236].

Due to complex pathophysiology of sepsis, combining data from multiple biomarkers
improves sensitivity and selectivity of diagnostic tools. Accordingly, various cyclodextrin surfaces
can be integrated to create a sensor array (impedimetric tongue) for recognition of sepsis
metabolite markers. The cyclodextrin impedimetric tongue that we developed in this Chapter
consists of 5 stable diazonium salt based a cyclodextrin (aCD), B cyclodextrin (BCD), y cyclodextrin
(yCD), hydroxypropyl-B cyclodextrin (HP-BCD), and hydroxypropyl-y cyclodextrin (HP-yCD)
surfaces. We employed these surfaces to measure the change in different EIS parameters at
different frequencies in response to four different sepsis biomarkers including cortisol, glucose,

fumarate, and creatinine in PBS buffer (Figure 1.9B).

Table 5.2. Urinary sepsis metabolite biomarkers and cyclodextrin interactions

Metabolite Biomarker Trend in Septic Cyclodextrin Interaction
Patients

Creatinine Decrease BCD (hydrogen bonds) [228]

Acetone Increase aCD (inclusion complex) [229]

Glucose Increase aCD (inclusion complex) [230]

aCD and BCD (inclusion complex) [231]

Acetate Increase aCD (inclusion complex) [232]

Glycine Increase BCD (hydrogen bonds) [73]

Fumarate Increase hydroxypropyl-BCD (inclusion complex) [233]

Ethanol Increase aCD (inclusion complex) [234]
Arginine Decrease hydroxypropyl-BCD (hydrogen bonds)  [235,236]
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5.2 Immobilization of BCD, yCD, HP-BCD, and HP-yCD on GC-carboxyphenyl-PPG

The GC-carboxyphenyl-PPG surfaces were prepared by electrografting of 4-
carboxyphenyl diazonium salt on gassy carbon (Section 4.3) following the PPG attachment
according to Section 4.4. The GC-carboxyphenyl-PPG surfaces were then immersed in 5 mM
solutions of BCD, yCD, HP-BCD, and HP- yCD to prepare GC-carboxyphenyl-PPG: BCD, GC-
carboxyphenyl-PPG: yCD, GC-carboxyphenyl-PPG: HP-BCD, and GC-carboxyphenyl-PPG: HP-yCD,

respectively.

5.3 GC-carboxyphenyl-PEG modification and immobilization of aCD

In Chapter 3 we showed that a PEG polymer surface can be used as a support for aCD
molecules and we modified a gold surface by PEG-12-Thiol to covalently bond with gold surface.
In Chapter 4 we showed the carbon-carbon covalent bonds are stronger than gold-thiol bonds
and we can improve the stability of our cyclodextrin surfaces by grafting 4-carboxyphenyl
diazonium salt on gassy carbon instead of using a gold-thiol surface. To develop a GC-
carboxyphenyl-PEG surface we first performed the 4-carboxyphenyl diazonium salt reduction on
glassy carbon electrode (Section 4.3). Then, the carboxylic acid groups were activated using
EDC/NHS chemistry (Section 4.4) and the surface was incubated in Carboxy-PEG12-Amine (MW
617.72) (5 mg PEG/ 10 mL PBS) solution for 30 min. To deactivate excess reactive groups, the
surface was immersed in 1 M ethanolamine solution in PBS for 10 min. The long-term stability of
GC-carboxyphenyl-PEG surface was investigated according to Section 4.8. The GC-carboxyphenyl-

PEG surface was incubated in 5 mM aCD solution for 1 hr. to immobilize aCD on the surface.
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5.4 Modification and Long-term Stability of GC-carboxyphenyl-PEG surface

Figure 5.1 demonstrates the changes in charge transfer resistance of the glassy carbon
surface (=70 Q) by attachment of carboxyphenyl groups (=282 kQ) followed by modification of
the surface with PEG (=85 kQ). While Figure 5.1 shows that the electrografting of 4-
carboxyphenyl diazonium salt on the glassy carbon resulted the 282 kQ charge transfer resistance
(N=3); in Figure 4.5C, we showed that the 4-carboxyphenyl surface had about 46 kQ charge
transfer resistance (N=3). To understand the reason for the discrepancy between the charge
transfer resistance values shown in Figures 5.1 and 4.5C, we showed the cyclic voltammograms
of electrochemical grafting of carboxyphenyl groups on all electrodes in Figure 5.2 and 5.3,
respectively. Both Figure 5.2 and 5.3 show the characteristic cathodic peak in the first cycle
(green lines) due to the formation of carboxyphenyl layer. Also, in both Figures the reduction
peak disappears in the third cycle (blue lines) due to the blocking effect of carboxyphenyl layer.
However, the presence and intensity of the cathodic peak in the second cycle (red lines) is
different in different plots (stronger reduction peak in the second cycle in electrodes in Figure
5.2 and weaker reduction peak in the second cycle in electrodes in Figure 5.3). Besides, the
cathodic current in Figure 5.3 becomes as high as 14 pA at -0.6 V vs. Ag/AgCl (Electrode 6),
whereas in Figure 5.2 the cathodic current only reaches to the maximum of 12.4 yA at -0.6 V vs.
Ag/AgCl (Electrode 4). Therefore, the charge densities of the carboxyphenyl groups in Figure 5.3

(Electrode 6, 7, and 8) are different from the surfaces in Figure 5.2 (Electrode 1, 3, and 4).

Figure 5.1 demonstrates that attachment of PEG molecules on the carboxyphenyl surface

increases the charge transfer resistance. The changes in surface charges or conformational
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properties of the surface may provide faster electron transfer rates for redox reactions. Finally,

Figure 5.1 shows that the charge transfer resistance of the GC-carboxyphenyl-PEG surface

remains constant (no statistically relevant changes) for at least 5 weeks indicating that the GC-

carboxyphenyl-PEG surface can be used as a stable support for aCD molecules.
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Figure 5.1. Surface modification and stability test of GC-carboxyphenyl-PEG surfaces for a period of 5
weeks. Electrodes were stored in UHP water in-between stability tests; stability testing was conducted in
20 mM ferri/ferrocyanide in UHP. Error bars indicate the standard deviation of three independent

surfaces (N=3).
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Figure 5.2. Cyclic voltammograms of electrochemical grafting of carboxyphenyl groups on glassy carbon
electrodes (electrode 1, 3, and 4) in 4-carboxyphenyl diazonium salt solution from +0.4 to -0.6 vs. Ag/AgCl
at scan rate of 100 mV s™™. These electrodes were used to generate the data in Figure 4.5C.

2.0x10°® 2.0x10°6 2.0x10°®
—— Cycle 1 — Cycle 2— Cycl . —— Cycle 1 — Cycle 2— Cycle 3 —_— J— J—
0.0 ycle ycle cle 0.0 Y Y Y 0.0 Cycle 1 Cycle 2 Cycl
-2.0x10° -2.0x10° -2.0x10°
-4.0x10°° -4.0x10° -4.0x10°®
g—ﬁ.oxw's g-G_Ox]_O'G g—G.Oxm’6
=-8.0x10° = .8.0x10° = .8.0x10°
-1.0x10° -1.0x10° -1.0x10°°
-1.2x10°° Electrode 6 4 5,15 Electrode 7| .1.2x10% Electrode 8
5 ! ! . .
’1-‘61X1c0) . “m _14010° 2022 -1.4x10 Z . _13810° 2022 -1.4X10: T -1.3210 2022
-1.6x10° -1.6x10" -1.6x10"
-06 -04 -02 00 02 04 6x10 0.6 -04 -02 00 02 04 -06 -04 -02 0.0 02 04
E (V) E (V) E (V)

Figure 5.3. Cyclic voltammograms of electrochemical grafting of carboxyphenyl groups on glassy carbon
electrodes (electrode 6, 7, and 8) in 4-carboxyphenyl diazonium salt solution from +0.4 to -0.6 vs. Ag/AgCl
at scan rate of 100 mV s™*. These electrodes were used to generate the data in Figure 5.1.
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5.5 Cortisol, Glucose, Fumarate, and Creatinine Detection and Control in PBS

The concentrated cortisol (3.01 uM), glucose (5.48 uM), creatinine (9.95 uM), and
fumarate (39.36 uM) stock solutions in PBS (pH 7.4) were prepared. To measure the changes in
the EIS parameters in response to the 100.02 nM creatinine concentration, the cyclodextrin
surface were first incubated in 20 mL blank PBS and the EIS was run after 5 min to determine the

baseline. Then 203 pl creatinine stock solution was added to the blank PBS and the EIS was run

after 5 min. The normalized changes in real impedance ( 2 x 100), imaginary impedance

ZZ0

x 100), magnitude of impedance (2=l ||o|
0

( X 100), phase angle (

2 x 100), and

2 x 100) were used for data analysis. These experiments were done

. . . c'-c
imaginary capacitance ( -
0

for all 5 aCD, BCD, yCD, HP-BCD, and HP-yCD surfaces independently. Similar experiments were
conducted to measure the EIS signals to 100.14 nM glucose, 100.13 nM fumarate, and 100.05
nM cortisol by addition of 372 uL glucose, 51 pyL fumarate, and 687 UL cortisol stock solutions to
20 mL blank PBS, respectively. Finally, the control experiments in PBS were done by adding 328
uL PBS to 20 mL blank PBS, because the dilution of the solution can decouple cyclodextrin
molecules from the surface. Table 5.3 shows the detailed information of the experiments that
were done to collect the data for this Chapter and in total, 390 EIS experiments were performed.
We tried to minimize the effects of electrode variability (Electrode 1-5), carboxyphenyl-PPG
modification (Mod. 1-8), carboxyphenyl-PEG modification (Mod 1-5), and cyclodextrin surface

regeneration (CD 1-12) on separation and classification results.
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Table 5.3. Summary of experiments to evaluate the cyclodextrin impedimetric tongue performance

Row No. Analyte aCD BCD yCD HP-BCD HP-yCD
1 Creatinine_Oct_CD1 Electrode 2  Electrode 1l Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.1 PPGMod.1 PPGMod.1 PPGMod.1
2 Creatinine_Oct_CD2 Electrode 2  Electrode1l Electrode2  Electrode3  Electrode 4
PEGMod.1 PPGMod.1 PPGMod.1 PPGMod.1 PPGMod.1
3 Creatinine_Oct_CD3 Electrode 2  Electrode1l Electrode2  Electrode3  Electrode 4
PEGMod.1 PPGMod.1 PPGMod.1 PPGMod.1 PPGMod.1
4 Creatinine_Oct_CD4 Electrode 2  Electrode 1l Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.1 PPGMod.1 PPGMod.1 PPGMod.1
5 Creatinine_May_CD1 Electrode 5 Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
6 Creatinine_May_CD5 Electrode 5 Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPGMod.6
7 Creatinine_May_CD9 Electrode 5 Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPGMod.6
8 Glucose_Oct_CD1 Electrode 3  Electrode1l Electrode2  Electrode3  Electrode 4
PEGMod.1 PPGMod.3 PPGMod.3 PPGMod.3 PPGMod.3
9 Glucose_Oct_CD2 Electrode 3  Electrode1l Electrode2  Electrode3  Electrode 4
PEGMod.1 PPGMod.3 PPGMod.3 PPGMod.3 PPGMod.3
10 Glucose_Oct_CD3 Electrode 3  Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.3 PPGMod.3 PPGMod.3 PPGMod.3
11 Glucose_Oct_CD4 Electrode 3  Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.3 PPGMod.3 PPGMod.3 PPGMod.3
12 Glucose_May_CD2 Electrode 5 Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPGMod.6
13 Glucose_May_CD6 Electrode 5 Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
14 Glucose_May_CD10 Electrode 5 Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
15 Fumarate_Oct_CD1 Electrode 4  Electrodel Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.4 PPGMod.4 PPGMod.4 PPGMod.4
16 Fumarate_Oct_CD2 Electrode 4  Electrodel Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.4 PPGMod.4 PPGMod.4 PPGMod.4
17 Fumarate_Oct_CD3 Electrode 4  Electrode1l Electrode2 Electrode3 Electrode 4
PEGMod.1 PPGMod.4 PPGMod.4 PPGMod.4 PPGMod.4
18 Fumarate_Oct_CD4 Electrode4  Electrode1l Electrode2  Electrode3  Electrode 4
PEGMod.1 PPGMod.4 PPGMod.4 PPGMod.4 PPGMod.4
19 Fumarate_May_CD3 Electrode5 Electrode1l Electrode2  Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
20 Fumarate_May_CD7 Electrode5 Electrodel Electrode2 Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
21 Fumarate_May _CD11 Electrode5 Electrodel Electrode2 Electrode3 Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
22 Cortisol_Oct_CD1 Electrode 1  Electrode1l Electrode2 Electrode3 Electrode 4
PEGMod.1 PPGMod.2 PPGMod.2 PPGMod.2 PPG Mod.2
23 Cortisol_Oct_CD2 Electrode 1l  Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.2 PPGMod.2 PPGMod.2 PPG Mod.2
24 Cortisol_Oct_CD3 Electrode 1  Electrode1l Electrode2 Electrode3  Electrode 4
PEGMod.1 PPGMod.2 PPGMod.2 PPGMod.2 PPG Mod.2
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Table 5.3. Continued

25 Cortisol_Oct_CD4 Electrode 1  Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.1 PPGMod.2 PPGMod.2 PPGMod.2 PPG Mod.?2
26 Cortisol_Apr_CD1 Electrode 5 Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.2 PPGMod.5 PPGMod.5 PPGMod.5 PPGMod.5
27 Cortisol_Apr_CD2 Electrode5 Electrode1l  Electrode2  Electrode3  Electrode 4
PEGMod.2 PPGMod.5 PPGMod.5 PPGMod.5 PPGMod.5
28 Cortisol_Apr_CD3 Electrode5 Electrode1l  Electrode2  Electrode3  Electrode 4
PEGMod.2 PPGMod.5 PPGMod.5 PPGMod.5 PPGMod.5
29 Cortisol_May_CD4 Electrode5  Electrode1l  Electrode2  Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
30 Cortisol_May_CD8 Electrode 5 Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
31 Cortisol_May_CD12 Electrode 5 Electrodel Electrode2  Electrode3  Electrode 4
PEGMod.3 PPGMod.6 PPGMod.6 PPGMod.6 PPG Mod.6
32 Blank PBS_June_CD1  Electrode5  Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.4 PPGMod.7 PPGMod.7 PPGMod.7 PPGMod.7
33 Blank PBS_June_CD2  Electrode5 Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.4 PPGMod.7 PPGMod.7 PPGMod.7 PPGMod.7
34 Blank PBS_June_CD3  Electrode5  Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.4 PPGMod.7 PPGMod.7 PPGMod.7 PPGMod.7
35 Blank PBS_June_CD4  Electrode5 Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.4 PPGMod.7 PPGMod.7 PPGMod.7 PPGMod.7
36 Blank PBS_July_CD1 Electrode 5 Electrodel Electrode2  Electrode3  Electrode 4
PEGMod.5 PPGMod.8 PPGMod.8 PPGMod.8 PPGMod.8
37 Blank PBS_July_CD2 Electrode 5 Electrodel  Electrode2  Electrode3  Electrode 4
PEGMod.5 PPGMod.8 PPGMod.8 PPGMod.8 PPG Mod.8
38 Blank PBS_July_CD3 Electrode5  Electrode1l  Electrode2  Electrode3  Electrode 4
PEGMod.5 PPGMod.8 PPGMod.8 PPGMod.8 PPG Mod.8
39 Blank PBS_July_CD4 Electrode5  Electrode1l  Electrode2  Electrode3  Electrode 4
PEGMod.5 PPGMod.8 PPGMod.8 PPGMod.8 PPGMod.8
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5.6 Manual Assessment of EIS Data Using Single Frequency Analysis

When listening to music, we can differentiate between different instruments that are
being played at the same time since different musical instruments have a unique harmonic
overtone (Figure 5.4A). Similarly, different solution samples have distinctive characteristic
frequencies, and we can use the values of normalized changes in EIS parameters at these
characteristic frequencies to differentiate between different samples. For example, Figure 5.4B
demonstrates the characteristic frequencies of four analytes (cortisol, glucose, creatinine, and
fumarate) on five cyclodextrin surfaces (aCD, BCD, yCD, HP-BCD, and HP-yCD). The characteristic

frequencies in Figure 5.4B were calculated based on the normalized changes in imaginary
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Figure 5.4. The frequency spectrum can be used to differentiate between: (A) different musical
instruments (Copyright with permission from VectorStock®) and (B) different analytes in the solution
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Figure 5.5 demonstrates the main four steps that we need to take to manually assess our

data. First, we need to choose an EIS parameter (real impedance, imaginary impedance,

magnitude of impedance, or phase angle) and find the normalized changes in that EIS parameter

at all frequencies. The second step is finding the characteristic frequencies followed by finding

the normalized changes in the EIS parameter at the characteristic frequencies. Finally, LDA is

applied on the normalized changes in the EIS parameter at the characteristic frequencies to

classify different samples.

In the following sections of this chapter, we will first discuss different methods for finding

the characteristic frequencies (Step 2 in Figure 5.5) and then we will show the LDA classification

results.

Step 1
Choose an EIS
Parameter

imag Change (%)

(

HP-BCD HP-YCD atD Canonical Variable 1 (8367 %)

Step 2
Find Characteristic Frequencies
of Each Sample on Each Surface

Step 3
Find the Changes in the EIS
Parameter at Characteristic
Frequencies

Step 4
Apply LDA to Classify
Different Samples

Figure 5.5. The four main steps for manual assessment of EIS data and classification of samples
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5.6.1 Finding Characteristic Frequencies

To find the characteristic frequency values, we employed different methods that are
shown in Figure 5.5 and 5.6. In the methods in Figure 5.5 we defined the characteristics
frequency of sample on surface X as the frequency with the maximum signal to noise ratio (SNR)
of sample on surface X (Equation 5.1). However, in Figure 5.6 methods, the characteristics
frequency of sample on surface X is the frequency with the maximum ratio of the SNR of sample

on surface X to SNR of blank PBS (control) on surface X (Equation 5.2).

2
HSample on Surface X

SNRSample on SurfaceX = 32 Equation 5.1

Sample on Surface X

2
HSample on Surface X

2
SNRSample on SurfaceX __ SSample on Surface X

Equation 5.2

2

SNRBJank PBS on Surface X HBlank PBS on Surface X
2

‘SBlank PBS on Surface X

Outliers can be present in the data at some frequencies due to various reasons including,
but not limited to, the measurement error (such as EIS drift), surface modification errors (such
as inconsistency between different surfaces), or sampling errors (such as errors in pipetting and
serial dilutions). In Method 1.1 (Figure 5.5) and Method 2.1 (Figure 5.6) we assumed that these
outliers do not influence the end results and the data processing was performed without finding
the outliers. However, according to literature, the presence of outliers can greatly affect the
linear discriminant analysis (LDA) results [237,238]. Therefore, we further investigated the effect

of removing outliers on the values for characteristic frequencies (Method 1.2 (Figure 5.5) and
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method 2.2 (Figure 5.6)). The outliers were found by calculating the first quartile (QTL1), the third
quartiles (QTL3), the interquartile range (IQR), lower, and upper data limits. Excel functions and
equations are shown in Equation 5.3-5.7. All the data points that were not within these

boundaries were identified as outliers.

QTL1= QUARTILE.INC (EIS data of Sample on Surface X at Frequency Y, 1) Equation 5.3

QTL3= QUARTILE.INC (EIS data of Sample on Surface X at Frequency Y,3) Equation 5.4
IQR= QTL1-QTL3 Equation 5.5
Lower limit= QTL1-1.5 IQR Equation 5.6
Upper limit=QTL3+1.5IQR Equation 5.7

In Method 1.2 (Figure 5.6) and Method 2.2 (Figure 5.7) the outliers were only removed
for the purpose of finding the characteristic frequency values. Therefore, the final datasets for
LDA contained all the data at characteristic frequencies including the outliers. Although, in
Method 1.3 (Figure 5.6) and Method 2.3 (Figure 5.7) the outliers were deleted for finding the
characteristic frequencies and were replaced with the mean values in the final datasets for LDA.
Finally, in Method 1.3 (Figure 5.6) and Method 2.3 (Figure 5.7), the samples with outliersin 3 or

more surfaces were completely removed from the dataset. For example, Table 5.4 shows the

2-%0 % 100) according to
Dg

final dataset for LDA using the normalized change in phase angle (

Method 1.3. The glucose data point in row 12, cortisol data points in row 22 and 29, and blank
PBS data pointsin row 36 and 37 (highlighted with red) were deleted from the dataset since they

had three or more outliers.
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Figure 5.6. 3 different methods for pre-processing the data for LDA. The characteristic frequencies in these
methods are calculated based on Equation 5.1 (maximum signal to noise ratio (SNR) of sample on surface

X).
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Figure 5.7. 3 different methods for pre-processing the data for LDA. The characteristic frequencies in these
methods are calculated based on Equation 5.2 (maximum ratio of the SNR of sample on surface X to SNR
of blank PBS (control) on surface X).

Find the Characteristic Frequencies Based on

Calculate the % Change of EIS
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Parameter

Method 2.2

Find and Delete Qutliers

Method 2.3

Row No. Analytes BCD YCD HP-BCD HP-YCD aCD ‘
1 Creatinine_Oct_CD1 0.24 0.21 -3.80 0.38 -0.74
2 Creatinine_Oct_CD2 0.15 0.26 -4.03 0.26 -1.03
3 Creatinine_Oct_CD3 0.22 0.23 -3.61 0.34 -1.67
4 Creatinine_Oct_CD4 0.13 0.23 -3.76 0.33 -1.06
5 Creatinine_May_CD1 0.16 0.32 -3.65 0.33 -1.42
6 Creatinine_May_CD5 0.11 0.15 -3.71 0.32 -0.10
7 Creatinine_May_CD9 0.14 0.23 -3.42 0.33 -1.19
8 Glucose_Oct_CD1 0.25 -0.65 -3.71 0.23 0.18
9 Glucose_Oct_CD2 0.31 -0.47 0.26 0.19 0.18
10 Glucose_Oct_CD3 0.31 -0.57 0.21 0.20 0.31
11 Glucose_Oct_CD4 0.24 -0.54 0.20 0.21 0.19

Outlier Outlier 0.27 Outlier 0.05
13 Glucose_May_CD6 0.23 -0.60 0.18 0.22 0.16
14 Glucose_May_CD10 0.27 -0.61 0.23 0.20 0.17
15 Fumarate_Oct_CD1 -0.67 0.09 0.15 0.28 0.27
16 Fumarate_Oct_CD2 -0.87 0.10 0.17 0.21 0.30
17 Fumarate_Oct_CD3 -0.84 0.08 0.13 0.21 0.26
18 Fumarate_Oct_CD4 -0.92 0.09 0.20 0.17 0.23
19 Fumarate_May_CD3 -0.82 0.08 0.15 0.24 0.27
20 Fumarate_May_CD7 -0.74 0.10 0.14 0.16 0.16
21 Fumarate_May_CD11 -0.88 0.08 0.13 0.21 0.16

0.37 Outlier Outlier Outlier Outlier

23 Cortisol_Oct_CD2 0.22 0.41 -1.39 -0.08 0.40
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24 Cortisol_Oct_CD3 0.31 0.34 -3.32 -0.30 0.47
25 Cortisol_Oct_CD4 0.38 0.45 -2.28 -0.23 0.53
26 Cortisol_Apr_CD1 0.42 0.45 -2.96 -0.19 0.50
27 Cortisol_Apr_CD2 0.27 0.42 -1.87 -0.25 0.53
28 Cortisol_Apr_CD3 0.27 0.42 -2.30 -0.19 0.50

D outiier 0.45 Outlier Outlier Outlier
30 Cortisol_May_CD8 0.22 0.42 -0.14 -0.20 0.54
31 Cortisol_May_CD12 0.16 0.42 -2.98 -0.07 0.50
32 PBS_June_CD1 0.20 0.14 0.13 0.12 -0.90
33 PBS_June_CD2 0.31 0.13 0.10 0.10 -0.97
34 PBS_June_CD3 0.15 0.17 0.13 0.11 -0.83
35 PBS_June_CD4 0.25 0.13 0.10 0.09 -0.69

Outlier Outlier Outlier Outlier Outlier

Outlier Outlier Outlier Outlier Outlier
38 PBS_July_CD3 0.30 0.08 0.11 0.11 -0.93
39 PBS_July_CD4 0.24 0.12 0.11 0.11 -1.10

5.6.2 Classification of Samples Using Linear Discriminant Analysis (LDA)

In Section 1.5, we discussed unsupervised PCA and supervised LDA learning models for
variable reduction and data visualization. Unlike PCA which combines variables to achieve
maximum variation in the dataset and mostly focuses on dimensionality reduction, LDA uses a
labeled (training) dataset to maximize separation between multiple classes. In this chapter, we
used LDA for data analysis since our goal was to use the cyclodextrim impedimetric tongue for

classification of different bioanalyte samples.

LDA was performed on the datasets that were prepared based on the Methods 1.1-2.3
(Figures 5.6 and 5.7) and the 5-fold cross-validation accuracies were calculated (MATLAB
Classification Learner) (Table 5.5). In a 5-fold cross-validation, the software first divides the

dataset into five equal compartments. The software uses one of the five compartments as the

144



test set (unlabeled) and the other four compartments as the training set (labeled). Then, it
evaluates the performance of the test set and computes the model score by training the model
using the training set. The software repeats this process for five times and computes the accuracy
by averaging the model scores over five trials. Table 5.5 shows that the Methods 1.1 and 2.1
models have maximum frequency of 70 %. This confirms that some kind of data pre-processing
is required to remove the outliers from the datasets. The datasets that were prepared according
to Methods 1.2 and 2.2 had the maximum LDA accuracy of 84.6 % and 74.2 %, respectively. The
normalized change in phase angle and imaginary capacitance datasets yielded the highest
accuracy by using Method 1.2 (84.6 %) and Method 2.2 (74.2 %), respectively. The LDA plot
analysis of normalized changes in phase angle using Method 1.2 and the normalized changes in
imaginary capacitance using Method 2.2 are demonstrated in Figure 5.8 and Figure 5.9,
respectively. Finally, Table 5.5 reveals that preparing the datasets according to Methods 1.3 and
2.3 improved the accuracy of models significantly. Figure 5.10-5.14 demonstrate the Method 1.3
characteristic frequencies (Figure 5.10A-5.14A), the normalized changes in the EIS parameters at
different characteristic frequencies i.e., real impedance (Figure 5.10B), imaginary impedance
(Figure 5.11B), impedance magnitude (Figure 5.12B), phase angle (Figure 5.13B), and imaginary
capacitance (Figure 5.14B), and LDA classification results (Figure 5.10C-5.14C). Additionally,
Figure 5.15-5.19 demonstrate the Method 2.3 characteristic frequencies (Figure 5.15A-5.19A),
the normalized changes in the EIS parameters at different characteristic frequencies i.e., real
impedance (Figure 5.15B), imaginary impedance (Figure 5.16B), impedance magnitude (Figure
5.17B), phase angle (Figure 5.18B), and imaginary capacitance (Figure 5.19B), and LDA

classification results (Figure 5.15C-5.19C).
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Comparison between the results from Figure 5.10-5.19 shows that depending on the
method for finding the characteristic frequency (Method 1.3 vs. Method 2.3), the normalized
change in phase angle (Figure 5.13) and normalized change in imaginary capacitance (Figure
5.19) are the best EIS parameters with highest accuracies that can be chosen as the feature of

cyclodextrin impedimetric tongue.

We further found out that for the scope of this thesis and classification of 4-5 classes of
samples, we do not necessarily need the data from all five cyclodextrin surfaces. Figure 5.20
shows that the normalized changes in phase angle from three cyclodextrin surfaces including
BCD, yCD, and HP-yCD can yield the 100 % 5-fold cross-validation accuracy. In addition, aCD and
BCD are the most important surfaces when the imaginary capacitance is chosen as the feature of
impedimetric tongue, and we can achieve the 5-fold cross-validation accuracy of 96.4 % by using

only aCD and BCD surfaces (Figure 5.21).

Finally, in Figures 5.8-5.21, we determined a characteristic frequency for each sample on
each surface. For example, Figure 5.13B shows that for the BCD surface we found the normalized
change of phase angle of cortisol at 79 Hz, glucose at 158.36 Hz, creatinine at 19.86 Hz, fumarate
at 5015.63 Hz, and PBS at 63.34 Hz. However, this method cannot be applied in classification of
real unknown samples, and we need to choose a single frequency for each surface to find the
changes in the EIS parameter of all analytes. Therefore, we determined a single frequency for
each surface by calculating the median of characteristic frequencies of different analytes on that
surface (Figures 5.22A-5.25A). This single frequency feature was used to demonstrate the
changes in the EIS parameters of different analytes at a single frequency on each surface (Figures

5.22B-5.25B), applied LDA (Figures 5.22C-5.25C), 5-fold cross validation accuracies, and
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confusion matrices, (Figures 5.22D-5.25D). For example, in Figure 5.22B the normalized change
of phase angle of different samples for the BCD, yCD, and HP-BCD surface are shown at 79 Hz.
For HP-yCD and aCD surfaces, the normalized changes of phase angle are demonstrated in 505.5
and 627.8 Hz, respectively. Comparison between and the LDA plots in Figure 5.13C and Figure
5.22C shows that by using only a single frequency for each surface, the 5-fold cross validation
accuracy dropped from 100 % (Figure 5.13C) to 50 % (Figure 5.22C). However, when we only
used two surfaces and applied LDA on yCD at 79 Hz and aCD at 627.8 Hz (Figure 5.23), the 5-fold
cross validation accuracy became 64 %. Figure 5.24 shows, when we applied LDA on the
normalized changes in imaginary capacitance at a single frequency for each surface, we achieved
the 5-fold cross validation accuracy of 62 %. However, when we decreased the number of
surfaces from five (Figure 5.24) to three (Figure 5.25), the 5-fold cross validation accuracy
increased from 62 to 69 %. The confusion matrix in Figure 5.25D shows that while the
impedimetric tongue can predict a glucose samples 100% accurately, the positive predictive
percentage for cortisol, fumarate, and creatinine are 80, 67, and 55 %, respectively. We believe
in future we can improve the impedimetric tongue performance and increase accuracies by

optimizing the cyclodextrin surfaces and data analysis methods.

147



Table 5.5. LDA 5-fold cross-validation accuracy of datasets prepared by various methods using five

different EIS parameters as feature of the cyclodextrin impedimetric tongue biosensor
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Method 1.2 48.7 51.3 333 84.6 56.4
Method 1.3 89.20 70.03 58.30 100 80.60
Method 2.1 22.6 419 38.7 45.2 64.5
Method 2.2 29 61.3 22.6 48.4 74.2
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Figure 5.8. Classification of different samples using normalized change in phase angle (Method 1.2) as
feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces, (B) The normalized changes in phase angle at characteristic frequencies,
(C) LDA plot analysis (5-fold cross-validation accuracy: 84.6 %)
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Figure 5.9. Classification of different samples using normalized change in imaginary capacitance (Method
2.2) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in imaginary capacitance at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 74.2 %)
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Figure 5.10. Classification of different samples using normalized change in real impedance (Method 1.3)
as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces, (B) The normalized changes in real impedance at characteristic frequencies,
(C) LDA plot analysis (5-fold cross-validation accuracy: 89.2 %)
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Figure 5.11. Classification of different samples using normalized change in imaginary impedance (Method
1.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in imaginary impedance at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 70.03 %)
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Figure 5.12. Classification of different samples using normalized change in impedance magnitude (Method
1.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in impedance magnitude at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 58.3 %)
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Figure 5.13. Classification of different samples using normalized change in phase angle (Method 1.3) as
feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces, (B) The normalized changes in phase angle at characteristic frequencies,
(C) LDA plot analysis (5-fold cross-validation accuracy: 100 %)
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Figure 5.14. Classification of different samples using normalized change in imaginary capacitance (Method
1.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in phase angle at characteristic
frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 80.6 %)
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Figure 5.15. Classification of different samples using normalized change in real impedance (Method 2.3)
as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces, (B) The normalized changes in real impedance at characteristic frequencies,
(C) LDA plot analysis (5-fold cross-validation accuracy: 53.3 %)
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Figure 5.16. Classification of different samples using normalized change in imaginary impedance (Method
2.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in imaginary impedance at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 82.8 %)
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Figure 5.17. Classification of different samples using normalized change in impedance magnitude (Method
2.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in impedance magnitude at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 55.2 %)
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Figure 5.18. Classification of different samples using normalized change in phase angle (Method 2.3) as
feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces, (B) The normalized changes in phase angle at characteristic frequencies,
(C) LDA plot analysis (5-fold cross-validation accuracy: 93.3 %)
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Figure 5.19. Classification of different samples using normalized change in imaginary capacitance (Method
2.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces, (B) The normalized changes in imaginary capacitance at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 96.4 %)
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Figure 5.20. Classification of different samples using normalized change in phase angle (Method 1.3) as
feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on 3 different surfaces, (B) The normalized changes in phase angle at characteristic frequencies,
(C) LDA plot analysis ((5-fold cross-validation accuracy: 100 %))
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Figure 5.21. Classification of different samples using normalized change in imaginary capacitance (Method
2.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on 3 different surfaces, (B) The normalized changes in imaginary capacitance at
characteristic frequencies, (C) LDA plot analysis (5-fold cross-validation accuracy: 96.4 %)
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Figure 5.22. Classification of different samples using normalized change in phase angle (Method 1.3) as
feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces and determination of a single frequency for each surface (i.e., BCD: 79 Hz,
yCD: 79 Hz, HP-BCD: 79 Hz, HP-yCD: 505.5 Hz, and aCD: 627.8 Hz), (B) The normalized changes in phase
angle of different samples on different surfaces at a single frequency, (C) LDA plot analysis (5-fold cross-
validation accuracy: 50 %), (D) Confusion matrix
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Figure 5.23. Classification of different samples using normalized change in phase angle (Method 1.3) as
feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of different
analytes on different surfaces and determination of a single frequency for each surface (i.e., yCD: 79 Hz,
and aCD: 627.8 Hz), (B) The normalized changes in phase angle of different samples on different surfaces
at a single frequency, (C) LDA plot analysis (5-fold cross-validation accuracy: 64 %), (D) Confusion matrix
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Figure 5.24. Classification of different samples using normalized change in imaginary capacitance (Method
2.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces and determination of a single frequency for each surface (i.e., BCD:
315.5 Hz, yCD: 79 Hz, HP-BCD: 0.25 Hz, HP-yCD: 63.34 Hz, and aCD: 505.5 Hz), (B) The normalized changes
in imaginary capacitance of different samples on different surfaces at a single frequency, (C) LDA plot
analysis (5-fold cross-validation accuracy: 62 %), (D) Confusion matrix
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Figure 5.25. Classification of different samples using normalized change in imaginary capacitance (Method
2.3) as feature of the cyclodextrin impedimetric tongue biosensor: (A) Characteristic frequencies of
different analytes on different surfaces and determination of a single frequency for each surface (i.e., yCD:
79 Hz, HP-BCD: 0.25 Hz, and HP-yCD: 63.34 Hz), (B) The normalized changes in imaginary capacitance of
different samples on different surfaces at a single frequency, (C) LDA plot analysis (5-fold cross-validation

accuracy: 69 %), (D) Confusion matrix
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5.7 Conclusion

In line with our long-term goal of the project to develop a cyclodextrin impedimetric
tongue biosensor that can reliably be used for sepsis diagnosis, in this Chapter, we evaluated the
performance of the cyclodextrin impedimetric tongue for classification of 4 sepsis biomarkers
including cortisol, creatinine, glucose, and fumarate. The impedimetric tongue consists of five
cyclodextrin surfaces: aCD, BCD, yCD, HP-BCD, and HP-yCD. Compared to amperometric and
voltametric tongue biosensors, the impedimetric tongues can provide more information of the
samples; however, the data preparation and signal processing of impedimetric tongues can be
more cumbersome. In this Chapter, we proposed 6 different methods for finding the
characteristic frequencies and data preparation, and we studied the normalized changes in five
different EIS parameters: real impedance, imaginary impedance, impedance magnitude, phase
angle, and imaginary capacitance at characteristic frequencies. We finally used LDA to calculate
the accuracy of thirty different datasets to choose the best data preparation method and find the
best EIS parameter as the signal for cyclodextrin impedimetric tongue biosensor. Our results
showed that both normalized changes in phase angle and imaginary capacitance can be chosen
as the features of our cyclodextrin impedimetric tongue. Additionally, further studies on
optimization of surfaces and data analysis methods are essential for improving the predictive

accuracy and performance of the impedimetric tongue.
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6. Conclusions and Recommendations

6.1 The First Reusable Cyclodextrin Biosensor Prototype

The cyclodextrin biosensors that had previously been developed were all single-use
devices that could not be utilized for on-line continuous measurement of biomarkers. Thus, the
first goal of this project was to create a novel reusable cyclodextrin biosensor platform (Figure
6.1). We achieved this goal by modification of a gold surface with polyethylene glycol (PEG) via
gold-thiol bonds. aCD molecules were then immobilized on the PEG support. The interactions
between PEG and aCD are reversible and the binding affinity of aCD and trans-resveratrol is
higher than the binding affinity of aCD and PEG. Therefore, when the surface was exposed to a
solution containing trans-resveratrol, the aCD molecules left the PEG support to interact with
trans-resveratrol in the solution. After use, the biosensor could be regenerated by reloading aCD.

Faradaic EIS, ATR-FTIR, and XPS tests were used to characterize the Gold-PEG:aCD surface.

y WL = S AN

s
—_
@

a-cyclodextrin
(a-CD)

Figure 6.1. The schematic diagram of the first reusable cyclodextrin platform (Gold-PEG:a-CD) for
detection of trans-resveratrol
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Additionally, we demonstrated that:

1. The Gold-PEG:aCD surface can be regenerated and reused for 3 times.

2. When aCD molecules leave the surface to interact with trans-resveratrol (160 nM) or when
aCD molecules are removed from the surface by an ethanol soak, PEG polymers change from
a porous structure to a mushroom configuration on the gold surface. This causes a change in
surface porosity and charge transfer resistance. The changes in charge transfer resistance can
be measured by faradaic EIS.

3. The changes in surface porosity affects the coating layer capacitance as well as the leakage
resistance of the coating layer. The changes in leakage resistance can be measured by non-
faradaic EIS.

4. The Gold-PEG:aCD surface can detect nM concentrations of trans-resveratrol in buffer and
human urine.

5. Due to low stability of gold-thiol bond, the Gold-PEG:aCD surface had low stability.

6.2 Enhancing the Stability of Reusable Cyclodextrin Platform

We compared the long-term (storage) and short-term (sensing) stability of gold-thiol
3MPA-PPG and glassy carbon-carboxyphenyl-PPG surfaces. We used faradaic EIS, ATR-FTIR, and
XPS to show the changes on gold and glassy carbon after different modification stages. We
demonstrated that by using diazonium salt chemistry we can improve the stability of cyclodextrin
platform significantly and address the problem of low stability of reusable cyclodextrin surfaces.

The schematic diagram of GC-carboxyphenyl-PPG:BCD is shown in Figure 6.2.
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B-cyclodextrin
(B-CD)

Figure 6.2. Improving the stability of the cyclodextrin platform and development of Glassy Carbon-
PPG:BCD for detection of cortisol

We further demonstrated that:

1. The GC-carboxyphenyl-PPG:BCD is stable for at least 1 month.

2. Non-faradaic EIS and XPS confirmed surface regeneration and reusability for up to 10 times.

3. In detecting cortisol, imaginary capacitance at the characteristic frequency (frequency with
the highest signal to noise ratio) can be used to analyze non-faradaic EIS data.

4. Using GC-carboxyphenyl-PPG:BCD surface, sensitive detection of cortisol can be achieved in

PBS buffer, urine, and saliva with limit of detection of 2.13, 1.29, and 1.33 nM, respectively.

6.3 The First Reusable Cyclodextrin Impedimetric Tongue Prototype

The last part of this dissertation was development of a cyclodextrin impedimetric tongue
prototype. Five different cyclodextrin surfaces including GC-carboxyphenyl-PEG:aCD, GC-
carboxyphenyl-PPG:BCD, GC-carboxyphenyl-PPG:yCD, GC-carboxyphenyl-PPG:HP-BCD, and GC-
carboxyphenyl-PPG:HP-yCD were integrated to create the cross-reactive sensing array for

recognition of a class of biomarkers and detection of sepsis (Figure 6.3). 390 EIS experiments
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were performed to gain 39 data points to assess the performance of the prototype device for

separation of four different sepsis biomarkers including cortisol, creatinine, glucose, and

fumarate using LDA. Control experimentsin blank PBS were also performed for further evaluation

of the sensor and/or determination of characteristic frequencies.

1.

2.

Our results showed that:

Different EIS parameters such as real impedance, imaginary impedance, impedance
magnitude, phase angle, and imaginary capacitance greatly impact the accuracy of the
impedimetric tongue.

The 5-fold cross validation accuracy of 100% and 96.4% in separation of four classes of
analytes could be achieved when the normal changes in phase angle and imaginary
capacitance were chosen as the signal, respectively. However, this was an unoptimized, best
case, analysis of data to achieve the maximum accuracy. To make the electronic tongue
applicable for classification of unknown samples, we found a single frequency for each
surface by calculating the median of characteristic frequencies of different analytes on that
surface. The highest 5-fold cross validation accuracy of 69% was achieved when we applied
LDA on the normalized changes in imaginary capacitance at a single frequency for three
cyclodextrin surfaces (YCD at 79 Hz, HP-BCD at 0.25 Hz, and HP-YCD 63.345 Hz).

Different methods for data preparation and determining the characteristic frequencies affect

the accuracy of the impedimetric tongue.
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Cortisol Glucose Creatinine Fumarate

Figure 6.3. The schematic diagram of the first reusable cyclodextrin impedimetric tongue prototype for
separation of four groups of sepsis biomarkers

6.4 Recommendations for Future Work

Many achievements have been accomplished in development of the first generation
reusable cyclodextrin impedimetric tongues; however, there are some remaining challenges that
need to be addressed. The cyclodextrin impedimetric tongue prototype that was described in
this thesis consists of five cyclodextrin surfaces. The cyclodextrins used in development of these
surfaces are the most common available products in the market. However, other variations of
cyclodextrins that were not discussed in this thesis, might be helpful for improving chiral

recognition ability of the impedimetric tongue device.

A Gamry multichannel potentiostat (Figure 6.4) allows us to combine at least 8 different
potentiostats into a single system. Using this system, we can test multiple surfaces
simultaneously and increase our throughput significantly. For example, we spent at least 2730
minutes on performing the EIS experiments in Table 5.3 (39 data points x 5 surfaces x 2 tests x 7

minutes). Testing all five surfaces simultaneously, reduces this time to 546 minutes and provides
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more reliable and accurate data. Additionally, automation of this process by a flow cell system

can greatly improve the efficiency and accuracy of the device.

mn i " " 1w i

reradd .
e S
o = A

Figure 6.4. Gamry’s multichannel potentiostat system that can combine multiple electrochemical cells
into a single system

Once we gather more data using a multichannel potentiostat and/or the flow cell, we
need to revisit our signal processing methods. We need to write a robust program to preprocess
and clean the EIS data, find outliers, important EIS variables, the characteristic frequencies of

different analytes, and single frequencies of different cyclodextrin surfaces.

To evaluate the cyclodextrin impedimetric tongue prototype, we tested cortisol, glucose,
fumarate, creatinine, and blank PBS. We propose further testing of acetone, acetate, glycine,
arginine, and ethanol in PBS with at least four replicates. Collecting this information and
expanding the dataset will be very helpful in better understanding of the EIS data analysis,
implication of classification models, and selecting the most appropriate cyclodextrin surfaces in

the final design of the product for sepsis diagnostic applications. We also propose to employ the
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prototype for detection of sepsis biomarkers in urine. This is important because there are some
molecules in urine that can interact with cyclodextrin biosensors and interfere with biomarkers

detection.

However, the cyclodextrin impedimetric tongue does not follow the “lock-and-key” basis
and cannot be used for selective determination of any specific biomarkers in a sample. Therefore,
the goal here is not to prove that the selectivity of cyclodextrins towards different sepsis
biomarkers and we do not want to predict the exitance of the disease from the changes in the
concentrations of any single biomarkers. Instead, we want to use the entire metabolic profiles

and for the identification of different samples.

The practicality and reliability of the cyclodextrin impedimetric tongue needs to be
evaluated by using clinical samples of urine. The goal is to determine the accuracy of the device
in differentiating between healthy and septic urine samples. Additionally, the device can be
tested to differentiate between sepsis and cytokine storm triggered by COVID-19 in urine
samples. To perform these experiments several urine samples from random healthy subjects,
patients with sepsis, and patients with cytokine storm need to be obtained. The main
disadvantage of testing urine samples is the variation in dilution effects since the concentrations
of metabolites in urine samples can vary significantly based on water consumption and other
physiological factors [239,240]. Therefore, at least two different normalization technique using
creatinine urine tests and specific gravity measurements need to be performed to find the
variability and standard deviation of samples. This will help to make sure that the impedimetric
tongue will differentiate between different healthy, sepsis and cytokine storm metabolite

profiles and the separation results will not be impacted by variations in dilution effects or sample
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volumes. However, since urinary creatinine excretion increases with age, the age range of the

healthy subjects and patients need to be considered as well [241].

The ideal cyclodextrin impedimetric tongue is a reusable biosensor that can be installed
in-line with urinary catheters for early diagnostic of sepsis. This dissertation was an important
step toward development of the cyclodextrin impedimetric tongues for detection of sepsis or

other diseases in different biological samples.
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Appendix
Appendix A-Abbreviations

SERS: Surface enhanced raman spectroscopy
HPLC: High performance liquid chromatography
SPE: Solid phase extraction

SPME: Solid phase microextraction

UA: Uric acid

EP: Epinephrine

Tyr: Tyrosine

CA: Chronoamperometry

EIS: Electrochemical impedance spectroscopy
DPV: Differential pulse voltammetry
AdDPSV: Adsorptive differential pulse stripping voltammetry
SWV: Square wave voltammetry

LSV: Linear sweep voltammetry

CV: Cyclic voltammetry

GO: Graphene oxide

GON: Graphene oxide nanosheet

RGO: Reduced graphene oxide

CQD: Carbon quantum dot

GQD: Graphene quantum dot

CNT: Carbon nanotube

SWCNT: Single-walled carbon nanotube
MWCNT: Multi-walled carbon nanotube
LOD: Limit of detection

TMD: Transition metal dichalcogenides
MOFs: Metal organic frameworks

CP: Conjugated polymer

POMs: Polyoxometalates

PEDOT: Poly(3,4-ethylenedioxythiophene)
PANI: Poly(aniline)

PPY: Poly(pyrrole)

CD: Cyclodextrin

aCD: a cyclodextrin

BCD: B cyclodextrin

vyCD: y cyclodextrin

HP-BCD: Hydroxypropyl-B cyclodextrin
HP-yCD: Hydroxypropyl-y cyclodextrin
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GCE: Glassy carbon electrode

P-GLY: Poly(glycine)

MIP: Molecular imprinted polymer

EFTA: Ethyl 2-(4-ferrocenyl-[1,2,3]triazol-1-yl) acetate
CPE: Carbon paste electrode

MCPE: Modified carbon paste electrode

MW-Fes: Filtered multi-walled carbon nanotubes
GONRs-CH: Graphene oxide nanoribbons in chitosan
BODIPY: Borondipyrromethene

SPCE: Screen printed carbon electrode

TNFs: Titanium dioxide nanofibers

PGE: Pencil graphite electrode

GPE: Graphite paste electrode

PVIM: Poly(ionic liquid)

Poly(DA): Poly(dopamine )

Poly(HQ): Poly(hydroquinone)

B-NiS: Restacked nanosheets of nickel sulfide

Poly(BCG): Poly(3,3’,5,5'-tetrabromo-mcresolsulfonphthalein)

EB-PPY: Electron beam irradiated Poly(pyrrole)

BSA: Bovine serum albumin

Poly(BCP): Poly(bromocresol purple)

ePAD: Electrochemical paper-based analytical device
MPC: Macroporous carbon embedded

PPy: Polypyrrole

PEG: Polyethylene glycol

PPG: polypropylene glycol

3MPA: 3-Mercaptopropionic Acid

EDC: 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
NHS: N-hydroxysuccinimide

LDA: Linear discriminant analysis

PCA: Principal Component Analysis
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