DRES AN £ ¥ SRS S ARy L
L m

Department of Bio-Industrial Mechatronics Engineering

College of Bioresources and Agriculture

National Taiwan University

Master Thesis

AT RS P T F e 2 A R

Electrochemical Impedance Modeling of Symmetric Electrodes

and Interdigitated Array Chips for Aptasensing Applications

i i

Chih-Yu Lali

d R AT B L
Advisor: Lin-Chi Chen, Ph.D.

P ER R 108 & 7 "

July 2019

doi:10.6342/NTU201901821



>4 2
PO P

P g SR ZEFRE YRR - FEEHA > gREr £ <uE
Bem J{T - BEPR T AR A SRR BB EF A R ,grﬁbxi;%ﬁv}i}ﬁ'
L RRR L CU ESET § RTIEE

EH#HMARATER J & kb i 1w F B ik BREAZFEN

HEF SR EABSFTL NG P GIEE D B (R Sl S RN

E O RAME FIER SRR TR AR R o I R L 2 3 A 2

BEFFRAIBEEY G N R MR F R P g

B EET AT A - TR PSR BN E T FAEAR N — B 3T

BoRPHTEAR PE R R A AR KRR SR
BT R RN A RS 50 G ko B 3 BA T S ehpr E

BHEE AR A G s R e lindtar 54 3 R PR LN - A2 B Bk

T

R P P edpBh R ko MR AR Y A B i B

g}:\/

-
EE AR

EVRBEAL EllaTh ~ B3 BT B RE B A E 7 AR

—~= 2

TR

d

TREL ~PE D

i
I
™

ik

=l
3
~=i

5
il
3\
po

e
1%
it

o}
) -—
3\
W

5

3

-+
W
My
AN
s
AN
Al
3

REAF CRHAKRES - R R LB F bk B3 A3 R HKEEGERDF A -
AR U R PFA E I Ak A AR R F SAE Y

R RN TP AT A RE 5 PR PG Aot B e B 24T oo A D ipARIR AR B

’

P B F R LT - s R TE  E AR S G BT 2 F

wAE S AL E o

doi:10.6342/NTU201901821



K2

R TEL RS S ST ERE IR o ATARS 0 L RIS {1

FITH A 2 M A2 F Y e fuip 2 (electrochemical impedance spectroscopy @ i

HEIS) ~ e & & AT 2 & - |43 chif 48 P (aptasensing)$Lilit (7 B Jp] » ¥ iTE 2
Aot EPFRE RH Z RS T M E 2 i) g TR e WARA e B

SAEMEITLFERE DT ER L TR P ER R - g kR
& (interdigitated array electrodes - f§ £ IDAelectrodes) F] & v #4445 2 » & A F 1935
2 ¥ % (bandwidth) £z [ iE(gap width)4a 3 H 3% 47 re F(diffusion impedance)z. < }I% o
Flpt Aim e U B ER R 22 2 S A HEF R B2 4 kT
BRI R BN R ERE T RAAI S EF IR AR AR
RN S LR R LR A AR S L R LR Snk PR E R T LR g AR 1
Wz o 1% £ 25 %3 (conformal mapping) 2 F14L3 *L& & iT i = 2 (cylindrical
finite length approximation)#& # % Fe & fv 2_4p 2 )k TARIFFATIZSLfE & 3 2 34 fF > &
FEFARSZPRGRTET O kY 0 IA2 PR ENNAEHTFTE
FOR o BEE JRACR . E Sl B R N BT RL E 4 fE R
e F ez dp R TR Aol ARl (T A 2 o pE AP i (time-dependent) - 4k
2 RS FHET TR BEEEAYN P A8 BR2 7 74 TRt 82

OHz #piciednidr s A Fm 7 iz AT in 8 2 ehigdkct & AP Ap M (R =
0.992) » F 718 1& VT o By 2 5 2 OHZ #4re+il 3 & 4p M 12 (R?=0.970) »

AR N N S AR E T B PO E RS R (R?>0948)0 F ¢ w4

W HETE = fe (equivalent circuit fitting) ¥ & 4 FE [ H TR A @ o gL 328
AV AR R R MR R R R T R 5 MR L B H
WL G eI S L - B R Sor T REAl 22 o B o M

o T RE e BB I 8 £ T &(standard Au electrode > # #i- SGE) 2

doi:10.6342/NTU201901821



Fa R R ARRENCA T 7 % 20 (thrombin) 2 768 38 MUCL 2 £ i) -
#f1* H - Randles T k& 7 #ALT 8 4 St B e TR T e I Sdc R £ R §
LRHEHD - Qo Yo LFHEH- L~ 2 n g REA R o S]] ¥
B EATLHETERL PEFRE S BT MR R EL AN AKRET

e fiw (thrombin) iF 5 B Bl#Eeh2 Kp % 129.4nM - MUC1 ¥ H 5 fis 5 i3 476 2. DNA

it $8(5’SH-(CH2)6-S2.2) 5 i = &5  F MR B E € Rl2 Kp 15.11nM > 45 & - 1+

‘5\&3

EHCAEE 2 B 1R 1 (Bmax) 5 7.91KQ 42 F 3 R MUCL2 #H4i - 150 i
Bl B2 Kp %15.92nM * Bmax 5 17.08KQ > p+ & 2 Kp % % 49T » @ Bmax 9
2o B GBRE RTINS S - ROEP LM ELFEART A PR B
LRl eI g R EUTARLFRHERE E T F PO T fI¥

oA RBEG T ITOE TR T AN TR EROS o T L ERIEL T

i\

el

EAFRIE » st 2 £ 2 (2 (regenerability) 4 2 % — 4 (specificity) - 4= &5\ £
i APEE S M AE G FREINE] P FE R B A
offd P2 AT AR PE EART AT R THRE FHC] F R L

MM FRLE S LLR R R F RS RBREY

MaEs tdpA kR AR T F PR G U HAET R R R

doi:10.6342/NTU201901821



Abstract

The inhibition of tumor markers has been a popular research object among the academic
society. They are often detected using simple and low-cost techniques such as electrochemical
impedance spectroscopy (EIS), which aptamers are occasionally used as the sensing element
for achieving high sensitivity and selectivity. This integrated method has flourished in recent
years. However, for electrochemical methods, a three electrode setup faces fabrication
complexity, high cost and low yield rates during miniaturization. Two electrode impedimetric
detection using interdigitated array (IDA) electrodes also faces a problem. Due to its geometry,
there hasn’t been any studies that derive its diffusion impedance according to different
bandwidths and gap widths. Therefore, this study makes a basis on impedimetric modeling of
symmetric two electrode systems. The first part focuses on the derivation and verification of an
integral form of solution for IDA diffusion impedance. Conformal mapping and cylindrical
finite length approximation methods are used in theory. Simulations are performed for
confirming assumptions such as the imaginary constant concentration boundary (ICCB). Nine
electrodes of different bandwidths and gap widths are fabricated with their heights and
symmetric electrochemical characteristics verified. The calculated zero-frequency impedance
showed high correlation with the reciprocal of limiting current calculated from previous studies
(R?=0.992) and from chronoamperometry experiments (R? = 0.970). Further evidence for the
correctness of theory is established due to the fact that experimental EIS data and calculated
impedances are highly consistent (R? > 0.948 for real and imaginary part). This sheds some
light on explaining the phenomenon of diffusion impedance using IDA electrodes in the low
frequency spectrum. An equivalent circuit fitting program succeeded to accurately fit the EIS
data and parameters such as the ratio of electrode bandwidth to gap width and diffusion

coefficient can also be obtained by fitting the data from a single EIS experiment. This can aid
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researchers in relevant fields model their systems more accurately. In the second part, a
symmetric equivalent circuit model is developed, and it is applied it for impedimetric detection
of thrombin and a tumor marker MUC1 with a fabricated aptasensor using standard Au
electrodes (SGE) and IDA chips. If a single Randles circuit is used for equivalent circuit fitting
on a symmetric electrode system, Rct and Rs would be double the real value, Qo and Yo would
be half the real value, and n would be the same. This relationship is proven using experimental
data from two kinds of micro-fabricated symmetric electrode chips. Thrombin is used for the
proof of concept and a Kp of 129.4nM is obtained using the symmetric electrode setup. MUC1
is detected by the thiolated S2.2 aptamer using a three electrode setup and the Kp is 15.11nM.
The calculated max binding value (Bmax) according to one-site specific binding model is 7.91kQ.
Using a two electrode setup, the Kp is 15.92nM and the Bmax is 17.08kQ. The calculated Kp
values for two and three electrode setups are consistent, and the ratio between Bmax is about 2,
which corresponds to the developed model. This proves the correctness of the model applied
for bio-detection. IDA chips are used for aptasensor fabrication for thrombin detection. The
program designed in the first part is used for circuit fitting of EIS data, and accurate parameters
are obtained. This sensor has the regenerability for six times of detection and the specificity is
also confirmed. Symmetric Au electrode systems have simple and low fabrication cost
characteristics. Its integration with highly stable aptamers can contribute to mass production
and customization in product commercialization. According to the above results, the author

anticipates future developments in relevant medical diagnosis and point-of-care applications.

Keywords: interdigitated array (IDA) electrodes, electrochemical impedance spectroscopy

(EIS), finite diffusion, symmetric electrodes, aptasensing
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Chapter 1 Introduction

1.1 Preface

A bio-detection system is involved with one or several detection techniques such
as such as optical, electrochemical and mechanical detection methods and the
correspondent equipment and material. Electrochemical techniques are advantageous
compared with others within bio-detection methods due to its low-cost and easy-to-
integrate features. There is also no need for complex signal transduction processes
because the subsequent data acquisition unit after the sensing event can usually directly
attain an electrical signal (A.J. Bard and Faulkner, 2000).

Electrochemical impedance spectroscopy (EIS) is a powerful electrochemical
method for bio-analyte detection in affinity-based biosensors and can be integrated into
miniaturized devices due to its label-free and sensitive characteristics (Daniels and
Pourmand, 2007). This trait is attractive because electrodes can easily be fabricated into
a miniaturized device which the sample usage can be lowered down to a few micro-liters.
Among various electrode configurations, interdigitated array (IDA) electrodes are
symmetric electrodes and have the advantages of enhanced sensitivity, increased active
area and miniaturized sizes (Mazlan et al., 2017). They have been widely used in various
applications (Yan et al., 2011). Their steady-state current and concentration behaviour

1

doi:10.6342/NTU201901821



have been extensively researched using analytical and numerical approaches (Aoki et al.,

1988).

Aptamers are artificially synthesized DNA or RNA that can be selected in vitro. This

is another growing field of interest for the affinitive and selective tendency towards their

target (Hianik and Wang, 2009). Their robustness allows them to survive harsh conditions

and remain functional over an extended period of time (Y. C. Lim et al., 2010). This

important feature can contribute to the bio-detection system, permitting them to be

immobilized as sensing elements on a biosensor chip (aptasensors), packed up in

miniaturized chips and delivered to remote regions. Researches on aptasensors using IDA

electrode chips along with EIS bio-detection has recently gained high popularity due to

several combined advantages (Aryaet al., 2018; Ding et al., 2017; Zhurauski et al., 2018).

These chips have a large potential in the development of portable, real-time, multiplex

and smart device integrated sensing applications.
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1.2 Research Motivation

Novel sensing architectures are presented frequently without having a strong and

powerful enough model in accordance to their detection methods. This may lead to

valuable resources being eventually abandoned due to the lack of ability for its

interpretation.

Taking EIS detection of IDA electrodes for example, the periodic-steady-state

diffusion impedance of IDA electrodes has never been tackled using an analytical

approach. AWarburg element is still often used in equivalent circuit modeling of EIS data.

However, it fails at low frequencies due to the arising steady-state current (Allen J. Bard

et al., 1986; Niwa et al., 1990). In order to obtain a general method for interpreting EIS

data using an IDA electrode, a model must be constructed to better evaluate the diffusion

phenomenon exhibited. If that is achieved, then parameters such as wq (gap width) or we

(electrode bandwidth) can be accurately determined.

For miniaturization of electrochemical systems, symmetric electrode setups are

often used due to its fabrication simplicity and high yield rate. The shape of EIS plots

using these setups are known to be identical to a typical three electrode setup, and thus a

single Randles circuit can be used for equivalent circuit fitting. However, to the best of

the author’s knowledge, there hasn’t been any study that derives the relationship between
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the parameters of the fitted data and the real parameters if a symmetric Randles circuit in

series is used. In order to find the real parameters of a symmetric electrode setup using a

single Randles circuit, a relationship must be established.

To sum up, the thesis is divided into two parts. The former part aims to develop a

theory for finding a solution to model the diffusion impedance of IDA electrodes. The

solution can be degraded for calculating the limiting current, and an equivalent circuit

element is constructed for fitting the EIS data obtained. The latter part focuses on

impedimetric aptasensing using symmetric electrodes. The parameter relationship

between a single and symmetric Randles circuit is derived and verified, and is used in

application for detection of thrombin and the tumor marker mucin-1 (MUC1).
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1.3 Research Aims

This research is dedicated to modeling IDA and other symmetric electrodes which

can for be applied for impedimetric aptasensing of proteins including tumor markers. For

derivation of the diffusion impedance of IDA electrodes, not only can the theory help

researchers fit their data and obtain parameters more accurately, but also assist them

understand the underlying phenomenon more correctly. For relationship establishment of

parameters between a single Randles circuit and symmetric electrode setups, it can

simplify the fitting model used for characterization. For fabrication of impedimetric

aptasensor, it has label-free and simple advantages, and can be monitored during each

stage. The individual objectives for this thesis are listed as below:

1. Solution derivation for the diffusion impedance of IDA electrodes.

2. Equivalent circuit fitting using the IDA diffusion element.

3. Relationship establishment of Randles circuit parameters between three and

symmetric electrode setups.

4. Impedimetric aptasensor fabrication using symmetric SGEs.

5. Fabrication of a regenerable and target specific impedimetric aptasensor using IDA

electrodes.
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1.4 Research Framework

This thesis consists of theoretical and applied stages. Due to incomplete

fundamentals for impedimetric biosensors using symmetric electrodes, the derivations for

the IDA diffusion impedance and the symmetric equivalent circuit analyzing method is

carried out. Moreover, the IDA diffusion impedance is firsthand derived, and is used to

make complete the theory of symmetric equivalent circuits, which derives the relationship

of Randles circuit parameters between three and two symmetric electrode setups. The

theory thereafter is applied for MUC1 detection using an impedimetric aptasensor made

from symmetric electrodes. Parameters of two and three electrode setups for MUC1

detection are compared to verify the derived relationship, and specificity between the

aptamer and target is also confirmed using a two electrode setup. At last, the two theories

are used for analysis of an impedimetric aptasensor fabricated on IDA chips for thrombin

detection. The whole framework is architected as in Figure 1-1.
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Electrochemical Impedance Modeling of Symmetric Electrodes
and Interdigitated Array Chips for Aptasensing Applications
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Figure 1-1 The research framework for this thesis.
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Chapter 2 Literature Review

2.1 EIS in Affinity-Based Biosensors

Affinity-based biosensors are analytical devices which can characterize the
interactions between a bio-analyte and its corresponding recognition element with the
dissociation constant (Kp) serving as an important parameter for comparing the affinity
strengths (Rogers, 2000). Electrochemical biosensors have been developed and studied
for several decades and have prospered in a variety of different sensing methods (e.g.
potentiometric (Ivnitskii and Rishpon, 1994; Marchenko et al., 2015), amperometric
(Arslan et al., 2011; Romero et al., 2010), conductive (Chaubey and Malhotra, 2002) )
and applications (Grieshaber et al., 2008; Thevenot et al., 2001). In the following section,
electrochemical impedance spectroscopy (EIS) is briefly introduced and its applications

in affinitive detection are discussed.
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2.1.1 ABrief Introduction of EIS

The impedance of an electronic component is measured by applying a sinusoidal
voltage wave across its two end points and measuring the resulting sinusoidal current
wave. By complex analysis, the absolute impedance (|Z|) is calculated by dividing the
amplitude of the voltage wave by that of the current and the phase angle (&) is calculated
from the phase shift between the two waves. By changing the frequency () of the applied
voltage, the calculated absolute impedance and phase angle may also vary. A Bode plot
can be drawn by plotting the absolute impedance or the phase angle with frequency. Still,
a Nyquist plot can be drawn by calculating the real and imaginary part of impedance
(Re(2) and Im(2)) and plotting them onto a complex plane (Hambley, 2011).

Bode plots and Nyquist plots are essential for interpreting and analyzing bio-
reactions using EIS. In affinity-based impedimetric biosensors, bio-recognition elements,
which can be antibodies (Daniels and Pourmand, 2007), RNA (Y. C. Lim et al., 2010),
DNA (Radi et al., 2005) ... etc., are immobilized onto the electrode surface and can
specifically react with the bio-analyte. Upon reaction, electrochemical impedimetric
properties may change and can be successfully detected by EIS. Redox species (e.g.
Fe(CN)s*"*) can be added to increase the faradaic current across the electrode surface to
increase sensitivity, while there are other capacitive biosensors which measure only the
non-faradaic current induced at the electrode surface.

9
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2.1.2 EIS Applied in Affinity-Based Measurements

Impedimetric affinitive sensing methods including EIS are label-free, which means
the sample doesn’t need to undergo certain modifications for detection (Daniels and
Pourmand, 2007). They are also non-destructive compared with other electrochemical
techniques due to the small voltage amplitude applied on the electrochemical cell, while
others including cyclic voltammetry (CV) or chronoamperometry (CA) may harm the
electrode surface by significantly polarizing it (Groeber et al., 2015).

A method for Kp measurement using EIS is by immobilizing the recognition
element onto an electrode surface and afterwards making it contact with different
concentrations of the target analyte in a solution containing redox species (e.g. Fe(CN)s*
/). The charge transfer resistance (Re) will be affected by interactions between the
recognition element and the analyte. Thus, by plotting the charge transfer resistance
difference (AR) to analyte concentration, the Kp value can be calculated using Langmuir
isotherm binding models (Daniels and Pourmand, 2007).

The electrochemical setup of an EIS measurement is a direct influence to the
equivalent circuit used in data fitting for obtaining component values including Rt (Yuan
et al., 2010). For the before-mentioned Kp measurement, a three electrode setup can be
used to achieve accurate control of potential and the Randles circuit is typically

10
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implemented as the equivalent circuit (Chesney, 1996). Usually, the control of potential

over the working electrode (WE) isn’t critical, so a two electrode setup can also be

implemented in EIS by connecting the counter (CE) and reference (RE) electrode. In two

electrode setups, a voltage across the WE and CE/RE is applied (Cho et al., 2009).

To sum up, applications of EIS in Kp measurement are simple, rapid, label-free,

low-cost, non-destructive and sometimes even reusable (Radi et al., 2005), which is a

very favorable subject regarding point-of-care needs (Rasooly, 2006; Rasooly and

Jacobson, 2006; J. Wang, 2006).
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Figure 2-1 (a) Redox mediator (species) associated binding event and its (b) ARct vs

concentration signal relationship on an Au electrode.
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2.2 Impedimetric Biosensors using IDA Electrodes

2.2.1 A Brief Introduction of IDA Electrodes

Electrochemical devices using interdigitated array (IDA) electrodes are gaining

wide interest and are being extensively studied in a variety of fields (Mazlan et al., 2017;

Yan et al., 2011). These devices can be miniaturized on chips, have low fabrication costs,

are simple to handle and have largely improved sensitivities (Barnes et al., 2012). In the

past few decades, they have been applied in voltammetric (Y. Xu et al., 2016),

amperometric (Weng et al., 2019), capacitive (L. Wang et al., 2017) and impedimetric (de

la Rica et al., 2006; Valera et al., 2007) sensing methods.

An IDA electrode consists of a pair of electrode with numerous microarray bands

interlocked (Barnes et al., 2012). Usually, each electrode band and the gap between then

have the same width, making it symmetric. In electrochemical experiments using an IDA

electrode, two electrode setups are often used by connecting the WE to one side and the

CE/RE electrode to the other (Yan et al., 2011). In this configuration, the potential of the

WE cannot be controlled easily and the CE/RE acts as a pseudo reference. This makes

interpretation of CV data somehow more difficult than typical three-electrode setups.

However, if equal concentration of both a certain pair of redox species is added, there

might be a consequence that the standard potential of both electrodes are the same (Weng

12
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et al., 2019). This is a particularly obvious advantage for impedance biosensors: There is

no need to further add a voltage bias between the two electrodes. One only need to apply

an oscillating small voltage at OV bias to obtain impedance data and he or she can be sure

that both the electrode potentials shift to exactly the standard potential of the reaction of

the redox species.

IDA electrodes have been widely used for impedimetric bio-detection. The gap

width has shown to have a significant effect on the sensitivity of these kinds of

impedimetric biosensors. The smaller the width, the larger the impedimetric response (Y.

Wang et al., 2012). Very low limit of detection have been also reported (Shoute et al.,

2018). The concentration of the bio-analyte can shift the properties of the solution (e.g.

the solution resistance (Rs) or the dielectric capacitance (Cqi)). They can also be bound to

the sensing element immobilized on the electrode, varying Rct or the double layer

capacitance (Ca) (Yan et al., 2011). They have also been integrated with different

applications including microfluidic systems.

13
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2.2.2 Issues in Low Frequency Domain

A problem of using IDA electrodes for impedimetric detection arises in the low

frequency region. Due to its geometry, redox species finitely diffuse between two lateral

electrode bands. The semi-infinite diffusion assumption used for common three-electrode

systems is invalid and the Warburg element used for modeling of these systems would

fail (Allen J. Bard et al., 1986; Niwa et al., 1990). Moreover, it is clear that a non-zero

limiting current (or steady-state current) will exist in an IDA electrode system (Aoki et

al., 1988). From the above reasons, it can be sure that as the frequency decreases, the

imaginary part of impedance would also eventually approach zero. This would

consequently result in a bending of impedance towards the real axis at low frequencies in

a typical Nyquist plot (cf. section 3.1). Therefore, an element for calculating the diffusion

impedance of IDA electrodes must be developed for modeling of such phenomenon. The

appearance of this bending phenomenon at low frequencies can be found by simply

performing EIS on a bare IDA electrode with both redox species present.

Unfortunately, there are barely any studies that directly confront this issue and

propose an adequate or general solution. In order to find the exact value of diffusion

impedance, 2D time-dependent partial differential equations are needed to be solved

along with heterogeneous boundary conditions at the electrode surface (A.J. Bard and

14
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Faulkner, 2000). This makes it almost impossible to find the exact solution. Even if the

periodic-steady-state solution are to be derived, it could be expected that the function

would become too complicated for practical implementation.

Several appearances resembling the finite diffusion phenomenon of IDA electrodes

have occurred in previous published literatures. Lu et al. fabricated an IDA electrode

olfactory biosensor for detecting interactions between odorant-binding proteins (OBPs)

and different semiochemicals emitted from host plants (Lu et al., 2015). The impedance

spectra of the bare electrode clearly exhibited the diffusion nature of an IDA electrode,

which is, the decrease of phase angle at low frequencies (Figure 2-2e). However, when

the electrode is immobilized, the Rct became large and dominated over diffusion effects.

In that way, the diffusion impedance could be neglected and it would make little

difference whether or not to use a Warburg element. Chiriaco et al. developed a flow-

injection impedimetric immunosensor using IDA electrodes for detection of cholera toxin

(Chiriaco et al., 2011). Despite the large R¢t, down bending of impedances in their Nyquist

plots (Figure 2-2b) can merely be seen. Zhurauski et al. developed an affimer-

functionalized IDA electrode-based biosensor for detection of Her4, a protein tumor

biomarker (Zhurauski et al., 2018). Though no bending of impedance can be seen in the

Nyquist plot of their blank electrode, the phase angle is obviously lower than the typical

15
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45° of Warburg elements (Figure 2-2c). Different kinds of circuits other than the Randles

circuit are also used for explanation of the phase angle depletion phenomenon of

impedances. Ding et al. grew vertically aligned carbon nanotube array (VANTA) coated

IDA electrodes for detection of human cancerous inhibitor PP2A (CIP2A) (Ding et al.,

2018). Their equivalent circuit consists of a geometric capacitance induced constant phase

element (CPE) and R in parallel, another CPE and R in parallel representing film and

solution interface, and a Rs in series (Figure 2-2a). That interpretation for the film and

solution interface is questioned because at low frequencies, the impedance for the CPE

might become so large that the current only passes through R, making the CPE lose its

effect. Another reason is that the shape of the imperfect semi-circle on the right of Fig. 4b

and S2a in their work appears to be made up of something else caused by another

phenomenon. Ohno et al. utilized IDA electrodes for immunosensing of human

immunoglobulin A (IgA) (Ohno et al., 2013). They assumed that the organic layer formed

on the IDA electrode can be divided into the interfacial and inner part. These two parts

respectively result in one semi-circle composed of a parallel R¢t and Cai, and another

imperfect semi-circle composed of a parallel CPE and constant resistance (R.) (Figure

2-2d). Wang et al. developed an IDA electrode based immunosensor for detection of avian

influenza virus H5N1 (R. Wang et al., 2009). Their Nyquist diagram clearly showed down

16
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bending of impedances at low frequencies. For correction of the fitting error, they added

another capacitor and resistor in parallel to the original model (Figure 2-2f).
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Figure 2-2 Studies exhibiting IDA diffusion phenomenon. (a) (Ding et al., 2018) (b)
(Chiriaco et al., 2011) (c) (Zhurauski et al., 2018) (d) (Ohno et al., 2013) (e) (Lu et al.,
2015) (f) (R. Wang et al., 2009).
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2.3 Equivalent Circuit Fitting for Symmetric Electrode Systems

Symmetric electrochemical systems implement a two electrode setup with the WE

and CE/RE having the same material and are often used in energy-storage systems (L.

Zhang et al., 2016). These systems are also used in impedimetric bio-sensing applications,

where electrodes of different geometries such as IDA electrodes can be used. However,

for equivalent circuit fitting of these systems with redox species present, two Randles

circuit in series must be used for characterizing the system parameters because both

electrodes are involved in reaction. This might cause overfitting of parameters and may

slow down the fitting process. A way to solve this problem is to set equal parameter values

between the two circuits, so that the number of parameters should equal to a single

Randles circuit. Should the fitting results be effective if one used only a single Randles

circuit in symmetric systems? Previous literatures on bio-detection using IDA electrodes

have shown it is possible (Yan et al., 2011). However, a detailed derivation of why it can

be done hasn’t yet been carried out. In Chapter 4, the relationship of Randles circuit

parameters (e.g. Ret or Rs) between three and symmetric electrode setups is derived. Using

this relationship, one is able to calculate parameters of symmetric setups by using a single

Randles circuit.

18
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2.4 Miniaturized Electrochemical Systems

Electrochemical methods may seem attractive, but when dealing with samples

which are mostly liquid, one has to prepare bulky containers with large volumes of test

buffers for the electrochemical setup. Moreover, over dilution of a sample into the bulk

solution may result in a low detection signal, making accurate data acquisition hard to

perform. Regarding point-of-care diagnostics, measurements using bulky systems such

as a typical three electrode electrochemical setup are almost impossible to accomplish.

Portable and miniaturized sensing devices and methods must be developed in order to

cater to the market and medical needs such as home applications or on-site measurements

(da Silva et al., 2017; Vashist, 2017). Microfluidic systems also take up the role of

achieving several features in a miniaturized system. Here the advantages of miniaturized

electrochemical systems and problems that will be faced in practical implementation are

discussed.

19
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2.4.1 Implementation Issues of Two and Three Electrode Setups

A miniaturized electrochemical system manipulates small volumes of fluids in

order to let them react, mix up, flow through, enter, leave or stay at a certain place in a

formulated manner. The geometry is constrained to approximately sub-millimeter range,

enabling it to deal with samples with little volume and environments where detection

scales are crucial (Kirby, 2010). The development of these biosensors is a technology that

exhibit low cost and integrable natures (Punter-Villagrasa et al., 2017; J. Wang, 2006).

They could also employ other features like microfluidic real-time detection (D. Zhang et

al., 2016), multiplex (Pursey et al., 2017) and smart phone controlled applications (Jiang

et al., 2014; Zhang et al., 2015). Asymmetric and symmetric two electrode setups are

often embedded within these sensors.

While potent as it seems, a typical three electrode setup is hard to implement in a

miniaturized system due to its complexity, design difficulties and low yield rate. The

serious obstacles limit its ability for further miniaturization and integration developments

in point-of-care applications. In microfabrication, a two electrode setup is more simple,

easy to fabricate and can be made more robust. The configuration of the WE and the

CE/RE can be categorized as asymmetric and symmetric. Asymmetric electrodes such as

an Au WE and Pt CE/RE are simple in analysis but more complicated in fabrication (T.

20
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Lim et al., 2017), while symmetric electrodes are of the opposite (Chiriaco et al., 2011).

Two electrode setups are more difficult to interpret compared with three electrode setups

since the current flows through both the CE and RE, resulting in a voltage drop on the RE

that may lead to serious inaccurate control of potential, thus the signal may rather be

compositions of reactions of both the WE and CE/RE.

Electrochemical Analyzer Design difficulties
Complicated fabrication
High cost

Low yield rate

YV VYV

Reference Electrode
(e.g. Ag/AgCl)

Working Electrode Counter Electrode

(c.g. Au) (e.g. Pt)

Figure 2-3 Issues in three electrode system miniaturization.
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2.4.2 Miniaturized Impedimetric Detection Systems

EIS takes the advantage of two electrode miniaturized systems since only a small

voltage amplitude would be applied (< 50mV), which results in little penetrating current

that runs through the RE. Nevertheless, three electrode setups can also be applied. Three

electrode setups are stable in potential control and only the WE is concerned for analysis,

making it easier to interpret. However, the fabrication process usually faces obstacles

since different materials are needed to be evaporated or coated onto the electrode surface.

Moreover, in order to arrange the different electrode materials using metal heat or

electron-beam evaporation, alignment of photomasks must be accurate in order to obtain

product parameter reproducibility, which would be quite a tough skill to master in

microfabrication and requires precise machinery.

On the other hand, symmetric two electrode setups are a lot easier to fabricate and

can be reproduced easily even with simple manually controlled aligners during

microfabrication process, though potential control in these systems may shift and analysis

of electrochemical data would most likely be the summation of the WE and CE/RE.

Microfluidic impedimetric two electrode setup studies have also been published in recent

years with wide ranges of applications. There are three electrode setups though not as

widely discussed as two electrode setups. Subjects using three electrode setups include
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cell detection (Manczak et al., 2016), while others using two electrode setups also involve

disease diagnosis (T. Lim et al., 2017), virus detection (Lum et al., 2015), microparticle

sensing (Z. Zou et al., 2008) ... etc.

Publications comparing recent studies using microfluidic or microelectrode

impedimetric chips are systematically listed in Table 2-1. Parameters such as electrode

geometry, independent variables, electrode material, location (in solution or on electrode)

and detection of limit (LOD) are compared.
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Table 2-1 Comparison of microfluidic and microelectrode impedimetric chip systems.

Electrode material ) o )
) ) Independent variable or principle Location Electrode geometry LOD Reference
(main / adhesive layer)

concentration of CrylAb/aptamer immobilized on ] ) ) )
Au/Cu (0.15/35um) ) in solution circular plate 15pM (Jinetal., 2017)
magnetic beads

AU/Ti (200/15 nm) bacteria concentration in solution interdigitated array ~ 10cells/mL (Jiang et al., 2014)

AU/Ti (100/10 nm) NaCl concentration between electrodes in solution rod 0.1uM (Ashish et al., 2011)

) thrombin/aptamer concentration immobilized on ) ) ) o
AU/Ti/W (100/10/10 nm) ) in solution interdigitated array 10pM (Y. Wang et al., 2014)
magnetic beads

AU/COC (100nm/NA) dielectrophoresis aroused microparticle entrapment  around electrode interdigitated array NA (Z. Zou et al., 2008)
Au/Ti (150/5 nm) sSDNA base pairing on electrode interdigitated array NA (Nadja E Solis-Marcano, 2016)
AuU/Ti (80/20 nm) DNA/miRNA Hybridization on electrode circular plate 1pM (Capaldo et al., 2016)

AU/COC (50nm / NA) concentration of IlgG1/Protein A binding on electrode rectangular NA (Vandenryt et al., 2013)

Au concentration of cholera toxin/antibody binding on electrode interdigitated array 10pM (Chiriaco et al., 2011)
AU/Ti (100/10 nm) concentration of myoglobin/antibody binding on electrode board NA (Tweedie et al., 2006)
AuU/Cr (200/10 nm)
concentration of IgG/antibody binding on electrode interdigitated array NA (Zhiwei Zou et al., 2007)

Au/COC (100nm / NA)

Au/Cr (200/5 nm) concentration of IgE/antibody binding on electrode square 0.1nM (D. Xu et al., 2005)

Au/Cr (80/20 nm) concentration of thrombin/aptamer binding on electrode interdigitated array NA This research

Au/Cr (80/20 nm) concentration of MUC1/aptamer binding on electrode interdigitated array NA This research (Appendix)
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2.5 Affinity-Based Detection using Aptasensors

Aptamers are artificially synthesized DNA or RNA that can be selected in vitro to
obtain affinity and selectivity to its binding target such as proteins, ions, small molecules,
cells or viruses and have emerged as an innovative interest of study in the past two
decades (Keefe et al., 2010; Zhou and Rossi, 2016). In order for aptamers to specifically
bind to a target analyte, a technique called systematic evolution of ligands by exponential
enrichment (SELEX) can be implemented, which is a molecular biological method for
the evolution of aptamers (Tuerk and Gold, 1990).

DNA aptamers are robust and stable due to its constructive nature compared with
antibodies and can also serve as the recognition element in affinity-based biosensors
(Hianik and Wang, 2009; Y. C. Lim et al., 2010). Impedimetric aptasensors are biosensors
that use aptamers as the sensing element for detecting a specific analyte and use EIS for
target measurement. Radi et al. took the lead of designing and developing a reusable
impedimetric aptasensor that can detect thrombin (Radi et al., 2005). The thrombin
binding aptamers are thiolated at 3’ end, which lets them form a self-assembled
monolayer (SAM) on a smooth, clean Au electrode surface when being immobilized

(Vericat et al., 2010), and Fe(CN)s*"* is used as the redox species for EIS measurement.
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The general process for thiolated aptamer immobilization on an Au electrode surface with
6-mercaptohexanol (MCH) as the blocking reagent and Fe(CN)s>/* as the redox couple

(species) is illustrated in Figure 2-4.

(redox couple) thiolated aptamer

Fe(CN),-+

(sensing element) T T

(blocking)
MCH

ﬂ ]# [S SSS 8S S8 Sb] - SSSSSSSSSSSSSSS&]

Au electrode [

Figure 2-4 Typical process for aptamer immobilization on Au electrodes.

Liu et al. realized a sensitive impedimetric MUC1 aptasensor by immobilizing a

partially complementary S2.2 aptamer sequence onto an Au electrode using thiol-gold

interaction followed by partial base pairing of S2.2 sequences that are immobilized on

gold nanoparticles (Figure 2-5). Different concentrations of MUCL in the solution

competed with the complementary S2.2 and broke apart the partial base pairing, resulting

in a decreasing Rct value as the MUC1 concentration increases (Liu et al., 2015). There

are also other label-free impedimetric aptasensors that are dedicated to pathogen detection

(Brosel-Oliu et al., 2018; Reich et al., 2017), food safety (Malvano et al., 2017) and other

biomarkers (Jolly et al., 2015).
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Figure 2-5 Schematic representation of the electrochemical aptasensor for the detection
of MUC1 (Liu et al., 2015).
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Chapter 3 Diffusion Impedance Modeling for IDA Electrodes

3.1 Brief Introduction

In the present study, an integral equation for approximating the diffusion
impedance of an IDA electrode is proposed. To the best of the author’s knowledge, this
is the first approach for derivation of its diffusion impedance regarding relevant
parameters such as the electrode bandwidth (we) and gap width (wg). Conformal mapping
methods for calculating the finite diffusion length of every point on the electrode and
cylindrical finite diffusion approximations in a differential area are implemented. The
solution is able to calculate IDA diffusion impedances of different geometries and
frequencies, constructed into an element for equivalent circuit fitting, and even
degenerated to obtain the limiting current. A command line program for calculating the
IDA diffusion impedance is provided in supplementary material. This can help
researchers model their IDA electrode system more accurately for a variety of
applications.

To make a clearer view of the finite diffusion phenomenon using IDA electrodes,
an experimental EIS data is demonstrated in Figure 3-1 (solid triangles). At high
frequencies, an imperfect semi-circle can be seen. This is caused by faradaic charge

transfer processes on non-uniform metal surfaces, which the surface roughness or other
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factors can be accounted for (Lasia, 2002). Extensive studies have been researched in this

area (Mulder et al., 1990; Orazem and Tribollet, 2011), which are beyond the scope of

this work. Therefore, this work focuses on the phenomenon of diffusion at the low

frequency area. (For the double layer capacitance, a constant phase element (CPE or Q)

in place of a capacitor (C) is used. Qa is a common element for equivalent circuit fitting

when using a Randles circuit (Shoar Abouzari et al., 2009).) At low frequencies, a

decrease of phase angle can be seen, making the impedance bend towards the real axis.

This is caused by finite diffusion of redox species between the electrodes. The whole

spectrum is fitted using the Randles circuit with a Warburg element modeling the

diffusion impedance (Figure 3-1 top-left subfigure), but failed to achieve a good enough

result (Fig. S1 hollow triangles). Obviously, there are large errors between the real and

fitted value of certain parameters such as the charge transfer resistance (Rct) or double

layer capacitance (Qai). The problem of erroneous fitting can be fixed if a frequency range

where the diffusion effect doesn’t exist is arbitrarily selected. Also, if the Ret had been

bigger, the significance of the diffusion impedance would be smaller and can eventually

be neglected. However, neither can provide methods for parameterizing the diffusion

nature within these systems. If a more general equivalent circuit element for replacing the

Warburg element is needed to obtain accurate enough results, then a theory should be

developed for calculating the diffusion impedance of an IDA electrode. There are three
29
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unique parameters in a symmetric IDA electrode with a certain geometry: electrode
bandwidth (we), gap width (wg) and length of electrode (). All these are taken in account

for the derivation of the theory.

2000 ——————

0.1Hz

& w-w =50-50(um)
A R(Q(RW)) Fit

0/‘ ': 1 1 L I Il L L 'l I 1 L L L I 1 L 1 1 l L 'l 1 1 I L L 'l

0 500 1000 1500 2000 2500
Re(Z) (Q)

Figure 3-1 Nyquist plot of EIS data of a bare Au IDA electrode (A) and its fitted data
(A). The electrode bandwidth (we) and gap width (wg) are 50um. The equivalent circuit
used is shown at the upper left corner, which is a Randles circuit that uses a constant phase
element (CPE or Q) for modeling the double layer capacitance. The solution contains
0.1M KCI and 5mM Fe(CN)e*"*. The frequency range of the data is 10"*~10°Hz.
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3.2 Theory

The goal of this theory is to derive a solution for approximating the diffusion

impedance of an IDA electrode. The electrode is assumed to have a gap width of wg and

a common bandwidth of we. In the first section of this theory, the unit cell is introduced

for simplification of calculations. An imaginary constant concentration boundary inside

the cell is deduced, and redox species can diffuse between this boundary and the electrode.

In the second section, the equations for calculating finite diffusion lengths of every point

on the electrode is derived. In the third section, cylindrical finite diffusion approximations

are performed within a differential area of the diffusion path. By combining these

derivations, an integral form of solution is presented. One is able to calculate the diffusion

impedance of an IDA electrode with arbitrarily defined we and wy at any frequency. In the

fourth section, the solution is transformed into a dimensionless form, yielding two unique

dimensionless parameters and another commonly known parameter. This form can be

used in equivalent circuit fitting, which the parameters can be predicted from a single EIS

experimental data. In the last section, a limiting case of the diffusion impedance with

geometrical parameters is explored and the reduced impedance equation is deduced. For

derivation of this theory, the following assumptions are made:
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l. Edge effects, either at the horizontal or vertical edge of the IDA electrode, can be neglected.

1. Both redox species have the same diffusion coefficient D and bulk concentration C”.

I1l.  The pair of electrodes have a common bandwidth we and a total number of bands N.

IV. The concentration throughout has reached a periodic-steady-state, which can be expressed
as a phasor C (Lasia, 2002).

V. The solution above the electrode extends infinitely.

VI. The height of the electrode is sufficiently small and can be assumed as zero.

VII. Due to the small voltage amplitude applied, presence of supporting electrolyte and static

measurements, migration and convection effects are neglected.

3.2.1 Unit Cell and Imaginary Constant Concentration Boundary (ICCB)

The unit cell is a well-known representation for calculation simplification of IDA
electrode geometries (Aoki et al., 1988; Bhuiyan et al., 2015; Morita et al., 2014). In brief,
it consists of two halves of a pair of electrode band and the above semi-infinite strip of
solution (Figure 3-2a). The cell width w has the relationship:

w=w, +w, 1)
By neglecting edge effects (assumption I), the relationship between the impedance of an

IDA electrode and its corresponding unit cell is
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Zunit cell
Zdiff—IDA = %tce (2)

, Which is quite obvious because the whole electrode can be thought of geometrical repeats
of N unit cells. For the convenience of the following derivations, the unit cell is put onto
a complex plane (z-plane), where the left boundary is on Re(z) = 0 and the right boundary
is on Re(z) = w. The reaction is identical at every point along any axis perpendicular to

this plane.

(a) (b)

(9DD1) ATepunoq UOEHUIIUOD JURISUOD ATRUIIRUIT

<« rare—>
w2 w, w,/2 @ m
electrode surface | 1O |
w2 o w,/2 -

Figure 3-2 (a) Geometric definition of a unit cell (red translucent region). (b) Open finite-
length diffusion elements link between the ICCB and the electrode surface within the left
half of a unit cell.
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If one considers the possibility of applying any equivalent circuit element on an
IDA electrode, there exists a problem that no clear boundary condition from which a
certain redox concentration can be defined. However, if a small perturbing voltage is
applied between the two electrodes of a symmetric IDA electrode, the potential should be
equally distributed among the two electrodes (Chen and Ho, 2001). Moreover, by
assumption I, the oxidization rate at a certain point on one electrode should equal the
reduction rate of the other electrode at the point symmetrical about the line Re(z) = w/2.
This leads to the result of the concentration change of oxidized species (ACo= Co - C")
and reduced species (ACr = Cr — C*) being symmetrical about Re(z) = w/2 everywhere at
any time. Also, the increase of oxidized species should equal the decrease of reduced
species at any point on the electrode. Therefore, due to geometrical symmetry, it can be
conceived that at any point z within the unit cell,

ACy(z) = ACr(w — 2) = —ACR(2) ©)

Substituting the definition of ACo and ACg, one can obtain
Co(z) + Co(w—12z) =2C* and Cgr(2) + Cx(w — z) = 2C" 4)
According to egn. (4), it can be derived that Co = Cr= C” at Re(z) = w/2. This can be
thought of as a fixed concentration boundary condition for diffusion impedance
calculation of the unit cell, and is named the imaginary constant concentration boundary

(abbreviated as the ICCB). Note that a detailed derivation for proving the existence of the
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ICCB is not given. Eqgn. (3) is merely a strong intuitive guess due to the fact of symmetry

existing in the unit cell. Therefore, simulations are done for verification of this boundary

(cf. section 3.4.3). The behavior here is actually identical to that of a boundary layer. It

can be imagined that there are numerous diffusion impedance elements, each connecting

one point on the ICCB and another point on the electrode (Figure 3-2b). By solving every

one of them and putting them in parallel connection, the diffusion impedance of the unit

cell can be calculated. However, for obtaining the diffusion impedance, the finite

diffusion length at any arbitrarily selected point should be determined. This is detailed in

the next section.

3.2.2 Finite Diffusion Length Derivation

In this section, the left half of a unit cell is focused on. It is clear that redox species

should diffuse between the ICCB and the electrode. However, do they stay within a fixed

path? What is the path? Or does the forward and backward path differ, forming some sort

of loop? Aoki et al. showed that for steady-state conditions, the concentration gradient

can be determined by applying conformal mappings to the unit cell on the z-plane (Aoki

et al., 1988). In this way, the limiting current can be accurately approximated at different

ratios of we and wg. Therefore, the author considers it sufficient that by according to their

methods, calculations in periodic-steady-state should be accurate to a certain degree. (For
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in-depth comprehension in this section, readers are recommended to understand the basic

concepts detailed in Aoki et al.’s work beforehand.) According to their work, the shape of

the diffusion path is assumed to be a quarter of an ellipse from the electrode to the ICCB.

Applying to this work, this means for an arbitrarily chosen point on the electrode (xe, 0),

there is a corresponding point for diffusion on the ICCB (w/2, yiccg). The finite diffusion

length of a certain point on the electrode (0 < x, < w,/2) is defined as La(x,). Figure

3-3 depicts the diffusion path of a certain point on the electrode within a unit cell. Next,

the method for calculating yiccs from xe is detailed.

W/2Y1c08)

== diffusion path

— — —complete ellipse

e Re(Z) = 0 OT W
band electrodes

gap
Re(7) = w/2 (ICCB)

Figure 3-3 Path of redox species that finitely diffuse between the ICCB and the electrode
within a unit cell. The finite diffusion length at x. is determined by the elliptic arc length.
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For the sake of simplicity and with the advantage of symmetry, this work slightly

modified the mapping equation derived by Aoki et al. between z and t-plane. Figure 3-4

illustrates the conformal mapping of z— t — u plane applied in this theory with colored

contour lines and points A to F attempting to correspond them more clearly. The

transformation equations are

1
t=——cos—n 5)
k w
u = F(sin"'t|m) (6)

, Where k = cos(Wez/(2w)), m = k? and F(¢|m) is the incomplete elliptic integral of the

first kind (Sexton, 2012).

F@M%—meo—f ™
V1 —msin? 6

(Note that any point (a, b) on the complex plane can also be written as a + bi.) The two
half electrode band surfaces are face-to-face on the u-plane, with the left electrode center
B:(0, 0) corresponding to By(—K(m), K(1 —m)) and the right electrode center E,(w, 0)
corresponding to Eu(K(m), K(1 —m)), where K(m) is the complete elliptic integral of

the first kind (Calixto et al., 2010). (Note that there appears to be notational variants for

the definition of elliptic integrals.)

K(k?) = K(m) = f m ®)

All vertical lines on the z-plane will eventually converge to A, = F,(0, K(1 —m)) as

Im(z) — . The only two lines remaining straight and in the same direction on all planes
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are CD and the middle vertical line (Re(z) = w/2, Re(t) = 0 and Re(u) = 0), which is also

the ICCB.
(a) A(0:0) F(w,) (b)
RS
B, C D, E F
B,(0,0) (¥ 0) Re@) D, E,mw0) A t >t Re( L By t
z-plane B, A,.F, E, t-plane
()
€
Cy (0,0) D,
Re(u)
u-plane

Figure 3-4 The conformal mapping of the (a)z, (b)t and (c)u plane applied in this theory.

From Figure 3-4c, the point on the electrode and its corresponding point on the
ICCB have the same imaginary part (denoted as f here) on the u-plane. Therefore, yiccs

can be found by conformal mapping of (xe, 0) on the z-plane to (—K (m), ) on the u-plane,

then mapping of (0, 5) on the u-plane back to (w/2, yiccs) on the z-plane. According to

eqn. (5) and (6), p and yiccs satisfy the relationships
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B cos(xen/w)) m) ©)

—K(m) + pi = F(sin™! ( -

and

w w

) + Yicegl = ;cos‘l(—k - sn(pi, m)) (10)
where sn(u,m) = sn(u, k?) is the Jacobi elliptic function, which is defined as the
inverse of the incomplete elliptic integral of the first kind (Abramowitz, 1974).

sn(u,m) = sin¢ with u = F(¢|m) (11)

The calculation of yicce can be greatly simplified using transformations and

simplifications (Sexton, 2012; Wolfram Research, ©1998-2019a, ©1998-2019b):

yICCB:%ln( 52_1+S) (12)
where
W,TT
_Sm(zﬁ)
) a

A detailed derivation from eqgn. (10) to (12) is presented in supplementary material
(section S.1). Note that at this point, one can already obtain yiccs from Xe using eqgn. (12)
and (13). At last, L4(x,) can be derived from the length of the semi-major and semi-minor

axis, with either one of their lengths being yiccs and the other one being w/2 — xe:

@ﬂg=@—%ﬁ1fjﬁﬂ7
(7-x)

> (14)
where E(m) is the complete elliptic integral of the second kind (Calixto et al., 2010; Sexton,

2012).
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v
Z
E(m) = f 1 —msin26dé (15)
0
Figure 3-5 plots the finite diffusion length Lq(xe) against the position on the electrode Xe.

Reasonably, Ld(xe) — o when Xe — 0 and Ld(Xe) = Wg/2 When Xe = We/2.

Oowhbemo v o o o
OOWG O.lwe O.2we
X

e

R —Y

Figure 3-5 The finite diffusion length against the position on the electrode.
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3.2.3 Cylindrical Finite Diffusion Inside Differential Area
The path of redox species diffusing between the ICCB and the electrode is
hypothesized and calculated in the previous section. The next step is to find the specific
impedance ( [=] Q-m?) of a certain point on the electrode. Though the end points of any
paths defined previously are always one-on-one, their differential areas are not the same.
A way for acknowledging this is that the ICCB in a unit cell has infinite length extending
upwards, while the electrode has only a length of we/2. In other words, for a differential
length on the electrode (dxe), its corresponding differential length on the ICCB (—dyiccg)
isn’t the same. (A minus sign is needed because as xe becomes larger, yicce should become
smaller.) Thus, it is unable to implement the 1D finite diffusion element under this
geometry.
The approach is to approximate the diffusion process using the finite cylindrical
symmetry diffusion impedance derived by Jacobsen et al. (Jacobsen and West, 1995),

which the specific impedance is calculated as

.y _ 2RT o(z5)Ko(20) — Ko(26)10(20) (16)
diff-cyl nzFZ\/EC*\/j_w IO(Z5)K1(20) + KO(ZS)Il(ZO)

where R is the gas constant, T is the temperature, n is number of electrons transferred per
reaction, F is the Faraday constant, w is the angular frequency, j =i = v—1, l.(z) and
Ka(zx) (with x =0 or 6 and a = 0 or 1) are the modified Bessel functions of the first and

second kind (Sexton, 2012), and z; and zo are functions of rs and ro, which are the radius
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of the finite diffusion boundary layer and the radius of the electrode band surface

respectively. The relationship between zx and ry is

Ix =T |7y 17)

This conversion between zx and ry is necessary for solving the cylindrical diffusion

impedance. For any differential area on the electrode (Idxe), where | is the electrode length,

there must be a corresponding area where the redox species diffuse from at the ICCB (-

Idyiccs). Due to the fact that dx. and —dyiccs are small, one can approximate dxe as the

length of a circular arc of radius ro, and —dyiccs as the length of another circular arc of

radius rs. Redox species diffuse a finite length of L4 between these two arcs, so L4 must

equal rs — ro. In other words, the small differential area within a specific diffusion path

can be approximated as having the shape of a sector of a cylinder. Figure 3-6 illustrates

the geometry with the gray area as the diffusion region of redox species. Accordingly, ro

and r; have the following property:

Lg
rg=——— 18
0" —dyiccs 1 (18)
dx,
and
rs =19+ Lg (19)
where
—dYiccs — cot (xeﬂ) S
dx, w /21 (20)
can be derived from finding the derivative of eqn. (12) with respect to xe (A detailed
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derivation is in section S.1). The overall diffusion impedance of an IDA electrode
(Zairr-1pa) can therefore be calculated by integrating the reciprocal of the specific
impedance of every point on the electrode of an unit cell, taking the reciprocal of itself,
and then multiplying by 2/IN. The 2 in the numerator is because two finite diffusion

impedances link in series between the left and right electrode band within a unit cell.

2
Zdiff—IDA =
IN 1 dx,
Ziiff—cyl

o ﬁ(fo(z@)f(o(zw—Ko<z5)10<zo)>‘1 &) o
anzFZ\/EC*\/j_w o \Jo(zs)K1(20) + Ko(25)11(20) ¢

Here, Ld(xe) can be calculated from eqgn. (12) ~ (14), and zs and zo can be calculated from

eqgn. (17) ~ (20).

I

/// rs
-==Z_" : - dx. —dYiccp
ﬂ\"' ~ -
To\
‘\Ld(xe)\,

Figure 3-6 The diffusion region (gray area) of redox species between a certain length
derivative of a point on the electrode (dxe) and its corresponding length derivative on the
ICCB (—dyiccs).
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3.2.4 Dimensionless and Parameterized Form of IDA Diffusion Impedance

The IDA diffusion impedance in the form of eqgn. (21) seems quite messy and
complicated, having a total of nine parameters. It is impossible to find all the parameters
using experimental EIS data. For example, | and N only contribute to the magnitude of
impedance, so it is not feasible to find them individually. This makes egn. (21) useless in
fitting. For solving these problems, the equations are rearranged into a dimensionless
form which yields only three parameters that can later on be constructed into an element
for equivalent circuit fitting.

The dimensionless form of Lqa(Xe) in egn. (14) is tackled first. In Figure 3-5, one can
set x, = x./w and Lj;(x;) = Ls(x.)/w, and obtain the same figure by changing the

ticks correspondingly. More precisely, L;(x;) can be calculated as

)E 1 (13’1’CCB)22 (22)
(7-x)

where yjccp is the dimensionless form of yiccs and is defined as y;ccg = Yices/W. Itis

1
208 = La(eo) w = (5= xt

obvious that s can be calculated by x, and w,(= w,/w). Moreover, the dimensionless

form of ro and rs can be defined as

Ly
! = = ¢ 23
To = To/W —AYicep 1 %)
dx,
and
rs =15/w=15+Ly (24)
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So zx can be calculated as

w2w
D

Zy =Ty |J (25)

where another dimensionless parameter w?w/D is found, which is actually the
dimensionless frequency. To this point, none of the values in eqn. (21) has yet been
replaced, but some of their calculation methods have changed.

A function is defined for calculating the Bessel functions inside the integral, which
corresponds to the dimensionless portion of the specific impedance of cylindrical finite

diffusion.

c l(x' We Wz(") _ Io(z5)Ko(20) — Ko(25)10(20) (26)
Y\* W D) T 1y(ze)Ke (zo) + Ko(zs) 11 (Zo)

The coefficient Yo, which is the magnitude of the admittance at o = 1 rad/s for the Warburg

element (A.J. Bard and Faulkner, 2000), can be used for further simplification of egn. (21).

i 2RT 4RT 27)

Yo n2F24VDC*  INw,n2FVDC*

Note that the 4 in the numerator comes from the fact that the total area of either side of
an IDA electrode is only A = INwe/2. The integral can also be written in dimensionless

form. At last, eqn. (21) can be rewritten in a more compact and arranged form.

-1

1We -1
1 w.| (zw w, wiw
Zgirfipa = ———0 Cyl | x,,—, dx, (28)
dif f—IDA YO\/]_Q)W J;) y (xe W D > Xe

This can be interpreted as a Warburg element with a reshaping factor, with the first

fractional part (1/Y,./jw) yielding a 45° line but the other dimensionless part distorting
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this line at all frequencies. Moreover, there are only three parameters here: (1) Yo, which
affects the magnitude of impedance. (2) we/w: the shape factor of an IDA electrode.
(3) w?w/D: the dimensionless frequency applied. This can be constructed into an element

for circuit fitting of the IDA diffusion impedance.

3.2.5 Limiting Cases with Geometrical Parameters

It is rather obvious that when w becomes large enough and at the same time wg/we
is not too big nor too small, the IDA electrode would behave like ordinary planer
electrodes. Even if they are coplanar, the finite diffusion length at every point on the
electrode (Ld(xe)) would be so long that the semi-infinite diffusion assumption can be
applied. This means eqn. (28) can be reduced to the Warburg element. Considering eqn.
(25), if w is large enough, then zyx should be large regardless of the other parameters. The
modified Bessel functions in eqn. (26) can be calculated from asymptotic expansions,

where the argument z is large (Sexton, 2012).

e 40> -1 (4a?-1)(4a?-9)
lo(2) = m(l " Tz 21(82)2 - ) (29)
[T 402 -1 (4a?—-1)(4a?-9)
Ka(2) =\/;e (1+ o+ ACHE +> (30)

Now if z is really large, all the terms inside the parentheses except the 1 can all be

approximated as 0 in eqn. (29) and (30). Eqgn. (26) thus reduces to

e’s ] [ e’o
_e_ZO — 6_25
Iy(z5)Ko(20) — Ko(25)15(20) _\2mzs 22 225 V2nzy (31)
Iy(zs)K1(20) + Ko(25)11(20) €% T o-z0 4 | T p-2s e%o
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e“67% — g%07%s , | W S vt
ToTo T gTo7s tanh(zs — zy) = tanh| (r5 —1y) |J o |= tanh| L}; |j 3 =1

, which is reasonable because when w is large, every point on the electrode should
approximately have the same specific impedance. This is because when La(Xe) is
comparatively large, the path between the ICCB and the electrode within a differential
area should behave more like 1D semi-infinite diffusion (cf. Figure 3-6). At last, eqn. (28)
Is reduced to

2
Zdiff—IDA = -
Yo/ jw

, Where the 2 in the numerator is due to the nature of two-electrode setup (Weng et al.,

(32)

2019). This means the plot should exhibit a 45° line as long as w is big enough and the
above assumptions are met. For example, let wg = we = 1mm and D = 6x10"°m?/s, for a
frequency range from 100kHz to 0.1Hz, the plot would highly resemble a 45° line. There

are certainly other limiting cases. For instance, if we/w — 1, the diffusion path can be
imagined to approximate a 90° arc of a circle and —dyicce/dxe — 1. However, such

applications of those cases are limited due to increased fabrication complexity or other

issues.
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3.3 Materials and Methods
3.3.1 Reagents and Materials
All reagents such as KzFe(CN)es, KaFe(CN)s and KCI are purchased from Sigma-
Aldrich. Other organic solvents like ethanol, acetone, and isopropyl alcohol are obtained
from HSIN MING chemical instruments co., LTD (Taipei, Taiwan). The materials and
reagents used for the device construction are obtained from commercial sources as
follows: glass slide (FEA, 1“x3*, 1-1.2mm thickness); Au slugs, Cr pieces and crucible
(Guv Team International, Taiwan); S1813 photoresist (SHIPLEY); glass photomask

(NCHU, Taiwan); TMAH (Sigma); PDMS (BingBond, Taiwan).

3.3.2 Design and Fabrication

9 types of IDA electrode configurations: wg-we = (1) 100-100, (2) 100-50, (3) 100-
25, (4) 50-100, (5) 50-50, (6) 50-25, (7) 25-50, (8) 5-100 and (9) 2-100(um) are designed.
The electrodes are fabricated on a glass slide by a standard photolithography and
deposition process. First, the glass slides are cleaned with acetone, isopropyl alcohol,
ddH-0O sonication, and dried by N2 and 120°C hotplate. Second, the positive photoresist
S1813 is coated on the cleaned glass slides by spin coating at 1000rpm for 20s and
4000rpm for 60s then soft baked at 115°C for 2min. Third, the cured photoresist is
exposed to UV light (15mW/cm?) for 10s and immediately developed in TMAH for 1min.
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Fourth, the developed chips are put into an E-beam evaporator (FULINTEC) then an

adhesive layer of Cr (20nm) and electrode material Au (80nm) is deposited. At last, the

chips are immersed in acetone overnight, sonicated in acetone for full lift-off of

photoresist, washed with ddH>O and dried by a stream of N.. In order to restrict the

working area of the IDA electrode, microwells of 4mm thickness with an inner empty

rectangular shape are designed and fabricated. The empty rectangular shape has a length

of 3mm parallel to the electrode bands and a variable width perpendicular to them to

contain all the electrode area. For microwell fabrication, PDMS with a standard mixing

ratio of 10:1 is poured into its aluminum mold (fabricated by a CNC machine), cured at

150°C for 10 min, cooled then peeled off. Finally, for bonding of the microwell to the

IDA electrode glass chip, a reusable PLA fixture for clipping them together is designed

and fabricated by a 3D printer. Several specifications of fixtures are designed for different

microwells to balance between firmness and elasticity and one can be confident that the

it doesn’t cause deformation of the microwell or leakage. The illustration of the clipped

microwell on IDA electrode chip is in Figure 3-7a and a photograph is shown in Figure

3-7h.
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Figure 3-7 (a) lllustration and (b) photograph of the IDA electrode chip clipped with a microwell.

3.3.3 Electrochemical Characterization

The chips are immersed in a piranha solution (H2SO4:H20. = 3:1(v/v)) for 5min,
rinsed by ddH>0O, dried by N, clipped with microwells and the two electrode pads at the
side are pasted with copper tape prior to electrochemical measurements. The solution
including the redox species for EIS, CV and CA measurements is SmM KsFe(CN)s,
5mM KaFe(CN)s and 0.1M KCI in 40uL ddH20. CA measurements with no KsFe(CN)s
are also performed. A two-electrode configuration is used throughout these methods with
one side of the electrode connecting to the CE/RE and the other connecting to the WE.
An electrochemical workstation is used (CH Instruments). In EIS experiments, an AC
voltage amplitude of 5mV with no DC voltage is applied and the frequency range is 10
2~10°Hz. In CV experiments, a scan window of -0.5~0.5V (vs CE/RE) is set and the scan
rates are 20mV/s, 100mV/s and 500mV/s. In CA experiments, a potential step of -0.2V is

applied for 10s after an initial given voltage of OV.
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3.3.4 Simulation of Concentration Profile
Simulation for the 2D time-dependent concentration profile of the unit cell defined
in theory is carried out using COMSOL Multiphysics. Electroanalysis of both redox
species are performed. The time-dependent concentration profile for species i can be
calculated using finite difference method of the equation below:

% +V-(=D,VC) = R; (33)
where C; is the concentration of species i, Di is its diffusion coefficient and R; is its
generation rate. The flux of species i can be calculated as:

N, = —-D;V(; (34)

For redox reactions at the electrode, an electroanalytical Butler-Volmer equation is

applied:

( - C)F CF
n—ac)Fn _u) (35)

i10c = nFk, (CRe RT  — (Cpe RT
where iioc IS the current density, ko is the heterogeneous rate constant, o is the cathodic
transfer coefficient and # is the overpotential. It is already known that n = 1, and ac = 0.5
is set. Global constant parameters | = 3mm (electrode length), C/,;rio; = 5mM (initial
bulk concentration), D = Do = Dgr = 6x107°m?/s, Vamp = 5mV (applied AC voltage), ko =
0.01lm/s and T = 298K are set. The reason of ko being so high is because a diffusion
controlled reaction with redox species rapidly reacting at the electrode is assumed. The

height of the unit cell is set as 2w for computational needs, and this study has proven in
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supplementary material that this height is large enough to keep simulations accurate

(section 3.4.2). The other parameters: wg, we and f (frequency) are being given different

values for required experiments. The geometry of the unit cell is set using the same

definition in the theory. Boundaries with no flux are set at the top and electrode gap of

the unit cell. Symmetry boundaries are set at the left and right. The electrode surface at

the left is set as the WE with a start potential of OV, linear voltage sweep rate of 4Vampf,

lower vertex potential of —Vamp and upper vertex potential of Vamp. The electrode surface

at the right is set as the CE with an initial potential value of OV. For keeping an acceptable

computational time, a predefined value of “Finer” is used as the element size. However,

to make simulations accurate enough, a “Free Triangle — Distribution” with an element

number of 20 and an element ratio of 2 on the two electrode surfaces are set. All other

parameters are as of system default. At last, time-dependent studies with a time step of

0.1s and overall periods of at least 2s are computed.
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3.3.5 Impedance Calculation and Circuit Fitting Program

For preliminary implementation of necessary calculations, a MATLAB software
(R2018b) is used to tackle with complicated functions such as complete, incomplete
elliptic integrals and modified Bessel functions that mostly take complex numbers as the
input parameter. However, this software is used only for figure drawing and some part of
theory confirmation but not the calculation of impedance due to the fact that numerical
integrations are needed for calculating the IDA diffusion impedance which may cause
comparatively longer computational time.

A program written in C language is designed using the open-source numerical
analysis library ALGLIB® to implement numerical integrations and calculations of the
equations in the theory. Bessel functions and the complete elliptic integral of the second
kind are pre-calculated and saved in a 1D array. Faster numerical integration can therefore
be carried out. A program for calculating the IDA diffusion impedance is designed
according to the theory. ALGLIB is also used for non-linear least squares fitting of EIS
data using Levenberg-Marquardt method. A program for fitting any user-defined
equivalent circuit is designed with several elements available including the IDA diffusion

element derived in the theory.
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3.4 Results and Discussion
3.4.1 Interpretation of Normalized IDA Diffusion Impedance

Figure 3-8 shows the calculated normalized IDA diffusion impedance using eqn.
(28) for different values of wg/we and constant N. When wg/we << 1, the plot is made up of
a45° line at high frequencies and an imperfect semicircle at low frequencies. When wg/we
> 1, the imaginary part exhibits an almost constant value before bending towards the real
axis at low frequencies. This slightly resembles the true finite cylindrical diffusion
impedance when rs/ro> 1 (Jacobsen and West, 1995) with two major differences. The first
is that a perfect semicircle appears in finite cylindrical diffusion at rs/ro — 1. This is
reasonable due to the fact that in IDA diffusion, Lq always vary with xe (cf. Figure 3-5);
while in cylindrical diffusion, Lqg is constant at every point on the electrode. The second
is that the equi-frequency line appears to be more linear compared with cylindrical
diffusion due to geometrical differences.

There’s an especially remarkable point about the above calculations. The method
for impedance derivation using cylindrical finite diffusion approximation is by no means
similar to the method for limiting current derivation done in Aoki et al.”s work. This study
is by calculating the cylindrical finite diffusion impedance and theirs by finding the exact
solution of 2D concentration profile. However, if @ — 0 is set and taken into eqn. (28),

one shall obtain a linear correlation of R? = 0.992 with the reciprocal of limiting current
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values calculated from egn. (38) in their work. A more detailed discussion is presented in

section 3.4.4. This not only serves as a powerful support for the credibility of theory but

also indicates that this study has potential to bridge multi-dimensional electrochemical

analytical methods together with more general equations for IDA electrodes. Impedances

calculated at non-zero w can therefore be more reliable.

ok | —wmwA0T —— w10 ——ww 10" )]
- w/w=10"" w /=10’ w/w=10"" 1
- — me’q/vvfloI — wq/wU:10"S ----- w’w/D const. |
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Figure 3-8 Theoretical normalized IDA diffusion impedance for different values of wg/we

and constant number of bands (N). The numbers beside the equi-frequency (dashed) lines

indicate the reduced frequency w?w/D.
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3.4.2 Characterization of IDA Electrode Microwell Chip
The fabrication of IDA electrodes using photolithography involves fine ttjning of
parameters and precise control of instrumentation. A major concern is whether the gap
and electrode band are of ideal width and ratio. The consistency of height and roughness
of the electrode may also have important influence on experimental results (A.J. Bard and
Faulkner, 2000). For characterization of the IDA electrode, a probe-type surface analyzer
(KOSAKA ET-4000) is used for obtaining the 1D profile of height (y) in the x direction

at a fixed z (Figure 3-9).

Figure 3-9 Sectional view of the microwell chip with the red translucent region as the
defined unit cell with coordinates.
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The analyzer has a measuring reproducibility of < 5A and acquires one data point per
130nm. The raw data appeared to have huge drifts of 2.5+1.5um on the overall height of
the electrodes. This may be caused by the tilt of chip, or inclination of the chip surface or
the platform itself. A baseline normalization program is designed to offset this kind of
bias. An arbitrarily chosen 5-degree polynomial equation is used to fit the whole 1D
profile using Levenberg-Marquardt nonlinear curve fitting method. The raw 1D profile
and fitted 5-degree polynomial curve of wg-we = 50-50 and 5-100(um) is plotted in Figure
3-10a and b.

The fitted value is subtracted from the raw data to obtain an offset height 1D profile
and its differential values are calculated. In Figure 3-10c and d, one can clearly see peaks
of Ay at electrode band and gap edges with a positive peak indicating the start of band
area (or the end of gap area) and a negative one indicating the end (or the start of gap
area). A threshold of £5nm for the differential value is defined as the signaling value of
the start or end of an electrode band (If Ay>5nm or Ay<-5nm, then that means a large
rising or falling edge is encountered). In this way, it is able to precisely calculated the
ratio of wg and we even if the bands aren’t initially placed perfectly perpendicular to the
measuring direction. One can be confident to confirm that the bands are of heights
80+5nm, assuming that the bottom is totally flat. All the IDA electrodes are characterized

and confirmed in this manner.
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For examination of electrode functionality and potential symmetry at 0V, CV
experiments are performed on all nine fabricated chips (Figure S1). Interpretation of the
results are in supplementary data and have been extensively elaborated in a previous
publication (Weng et al., 2019) for proving potential stability. The chips are confirmed to

be symmetric with no structural flaws and damages.
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Figure 3-10 1D height (y) profile of IDA electrodes.

Original data and fitted 5-degree polynomial curve of (a) wg-we=50-50, (b) 5-100(um),
and the normalized (original minus fit) and differential normalized data of (c) wg-we=50-
50 and (d) 5-100(um). The differential normalized data is calculated by dividing one point
of normalized data by its previous value (Ay = y(X)-y(x+AX)).

58

doi:10.6342/NTU201901821



The collection efficiency and redox-cycling number are two common values for

characterizing an IDA electrode. Those values aren’t discussed because of several reasons:

(1) The gap width and electrode bandwidth in this study is too large, making the current

too small to keep the measurements accurate. (2) All the electrochemical measurements

done in this study use the same two-electrode setup with both redox species appearing at

the same time. Thus, measurements of collection efficiencies and redox-cycling numbers

which only a reduced/oxidized species is appearing do not apply to the theory. (3) In-

depth relationship between impedance, collection efficiency and redox-cycling number

are still unclear and is beyond the scope of this study.

When performing electrochemical measurements, the height of solution should be

high enough to cater to assumption V in the theory, that the solution above the electrode

extends infinitely. Because any point on the surface of the electrode band can be linked

to the imaginary constant concentration boundary (ICCB) using the cylindrical finite

diffusion element, it is arbitrarily restricted that the solution height mustn’t be lower than

the height of the point on the ICCB which is linked to xe = 0.01(we/2). That means at least

99% of the points on the electrode can be linked to a point on the ICCB which is within

the solution for the correspondence to the assumption. According to eqgn. (12), as we

becomes smaller, a higher solution shall be needed at constant w. Take we/w = 0.1 for

example:
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= 1.69w (36)

Ve (xe = 0.01 (%))

That means if we-wg=10-100(um), a solution height of at least 185.9um is needed to

Wg/We=10

ensure over 99% correctness of the finite diffusion calculations in the theory. Accordingly,
in the electrochemical experiments performed in this study, a constant solution height of

3mm is added for all IDA electrode geometries to ensure theoretical correctness.

3.4.3 Simulation of Time-Dependent 2D Concentration Profile in Unit Cell

From assumption 1V, the originally unsteady-state perturbation of concentration has
reached a periodic-steady-state, which the concentration phasor C can be used for the
derivation of finite diffusion impedance. There are two problems arising from this
assumption: (1) When would the concentration reach periodic-steady-state? (2) Would
the concentration gradient be consistent with the derived finite diffusion length La(Xe)? In
order to answer these questions, simulation of time-dependent 2D concentration profile
in a unit cell using COMSOL Multiphysics for visualization and qualitative examination
is conducted. 2D time-dependent electroanalysis with diluted species Co and Cr in a unit
cell is performed using the method explained in section 3.3.4. The overall setup of the
simulation corresponds to reality with one obstacle this study cannot overcome: the

setting is only allowed to sweep the voltage linearly among the electrode instead of
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applying a sinusoidal voltage wave. This factor is neglected and the result is assumed to

be close to what this study expects.

The time-dependent concentration profile is simulated from 0 to 2s with varying

time steps. Due to egn. (3), Co and Cr are symmetric about the ICCB, so only Co is

plotted. Three-electrode configurations with a voltage sweep frequency of 3Hz, each with

three arbitrarily chosen time points are shown in Figure 3-11. Colored contours of

constant Co concentration ranging from 4.5 to 5.5mM and red diffusive flux arrows which

their lengths are proportional to the logarithm of absolute flux are plotted. The

theoretically calculated constant concentration dashed line contours are stacked onto them.

Qualitatively interpreting, one can almost observe the periodic-steady-state after a single

period. So if the simulation is correct enough, an EIS experiment can be done in one or

two cycles and one needn’t to be worried about the measurement accuracy.
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Figure 3-11 Simulation of time-dependent 2D concentration profile in an IDA unit cell.
We-Wg = (a)~(c) 10-10, (d)~(f) 40-10 and (g)~(i) 10-40 (um). The colored lines are
simulated constant concentration contours and the black dashed lines are the predicted
contours.
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From Figure 3-11, one is able to directly point out that the ICCB certainly exists,

which also points out the concentration and flux symmetry appearing in each unit cell.

This is a major boundary condition for deriving the finite diffusion length and the

cylindrical finite diffusion impedance. The flux drawn beside the ICCB indicates that

redox species do flow across the ICCB, but there exists dynamic equilibrium and that

redox species only flow perpendicular to it. The concentration flux is almost in vertical

direction at the left and right boundary of the unit cell. This is in consistency with this

theory, that redox species don’t flow outside the unit cell boundary and the unit cell can

really represent behavior of two lateral halves of electrode bands. There might be two

possible extensions that can be regarded as future work: (1) Considering asymmetrical

configurations of electrode bands, this study expects that the ICCB would still exist. But

it mustn’t be a straight line and the asymmetric distribution of potential among the

electrodes would probably have a significant result on the periodic-steady-state

concentration. (2) The ICCB is expected to still be at Re(z) = w/2 for finite heights of

solution. But what would happen when convection forces are applied in microfluidic

systems? A model with the additional height and velocity parameter must be derived.

Even if the periodic-steady-state is proven to exist, the ever-changing contour

shapes show that the approach for deriving a static constant concentration contour will

never succeed in EIS measurements. From the contours, one can see qualitatively that
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redox species will not always flow within the same path. That means the theory can only

approximate the true nature of diffusive flux of redox species and its consequent

impedance.

Simulated concentration profiles between wg-we=10-10 (Figure 3-11a, b and c), 40-

10 (Figure 3-11e, d and f) and 10-40(um) (Figure 3-11g, h and i) are qualitatively

compared. When wg-we=10-10(um), the contours are more consistent with the dashed

lines compared with those of wg-we=10-40(um), but less consistent compared with those

of wg-we=40-10(um). Which means the less the gap width compared with the electrode

bandwidth, the more the distortion it may happen. According to the theory, for every point

on the left half of the gap (xg, 0) (We/2 < Xg < W/2), there must exist another point on the

left boundary (0, yg) that has the same concentration as the point on the gap. The fact that

the left and right boundary extends infinitely upward should cause serious distortion when

Wg is comparatively small. This also indicates the finite diffusion length at xe — 0 for a

small gap width will be erroneously predicted by the theory. Therefore, the definition for

the ICCB needs to be modified for more generalized geometries.
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3.4.4 Comparison of Limiting Current and Calculated Impedance as w—0

(b)

/|2, [(1/A)

A special case of impedance arises as w — 0. The change of voltage would be slow

enough for the concentration and current to reach steady-state. Simulations, numerical

and analytical solutions of CV and CA have already been extensively researched for

different geometries of IDA electrodes (Aoki, 1990; Yang and Zhang, 2007). It is thus

necessary to prove that the equations are consistent with recent studies.
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Figure 3-12 The reciprocal of limiting current plotted against the calculated real part of
IDA diffusion impedance at w—0. |lim| is (a) the absolute value of limiting current
calculated from eqn. (38) in Aoki et al.’s work (Aoki et al., 1988), or the current at 10s
when applying a voltage of —0.2V (vs CE/RE) in a solution containing 0.1M KCI and (b)
5mM Fe(CN)e>* or (c) 5mM Fe(CN)s* in a chronoamperometry experiment.
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Figure 3-12a plots the reciprocal of the limiting current calculated from eqn. (38)
derived in Aoki et al.’s work (Aoki et al., 1988) against the real part of impedance at «w—0
calculated from eqgn. (28). Different wg and we ranging from 1 to 100um are randomly
assigned. The result of the calculations shows a high correlation (R? = 0.992) with their
work. That means if one is to simplify these equations at the limit of w—0, he or she
would arrive at an equation inversely proportional to their limiting current. Unfortunately,
efforts for finding an analytical simplified solution made up with only elementary
functions has encountered difficulties. Nevertheless, the meaning of this result is
significant in different aspects: (1) The result has proven the hypothesis of cylindrical
finite diffusion impedance from the ICCB to the electrode valid under low frequencies.
(2) One is able to degrade the equations and calculate the limiting current using the
derived theory. (3) The theory can be thought of as a novel method for interpreting IDA
electrode behavior that further extends steady-state to periodic-steady-state research
fields. (4) The ICCB assumption leads to accurate enough results, making an evidence
for its existence. Microfluidic systems with finite height and convection forces can also
follow relevant assumptions for deriving solutions for the diffusion impedance. In Figure
3-124, there are two points lower than the regression line, which are the calculated values
when wg-we = 2-100 and 5-100(um). This indicates a possible failure of the theory when

Wg/We is small (< 0.1) and corresponds to the simulation results. (Note that the diffusion
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coefficient taken into calculation is D = 6x10%°m?/s. This is arbitrarily defined due to
various values obtained ((6+3)x101°m?/s) using CV and Randles-Sevcik equation in this
work (Figure S2) and a previous one by the authors team (Weng et al., 2019).)

With the above advantage in grip, one can be confident that calculation of the
steady-state current is of correctness to a certain degree. Figure 3-12b plots the reciprocal
of steady-state current using different geometries of IDA electrodes in a solution
containing 5mM Fe(CNe)®’* and 0.1M KCI against the calculated real part of impedance
at w—0. The steady-state current is obtained using chronoamperometry and raw data is
plotted in Figure S3. The calculated value has a correlation of R? = 0.970 with the
experimental value, which once again verified the accuracy of the theory at steady-state.
Note that calculating the impedance by dividing the applied voltage with the limiting
current is meaningless, because at diffusion controlled circumstances the relation between
the voltage and current is non-linear. Linearity only exists at small voltages. In order to
calculate the limiting current using the equations, the proportional constant between the
impedance and the reciprocal of limiting current should be pre-calculated using the fitted
linear equation. The slope of Figure 3-12b suggests that a proportional constant of
9.51(1/AQ) can be determined when the limiting current is obtained by applying a -0.2V
(vs CE/RE) using chronoamperometry.

Due to the geometric symmetry, concentration symmetry and the concept of the
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ICCB, the standard electrode potential of the two electrodes would be the same. An
additional experiment using standard Au electrodes for examination of potential
symmetry of a two-electrode setup in equal molar concentrations of Fe(CNg)*”* is done
(Figure S4). With CE/RE playing the role of pseudo-reference, the reactions are the same
at WE and CE/RE.

Linear correlation results in the absence of Fe(CNe)* is also obtained (Figure
3-12c¢). The bigger noises might be caused by invalid conditions of assumption Il and the
significantly smaller current being measured. In this configuration, only when the
generated reduced species have flown across the gap and taken by the collector can there
exista current. So a great enhancement in sensitivity at steady-state can be achieved when
both redox species are present. In a nutshell, the steady-state currents predicted by the

theory is valid in presence of both redox species.
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3.4.5 Comparison of Experimental EIS Data and Theoretical Impedances

According to the theory, geometrical parameters of IDA electrodes can be verified
in situ using EIS data. To obtain direct evidence of the correctness of the theory, the
experimental EIS data and the theoretically calculated impedances are compared.
Because all the necessary parameters such as C* and wg are known, so eqn. (28) can
directly calculate every single value of impedance with a given frequency and plot them
on a Nyquist plot along with experimental values.

In order to compare the calculated and experimental values, impedances that do not
arise from diffusion need to be eliminated. The solution resistance (Rs), charge transfer
resistance (Rct) and double layer capacitance (Qai) (i.e., Cai) (Shoar Abouzari et al., 2009)
must be eliminated from the experimental value in advance. A common Warburg element
cannot be used for modeling the low frequency area because the impedance would bend
towards the real axis and the initial angle wouldn’t perfectly be 45°. Therefore, another
CPE had to be used for modeling of low frequency impedances. Moreover, only a certain
range of frequency before the bending can be fit accurately enough. Thus, the circuit
R(Q(RQ)) is arbitrarily chosen for experimental data fitting, which is equivalent to a
Randles circuit using a CPE for characterizing the diffusion impedance. (This circuit
description code is defined to express equivalent circuits. Elements, including whole

blocks inside parentheses, are either in series or parallel with each other. Those inside an
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odd number of pair of parentheses are in parallel with each other, and those inside an even
number of pair of parentheses are in series.) A frequency range of 1 ~ 10°Hz is chosen for
fitting rather than the frequency range used in EIS (102~ 10°Hz). Figure 3-13a plots the
raw EIS data of wg-we = 100-50(um) and its fitted data using the above method. This
serves as an example of how one can extract only the diffusion impedance out. It can be
seen that the circuit can accurately fit the raw data for finding Rs, Ret and Qai. These three
parameters are subtracted from the impedance using complex number calculations
according to their series and parallel relationship. At last, impedances of EIS data having
values only influenced by diffusion effects are obtained. All the EIS data are modified

using this procedure.
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Figure 3-13 (a) Nyquist plot of experimental EIS data of an IDA electrode (wg-we = 100-
50(um)) and its equivalent circuit fitted data. The frequency range of the experimental
data is 102 ~ 10°Hz and the frequency range used for fitting is 1 ~ 10°Hz. The subfigure
at the top-left is the circuit being fitted and is equivalent to R(Q(RQ)), which is a typical
Randles circuit using a CPE for characterizing the diffusion impedance. (b ~ d) Nyquist
plot of experimental (solid) and calculated (hollow) IDA diffusion impedances at (b) wg
=100, (c) wg =50 and (d) wg < 25. The frequency range of all the data is 102~ 10°Hz.

The unit for widths is um.
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The modified experimental EIS data with only the diffusion impedance and
calculated values are plotted on the Nyquist plot for nine IDA electrodes of different
geometries (Figure 3-13b~d), which are illustrated as different solid (experimental) or
hollow (theoretical) shapes. Experimental values of impedances below 547Hz are
compared with theoretical results. The reason for not taking impedances at high
frequencies is because their significantly small values due to non-diffusion controlled
reactions and that a slight difference of the parameters found from fitting would cause
huge proportional errors of them. Calculated values are obtained from a self-written
program, which is provided in supplementary material. It must be again stressed that the
calculated impedances are not values obtained from any fitting program according to the
experimental data, but rather calculated directly from T, we, w, D, I, N, n, C"and «. A high
likeliness can be seen between the experimental and calculated values. This result can
serve as the direct evidence for the effectiveness and precision of the theory and IDA
diffusion impedances can be approximated accurately from eqn. (28). Overall, as wg/we
increases, the phase angle before the bending at very low frequencies becomes much
smaller than 45°. As wg/we decreases, the phase angle becomes closer to 45° before
bending towards the real axis and forming an imperfect semi-circle. This is reasonable
and can be seen from Figure 3-8. At very low frequencies, the curves bend toward the

real axis and a steady-state impedance or current can be found. Note that the total area of
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electrode INw are all of the same value (6mm?) in every chip that have been fabricated.
High correlations between experimental and theoretical IDA diffusion impedances are
obtained (R? > 0.948) with the real part and imaginary part individually calculated.
When wg-we = 5-100 and 2-100(um), it can be seen that the calculated impedances
separate from the experimental data at low frequencies. Thus, at w — 0, the real part of
impedance will be overestimated by the theory, which further indicates that it may fail
when wg << We at low frequencies. This is relevant to what this study had discussed in
section 3.4.4, that the two points in Figure 3-12a are obviously lower than the regression
line and are overestimated. According to the simulation results in section 3.4.3, this failure
arises from erroneous constant concentration contours and finite diffusion length
calculations. So if more extreme impedance values are needed to be calculated when wg
<« We, the definition for the ICCB should be modified, which is another future work worth

of study.
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3.4.6 EIS Data Fitting using Different Diffusion Impedance Elements

From the above results, one can be confident that the theory can accurately
approximate the limiting current (section 3.4.4) and the impedance (section 3.4.5) for
diffusion of redox species of IDA electrodes at wg/we > 0.1. In this section, an equivalent
circuit element is constructed for EIS data fitting of the diffusion impedance of IDA
electrodes and its accuracy and effectiveness with other circuit elements are compared. A
program for equivalent circuit fitting is written in advance. The program implements a
complex nonlinear least square (CNLS) process (Lasia, 2002), which the weighted sum

of squares of error, S, is defined as

Ny

S = Z [Wi,Re(Re(Zi,cal) - Re(Zi,exp))z + Wi,Im(Im(Zi,cal) - Im(Zi,exp))z] (37)

i=1

where N is the number of frequencies within an experiment, Z; is the impedance of
the i-th frequency, and w;g. and w;, are the statistical weights for the real and
imaginary parts of the impedance of the i-th frequency. The subscript exp indicates
experimental value and the subscript cal indicates the calculated value while fitting. A
weighting of wire = 1/|Re(Ziexp)| and wiim = 1/|Im(Ziexp)| is chosen for fitting of parameters.
A Levenberg-Marquardt algorithm is used for minimization of S, which is provided by

ALGLIB.
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Three other diffusion elements are compared with the IDA diffusion element as in

Table 3-1. The open finite-length diffusion element is common for modeling 1D planer

finite diffusion systems such as the rotating ring-disk electrode (RRDE) (Barnes et al.,

2012). This element exhibits a 45° line at high frequencies and a semi-circle at low

frequencies on the Nyquist plot. Because 2D finite diffusion exists in an IDA electrode

system, so the initial phase angle would be slightly lower that 45° and a somehow

imperfect semi-circle would appear (cf. Figure 3-8). Thus a parameter n is introduced into

the open finite-length element for better fitting, and this new element is arbitrarily named

as the “CPE finite-length diffusion” element. This n has the same effect as in the CPE and

can further help reducing the minimum S when fitting. For convenience, the symbol for

the CPE finite-length diffusion element is set as “X” and the IDA diffusion element is set

as “I”.
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Table 3-1 Equivalent circuit elements for diffusion impedance.

Element Name Symbol Value Parameters
Warb W Z !
arburg w = - Y,
Yo/ jw 0
Open finite-length diffusion 1 - )
@) Zo = tanh(—=,/jw) Y, and —
(Warburg Open) ° v Jjo VD VD
CPE finite-length diffusion X Z ! tanh( 0 Gw)™) )¢ 0 d
inite- iffusi = — anh(—=(w ,—andn
) *“YoGo) D D
2
IDA diffusion I eqn. (28) Yo,% and %
w

All nine IDA electrode chips are washed thoroughly, clipped with microwells and

added with the solution used for electrochemical characterization. EIS experiments are

performed and each chip is analyzed using a single EIS data. Nyquist plots of three of

them (wg-we = 100-25, 50-50 and 2-100(um)) along with fitted results using the four

elements are shown in Figure 3-14. Obviously, the Warburg element fails to work, making

the fitted data yield parameters with large errors (Figure 3-14a). The open finite-length

diffusion element obtains a better fit (Figure 3-14b). The semi-circle can approximately

match the down-bending curve of the IDA electrode’s diffusion impedance. However, the

IDA diffusion impedance isn’t really a perfect semi-circle (cf. Figure 3-8). It is somehow

longer in the horizontal direction, especially when wg/we becomes larger. Nevertheless,

this element can be regarded as the minimum required one for characterizing an IDA

electrode. The CPE finite-length diffusion element fits the data even better (Figure 3-14c).
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Using this element, one can be confident that parameters such as Ret, Qai and Rs are

correctly fitted to a generally satisfying degree. However, it is still unsure what can be

told from the two parameters §/+/D and n. The fitting result of the IDA diffusion element

from the theory is also accurate (Figure 3-14d), and the parameters Yo, we/w and w?/D can

be extracted from it.
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Figure 3-14 Raw and fitted EIS data of three bare IDA electrode chip with the Randles
circuit using different elements for diffusion impedance modeling. (a) Warburg element,
(b) open finite-length diffusion element, (c) CPE finite-length diffusion element and (d)
IDA diffusion element. The frequency range of all the data is 102~ 10°Hz. (units: um)
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Table 3-2 Equivalent circuit fitting results for nine IDA chips using four different diffusion impedance elements.

(}\:vr?]) 100 100 100 50 50 50 25 5 2 (}\:vr?]) 100 100 100 50 50 50 25 5 2
(:vr;) 100 50 25 100 50 25 50 100 100 (:vr;) 100 50 25 100 50 25 50 100 100
R(Q(RW)) (W : Warburg element) R(Q(RO)) (O : Open finite-length diffusion element)

R, 1.14p 88w 0.649u 1.72p 0.284p 0.117p 6.98m 202p 93.7u| Ry 34 41 628 983 857 477 744 218 6.15
Q, 302u 276u 82.1n  234p  214p  138p 153 174p 163up | Q, 3.43p  14p  179u 157u 149n 877n 13.9n 3.82u 8.9u
n 033 0343 046 0.353 0.397 0422 0442 0394 0403| n 0825 0.639 0.635 0.633 0.685 0.714 0.693 0.787 0.696
Ry 15.2k 6.23k 223k 8.77k 398k 245k 292k 3.46k 3.15k| Ry, 803 835 1350 966 803 904 699 642 727
Yo 19.6 594 373m 654k 347M 192m 769 9.20k 12.1k | Y, 554p 634p 1.16m 477u 605u 782u 487w 477n  504p

( Rs[=IR«[=1Q , Q,[=]s"/Q , n[=]none , Y,[=]s"?/Q , 8A/D[=]s"? ) % 272 194 202 201 144 119 0931 1.07 101

R(Q(RX)) (X : CPE finite-length diffusion element) R(Q(RI)) (I : IDA diffusion element)

R 309 215 134  28.6 16.7 11.9 153 20.6 19 R 293 195 131 266 16 124 153 193 178
Q, 995n 778n 491p 1.1l 2.57u  2.1lg  220pn 668n 9650 | Q, 1.53p 1.28u 5.40p 1.92u 3.18u 2.04p 2.39u 1.02u 1.4lp
ng 0.965 0953 0.788 0.929 0.886 0.875 0.898 0966 0.939| n 0.918 0.903 0.779 0.872 0.864 0.88 0.891 0.923 0.901
Re 515 430 857 489 488 604 404 406 432 | Ry 621 531 967 621 557 635 448 485 508
Yo 463n 512n  742u  403p 525 642 447 440 457u | Yo 769n  739n 902 654 809  701n  640p  664p  681p
% 269 1.96 1.87 2.02 1.49 1.25 1.02 117 11 WBZ 65.2 283 30.6 33 169 973 719 121 107
nx 0403 0377 0326 0.398 0403 0.367 041 0.399 0.398 i 0.615 0.472 0.248 0.697 0.761 0.321 0.788 0.902 0.907
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The fitted parameters obtained using all four elements inside the Randles circuit
are shown in Table 3-2. The results using the IDA diffusion element are consistent with
the experimental plot in that all parameters hold a reasonable range that possess their own
physical meanings. The average weighted sum of squares (S/Ny) for each element and
chip are shown in Figure 3-15a. This is also the mean square error (MSE) of the fitting
result. Different elements have different magnitudes of errors and all fall in a certain range.
The IDA diffusion element has an average MSE of 0.611. Compared to the Warburg
element (average MSE = 54.86), this proves the effectiveness of the theory applied for
equivalent circuit fitting. The coefficient Yo is calculated in advance using theoretical
values, and it is compared with the fitted values (Figure 3-15b). The errors have an
average of 3.77x10°%sY2/Q and the standard deviation is 8.11x105s2/Q. These errors
might be caused by temperature fluctuation, uneven active electrode areas, bulk
concentration changes, or the fitting bias itself. Fitted values of w?/D and we/w are plotted
against calculated values (Figure 3-15¢ and d). The fitted values for w?/D show a high
correlation with the calculated values (R? = 0.940). With a known w or D, one is able to
determine the other value. The correlation between the fitted values and calculated values
of we/w has a lower value (R? = 0.869). This suggests a more difficult attempt for finding
this ratio using EIS data. The reason might arise from the fact that the shapes of the
diffusion impedance look more similar and get closer to each other as wg/we becomes

smaller (cf. Figure 3-8).
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Figure 3-15 (a) S/Nf (or MSE) of the fitting results for the nine IDA electrode chips using
different diffusion impedance elements. (b) Calculated and fitted values of Yo from the
nine chips. (c) Fitted value of w/D against its calculated value. (d) Fitted value of we/w

against its calculated value.

The results above show the accuracy and the effectiveness of the theory applied for

equivalent circuit modeling for the EIS data of IDA electrodes. The data from a single

EIS experiment is enough for finding Yo, w?/D and we/w. This solves the problem for

erroneous parameter acquisition when using elements that cannot express the diffusion

nature of IDA electrodes. This also proves that it is able to verify certain parameters in

situ and even predict unknown geometries.
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3.5 Summary

In summary, a novel integral form of solution is presented for modeling and
calculating the diffusion impedance for IDA electrodes of different geometries. The
theory is based on conformal mappings, diffusion length derivation and cylindrical finite
diffusion impedance approximation. According to the derived equations, an impedance
calculation program is designed and released for helping researchers predict the diffusion
impedance of their own IDA electrode system. The calculated real part of impedance at
zero frequency showed high correlation with the reciprocal of limiting current calculated
by Aoki et al.’s results (R?> = 0.992) and from chronoamperometry experiments (R? =
0.970). Experimental EIS data and calculated impedances are highly alike (R? > 0.948).
Thus, direct evidence for correctness of the theory is established. An equivalent circuit
fitting program is further designed for fitting several elements including the IDA electrode
diffusion impedance. The program succeeded to fit the EIS data which the Warburg
element would have failed. Therefore, researchers can accurately obtain Ret, Qui and other
parameters or even predict unknown geometries. The proposed solution can also assist
them model their data and understand the underlying mechanism more correctly, hoping
that it can furthermore mature the theoretical basis of this advantageous sensing

architecture.
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Chapter 4

EIS Modeling of Symmetric Electrodes for Aptasensing

4.1 Brief Introduction

In Chapter 3, an integral form of solution for approximating the diffusion
impedance for IDA electrodes is proposed. Thus, it provides a more general method for
fitting their EIS data containing the low frequency spectrum. In this chapter, the parameter
relationship between a single and symmetric Randles circuit is derived, and is applied for
impedimetric aptasensing of the target proteins using symmetric Au electrodes.

Mucin-1 (MUC1) is a transmembrane protein which overexpresses on certain
cancer cell surfaces and ranks the second in the cancer antigen pilot prioritization, making
it an ideal tumor marker for cancer diagnosis (Cheever et al., 2009) (Figure 4-1). Although
there have been a number of works demonstrating promising integration of impedimetric
biosensors in microfluidic biochips (Table 2-1), the tedious three-electrode fabrication
and lack of an efficient method for selective deposition of antibodies on the WE have
hindered EIS biosensors for realistic microscale and multiplex bioanalysis. In this chapter,
a novel fabrication-favorable EIS approach for detection of MUC1 using simply two
symmetric aptamer-modified standard Au electrodes is investigated. The Randles

equivalent circuit for a two symmetric electrode system is derived to have certain
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proportional association with a common Randles circuit. A proof of theory experiment

for this derivation is also conducted. The enzyme thrombin (Bock et al., 1992) is firstly

used as the detection target for verifying the effectiveness of impedimetric aptasensing

with the two electrode setup. Afterwards, detection of MUCL is conducted with two and

three electrode setups and the results are compared. The results should be compatible with

the theory for denoting that this study has developed a method for analyzing two electrode

setups applied for impedimetric aptasensing. At last, a combination of theory from

Chapter 3 and Chapter 4 is applied for analyzing an impedimetric aptasensor using IDA

chips for regenerable and specific detection of thrombin.

Figure 4-1 (a) Structure of MUCL. PDB ID: 1SM3 (b) Final conformation of the MUC1-
G peptide and S2.2 aptamer interaction (Rhinehardt et al., 2015).
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4.2 Theory

In this section, a novel equivalent circuit model is design and justified to analyze

the symmetric Au electrode system and an algorithm for fitting the Randles circuit is

developed. Abrief introduction of the Randles circuit and its related components is carried

out, then the details for equivalent circuit model theory and calculation are explained.

4.2.1 Impedance Calculation for the Randles Circuit

In EIS, the equivalent circuit of an electrochemical cell refers to a theoretical circuit

that retains all or part of the its electrical characteristics resulted from mass transfer

Kinetics or surface electrochemical reactions. There are many factors that may have an

impact on the electrochemical behavior on an electrode surface, which lead to various

equivalent circuits proposed in order to explain the basal phenomenon and the resulting

experimental data obtained by EIS (Yuan et al., 2010). A typical one is the Randles circuit,

which comprises a solution resistance (Rs), double layer capacitance (Cai), charge transfer

resistance (Ret) and Warburg element (the semi-infinite diffusion impedance, Zw) (Lasia,

2002) as in Figure 4-2.
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Figure 4-2 A typical Randles circuit and its components. (a) Resistor, (b) capacitor, (c)
constant phase element, (d) Warburg element and (e) the Randles circuit.

Rs is determined by solution resistivity that may depend on the ionic concentration,

electrode geometry, temperature and the mobility of the ion. Cq is caused by the electrical

double layer effect existing on an electrode surface which can lead to non-faradic currents

when applying a sinusoidal voltage wave. Rt is a parameter for quantifying the speed of

redox reactions which result in faradic currents at the electrode surface and Zw is a

component for modeling the diffusion effect of ions near an electrode. The constant phase

element (CPE, using the symbol Qu) is can be used in place of Cq in order to better

present the imperfect behavior of the double layer in this work (Kochowski and Nitsch,

2002). The impedance values of the commonly used components for EIS models are listed

in Table 4-1.
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Table 4-1 Commonly used equivalent circuit elements.

Name Symbol Impedance Parameters
solution resistance Zp, Ry Ry
charge transfer resistance ZR,, R.: Rt
double | it Z ! C
ouble layer capacitance
y p Car ijdl w, Lgp
constant phase element 7 1 0
i — ,w,n
(double layer capacitance) Car Qo)™ 0
Warburg element 1
semi-infinite Z Yo, @
. ( . v Yojw °
diffusion impedance)

The impedance (Z;,:q;) for a single Randles circuit should be calculated as:

1
Ziotal = 1 1 + ZRS (38)

+
Zp.,tZw  Zcpg

taking in impedance values,

1
Ziotal = 1 + ZRs (39)

—1  *t Qo(jw)"
R+ ——
ct Yo/ jw

by applying Euler’s formula on the left side,

Ztotal = 1 + ZRS
+ Qo)™

R.t + Ll (cos% —jsin%)
Yow?2
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1 )
1 —1 -t Qo)™
(Rt + —cos ) + j(—=sin 4)
Yow? Yow?
B 1 B 1
1 , ~ A—-JjB

A+ Qo)™ WJBZ + Qo(jw)™

where
1 T
A= R, + —1COSZ
Yow?2
and
B -1 =n
= 7 Sin—
Yow?2 4

By applying Euler’s formula (e/* = cosx + jsinx) on the right side,

1

Ztotal A—iB

1

nm
T +]BZ + Qoa)"(cos +] sin > )

A—]B

nm
T R? + Qow™ cosT + jQow™ smT

1

A

nmt, .. —B . nm
(m + Qow™ cos ") +](m + Qow™ sin—-)

=z, =Ty
T C+jDp R T cz4Dpz s

where

and

B I
D=m+Q0a) SlTlT
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4.2.2 Calculations for a Symmetric Randles Circuit
The component values for a symmetric Randles circuit can be found by fitting the
EIS data with a single Randles circuit as proved below. A symmetric two electrode system
can be thought of as two Randles circuits in series with each other as in Figure 4-3. For
symmetric electrodes, it is sometimes probable to induce different reactions on the two
electrodes. However, the same conditions are usually applied on both electrodes in which

identical values of Rs, Ret, Qai and Zw can be assigned on the two sides.

le le

— —
ANe—{w ¢ o B VAV A

Ret Zy Rt YA

Figure 4-3 Equivalent circuit model for a symmetric electrode system.

For a symmetric Randles circuit Figure 4-3, the impedance should be:

C —jD ¢ J'D

—J 2 2

— 427, =—45 & 27 46

CZ+D2+ Rs (£2+(2)2+ Rs (46)
2 2

Thus, if one is to fit a symmetric electrode system using a single Randles circuit, the
solution resistance is doubled and C and D are halved from the real value. Egn. (44) and
(45) can be further extended as:
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24 Q nm

- = + =2 " cos — 47
2~ A+ (2B ' 2 2 N
and
_ _ZB + QO n o nm
2 T CAr+@eBeE 2 ¥y (48)

which means A and B are doubled, Qo is halved and n is the same compared with the real

value. Furthermore,

1 T
24 = 2Ree +y—5cos 7 (49)
Foi
and
2B = — sin” (50)
= 1 Sin —

Rct is doubled and Yo is halved from the real value. Therefore, the fitting complexity for a

symmetric electrode system can be significantly reduced by just using a single Randles

circuit model. An overall comparison of the component parameters is detailed in Table

4-2. The experimental proof of principle is designed and conducted, and is detailed in

section 4.3.4and 4.4.1.

Table 4-2 Parameter comparison of symmetric electrode systems using single Randles circuit fitting

component parameter Rs Ret Qo n Yo

comparison with real value  doubled doubled halved same halved
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4.3 Materials and Methods

4.3.1 Reagents and Materials

Table 4-3 List of reagents and materials used in Chapter 4

Material

Firm

Specification

standard Au electrode
microscopic slide

Au evaporation slug
Cr evaporation shot

Ti evaporation slug
emulsion film
potassium ferricyanade
potassium ferrocyanide
positive photoresist
negative photoresist
PDMS (polydimethylsiloxane)
BSA

MUC1

MUC1-peptide

MUC1 aptamer (S2.2)

thrombin

thrombin aptamer

random 25mer oligonucleotide

CH instruments

Jen An Technology
GUV Team Int Co., Ltd.
GUV Team Int Co., Ltd.
GUV Team Int Co., Ltd.
Taiwan Kong King
J.T.Baker

Acros Organics
MicroChem
MicroChem

BingBond
Sigma-Aldrich

Abnova

Geonomics

Fu-Xing Medical
Equipment CO., LTD
Haematologic Technologies
Fu-Xing Medical
Equipment CO., LTD
Fu-Xing Medical

Equipment CO., LTD

CHI101 2mm @

plain 1" x 3"

99% 2mm® x 3.3mmL
99.99% 1-3mm and 3-5mm
99.995% 6mm @
10000dpi — CD:21+3um
K3Fe(CN)6
K4Fe(CN)6

S1813

SU8-2050

Qsil 216

A2153-50g
H00004582-Q01

95%

S2.2-SH

FF0315-1mg

HTDQ29-SH

Rnd-SH
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4.3.2 Instruments and Equipment

Table 4-4 List of instruments and equipment used in Chapter 4

Instrument or Equipment Firm Model
electrochemical analyzer CH Instruments, Inc. CHI614b
syringe pump KD Scientific Inc Legato 111
electronic microbalance Mettler-Toledo AB104

pH meter Mettler-Toledo S220

vortex mixer

ultrasonic cleaner

microplate spectrophotometer
PCR machine (thermo cycler)
3D printer

E-beam

syringe

crucible

adjustable volume pipettes
fume hood

dermal punch

Scientific Industries
Branson

BioTek Instruments
Applied Biosystems
Synmao Technology
Prohanns Technology

Hamilton

GUV Team Int Co., Ltd.

RAININ

HIGH TEN

Miltex

Vortex Genie 2
3210R-MT

Epoch

2720 Thermal Cycler
D-Force 300
FULINTEC E-Gun
1002LTN 2.5mL

W liner 3c.c.

LTS series

4BH-24

1mm diameter
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4.3.3 Fabrication of Symmetric Au Electrode Chips
Figure 4-4 illustrates the process for fabrication of the symmetric Au electrode chip
used for proof of theory (section 4.4.1). (The same configuration of chip is also applied
for real-time impedimetric aptasensing of MUC1 in supplementary material). The

following paragraphs explain the process in detail.

Spin coating of positive PR S1813

—

%UV exposure and develop

e

~ﬁ

E-beam evaporation Au/Cr (80/20 nm)

1

Acetone lift-off

s I |

Figure 4-4 Fabrication process of symmetric Au electrode chips.
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4.3.3.1 Electrode Design
Electrodes with different patterns are designed using an engineering drawing
software (SolidWorks) then sent for printing on an emulsion film of 10000dpi. The
drawings are fit for contact aligning on three 1"x3" microscopic glass slides with longer
edges touching each other. Black areas with no transmittance are areas that would be lift-

off by acetone and the transparent areas are of the electrodes.

4.3.3.2 S1813 Photolithography

Microscopic glass slides of dimensions of 1"x3" are washed respectively with
10min acetone, isopropanol (IPA) and distilled water in an ultrasonic cleaner and are
subsequently blown with air and dried on a 120°C hot plate. S1813 is taken out from the
refrigerator (4°C) then carefully dropped onto the cooled slides till full surface coverage.
Slides are spin coated for 1000rpm (20s), 4000rpm (60s) and soft baked at 115°C for 1min
then cooled at room temperature (RT) one at a time. After cooling of the slides, groups of
three slides with longer edges touching are fit onto the mask aligner. The emulsion film
with electrode design is taped to a glass mask and covered on top, softly touching the
slides and are exposed for 10s (6mW). The exposed slides are then immersed in TMAH
for 1min for developing, rinsed by distilled water and blown dry immediately. The slides
are thus covered with S1813 with has the complementary shape of the electrodes prepared

for Au deposition.
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4.3.3.3 E-beam Au Evaporation

The photolithography processed slides are stuck onto 4" wafers using insulation

tape with enough spacing and clipped onto the plate in the E-beam chamber. Crucibles

are put in place with several slugs of the same target metal (Ti and Au) inside them. The

chamber is then shut close and sucked vacuum for 1.5hr. An adhesive layer of 20nm Ti

and the main electrode material 80nm Au are sequentially evaporated onto the slides with

a gentle rotation of the plate which holds the slides which are inside the evaporator for

uniform deposition. This main evaporation process takes approximately 30min before

breaking the vacuum and taking out the slides and crucible. The slides are soaked in

acetone overnight to lift off the photoresist. If the S1813 cannot be fully lift off,

ultrasonication can be applied but would sometimes damage the slides. At last, the slides

are averagely cut in three to make a complete electrode chip.
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4.3.4 Experimental Proof of Theory

In section 4.2, a novel method for interpreting the equivalent circuit for a symmetric

electrode is proposed and calculated in theory. Although the results may seem fair enough,

there might appear to be some underlying phenomenon in such a system which the model

cannot explain. In the following paragraph, the experimental design for the proof of

principle for validating the equivalent circuit theory is detailed using the fabricated

symmetric electrode chips.

In order to validate the correctness of the theory, a symmetric electrode system and

a three electrode system must be designed, fabricated, implemented and compared with

as most control variables as possible. For achieving such accomplishments, fixed volume,

electrode spacing and electrode area are required. Thus, a micro-well is designed

(Dimension: 3.6(L) x 3.6(W) x 5(H)mm, volume per measurement = 40uL.), fabricated

using PDMS soft lithography which the aluminum mold is cut by a CNC machine, and

used for limiting the exposed electrode area and volume and is clipped to the fabricated

electrode chip by a 3D-printed fixture. A symmetric electrode system is implemented by

connecting the WE wire to one end of the chip and the CE/RE wire to the other. On the

other hand, a three electrode system is implemented by also connecting the WE to one

end of the chip but only the RE wire is connected to the other end. The CE wire is

connected to a Pt wire electrode separately and dipped into the micro-well forming a three
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electrode setup. EIS data is measured at 0.1~10°Hz with a bias of 0V and an amplitude of
5mV using an electrochemical analyzer (CH Instruments, Inc., CH1614b). Different types
of electrodes are compared in order to generalize the proof of principle which the results
are further discussed in section 4.4.1.

The overall goal is simple: to confirm validity of Table 4-2. The EIS data obtained
from the experiments are fit using the single Randles circuit fitting program which the
fitting algorithm applied are detailed. After parameter fitting, values for Ret, Rs, Yo, Qo and
n are compared between symmetric electrode and three electrode systems and checked if

the relationship founded using equivalent circuit theory is really exhibited.
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[—10.0250

0.1000
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oo SHARBEERAL |
IDA electrodes
We-w, = 25-100(pum)

SER electrodes

040

| 150

(c)

Figure 4-5 Setup for proof of symmetric equivalent circuit. (a) Two and three electrode
setups. (b) Dimensions for two different electrode geometries. (c) Illustration and
photograph of electrode chips clipped with microwells. (not indicated units: mm)
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4.3.5 Fabrication of Impedimetric Aptasensor using Two Standard Au Electrodes

Two standard Au electrodes are polished thoroughly using 1, 0.3 and 0.05um

aluminum oxide slurry. It is then dipped in piranha solution for 5min and dried using Na.

One electrode is arbitrarily selected as the WE and the other as the CE/RE. The two

electrode are simultaneously dipped in a solution of 5puM sensing element (HTDQ29-SH,

S2.2-SH or random 25mer ssSDNA-SH) in immobilization buffer (50mM Tris, 100mM

NaCl, 4mM KCI, 2.5mM MgCl;, ImM CaCl,, pH 7.5) overnight at RT. After

immobilization, the electrodes are washed two times by dipping into washing buffer

(Washing buffer: 0.05% Tween20 in binding buffer. Binding buffer: 10mM Tris-HCI,

50mM KClI, pH 7.5.) for 3min and rinsing with DIW. This process washes away non-

specific binding of unwanted molecules. The aptasensor is then fabricated and can

perform detection of different concentrations of protein. EIS measurements are performed

during each stage of fabrication.

(target protein) *

/

(sensing element)

(redox couple) S2.2-SH H

[Fe(CN)J*-
e
] =

[ Au electrode }

Figure 4-6 Fabrication of impedimetric aptasensor using two standard Au electrodes.
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4.3.6 Fabrication of Regenerable Impedimetric Aptasensor using IDA Chips

The IDA chips are designed, fabricated and prepared using the same method as in

section 3.3.2. After preparation of the a microwell clipped IDA chip, 1uM HTQD29-SH

+ MCH is diluted in immobilization buffer (ImM MgCl, and 1mM EDTA in 1M

phosphate buffer, pH 7.5) with a total volume of 80uL, added into the microwell and the

chip is held upside-down overnight at RT. The chip is washed twice by adding binding

buffer (50mM Tris-HCI, 100mM NaCl, and 1mM MgCl> in ddH20, pH 7.5), standing

upright and waiting for 2min at RT (Note that the immobilization buffer and binding

buffer for using IDA chips and SGEs are different). Then 1ImM MCH in binding buffer is

added, and the chip is held upside-down for 2hr at RT to thoroughly block the electrode

surface and prevent from non-specific binding. After washing the chip twice, the

aptasensor is done fabricated and can be used for thrombin detection. The regenerability

and specificity of this aptasensor is verified. EIS is performed after each step during

fabrication.
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4.4 Results and Discussion

4.4.1 Proof of Theory

This section discusses the results for proving the theory in section 4.2 with

experimental procedures detailed in section 4.3.4. In a nutshell, the result for equivalent

circuit fitting using a single Randles circuit comparing symmetric and three electrode

setups should have a relationship shown in Table 4-2. Two different electrode geometries

are used for the proof of theory (Figure 4-5b). Figure 4-7 shows the Nyquist and Bode

plots of EIS data obtained on two and three electrode setups using SER electrode chips.

The data named “FLIP ...” is obtained by either exchanging the WE and CE/RE in two

electrode setups or exchanging the WE and RE in three electrode setups. FLIP groups are

done in order to guarantee the symmetric characteristics. The phases are identical for two

and three electrode setups. However, in the Nyquist and |Z| vs frequency plot, the |Z| of

two electrode setups are approximately two times the |Z| of three electrode setups. This

correlation is identical to the results obtained from IDA electrode chips (Figure 4-8). The

data is fitted with a self-made program for fitting of different equivalent circuits.
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Table 4-5 lists the fitting results obtained by using a single Randles circuit.
Warburg elements are used on SER chips and the IDA diffusion elements developed in
Chapter 3 are using on IDA chips. The results correspond to theory: Rct and Rs becomes
doubled, Qo and Yo is halved, and n stays the same. Symmetric characteristics are
confirmed. This is due the similar values from FLIP and not FLIP groups (e.g. The Qai of
SER 3 elec. and SER FLIP 3 elec. are identical). Note that the theoretical w%/D and we/w
for IDA chips are 26.04 and 0.8. The error may be cause by the reason that the lowest
frequency is 0.1Hz, which cannot fully present the finite diffusion phenomenon of IDA

electrodes and only a small bending of impedance is seen in its Nyquist plot.

Table 4-5 Fitting results using a single Randles circuit as the equivalent circuit.

Rt ()  Rs(Q) Qo (for Qu) n Yo (diffusion) w?/D(s)  welw

SER 3 elec. 477.04 109.89  9.84E-06 0.846 0.00287 N/A N/A
SER 2 elec. 929.06 232.14 5.97E-06 0.810 0.00144 N/A N/A
SERFLIP3elec. 487.30 115.07 9.84E-06 0.832 0.00294 N/A N/A
SERFLIP2elec. 986.40 226.50 5.67E-06 0.814 0.00147 N/A N/A
IDA 3 elec. 1183.7  8.244 1.84E-06 0.848 0.00131 22,51 0.678
IDA 2 elec. 2342.0 15.410 8.95E-07 0.852 0.00065 21.19 0.652

IDAFLIP3elec. 1152.7  7.560 1.85E-06 0.847 0.00127 20.79 0.595

IDAFLIP 2 elec. 2399.7 14.694  7.88E-07 0.859 0.00066 21.25 0.634

102

doi:10.6342/NTU201901821



4.4.2 Optimizing the Operating Sensing Voltage (Einit)

For optimizing the operating sensing voltage of symmetric Au electrodes, CV and

EIS experiments are performed on two standard bare Au electrodes using two electrode

setup (WE: Au, CE/RE: Au) (Figure 4-9). For this system, 10mM Fe(CN)s* is used as the

redox species. Two pairs of peaks appeared in the cyclic voltammogram. This result is

due to the asymmetric characteristic in solution, that on the Fe(CN)6>" is added. However,

one can still find an optimized sensing voltage for EIS detection. By relating the R¢t and

the current density, the optimal operating sensing potential (Einit) of 0.7V for the

symmetric system is found.
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Figure 4-9 Optimizing the EIS initial voltage (Einit). (@) Cyclic voltammogram using
symmetric Au electrodes. (b) Nyquist plot of symmetric bare Au electrodes at different
Einit. (c) Sectional view of (a) and its corresponding Ret with E = Einit. The solution
contains 10mM Fe(CN)s* and 0.1M KCI.
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4.4.3 Proof of Concept by Thrombin Aptasensing

Using the above mentioned initial potential for EIS measurements, proof of concept
by thrombin aptasensing is successfully done using the symmetric electrode system. The
binding buffer used is 10mM Tris-HCI, 50mM KCI (pH 7.5). After each binding step with
a certain concentration, washing of electrodes are performed three times using washing
buffer (0.05% Tween20 in binding buffer) and then immediately used in EIS detection
(10mM Fe(CN):_ in binding buffer). Figure 4-10 plots the Nyquist plot and fitted values
of ARt vs thrombin concentration. Here AR¢t = any Rc: value subtracted by the R after
aptamer immobilization. A one-site specific binding model is used for parameterizing the
binding mechanism (Masel, 1996). The relation between concentration and Rt is

accordingly:

Bmax [Target]

_maxl 757 (51)
Kp + [Target]

AR =
Here, Bmax ( [=] © ) represents the maximum ARt when all the sites are occupied. Bmax =
1829.1Q and Kp = 129.4nM. The results show that the setup of using symmetric Au
electrodes with an operating sensing voltage of 0.7V can be used for impedimetric

aptasensing of targets. So the proof of concept is completed and MUC1 will be used for

the following sections.

104

doi:10.6342/NTU201901821



o
R

— B are |
m—HTDQ29-SH
Thr 10nM |
Thr 31.6nM -
Thr 100nM |
e Thr 316nM
e Thr 1000nM ]

-1200 F
-1000 |
. -800 |
o _
o
Q 600f
> _
S -400 |
-200 |
0
0
(b)
1500
~ 1000
G
p—
4
@]
~
< 500
0

1500 2000 2500 3000 3500

Re(Z) (L))
— . —
B, =1829.10
- Ky = 129.4nM .
CPE
! —fFe— &
—_— _._.A\vrdﬂ\v,.{-_
JA\'\.‘!\V'{—-_ W
Ra Zw
0 200 400 600 800 1000

Thrombin Concentration (nM)

Figure 4-10 (a) Nyquist plot of symmetric Au electrode aptasensor bound with different

concentrations of thrombin. (b) AR¢ vs thrombin concentration and fitted curve using
one-site specific binding model.
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4.4.4 MUCL1 Aptasensor using a Three Electrode Configuration

MUC1 detection using a three electrode setup is performed. The fabrication, target

binding process and data fitting method are the same as for thrombin detection. However,

for confirmation of aptamer specificity, BSA is used as the counter target. Figure 4-11

shows the Nyquist plots using MUC1 and BSA as the target and their R fitting values. A

significantly smaller change in Rc is found. This indicates that specific interaction

between and MUC1 and the S2.2 aptamer is present. For MUC1, Bmax = 7906.5Q and Kp

= 15.11nM. These two parameters are compared with two electrode setups.
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-3500 7
-3000
-2500
-2000
-1500
-1000

-500

— 1 v
—Apt

——MUC1 200nM

MUCI1 3.125nM |
MUC1 12.5nM
MUC1 50nM

1 1 1 1 1
4000 6000 8000 10000 12000 14000

BSA

Im(Z) (€2)

— a1

—_—Apt
BSA 3.125nM
BSA 12.5nM
BSA 50nM |

—BSA 200nM

0
0

0
Re(Z) () Re(Z) ()
(C) T ] T T T T
8 {—} | .
— 6 1
G = B MUCI
= A BSA
0 L _
pé MUCT1:
2 B =7906.5Q 4
Ky =15.11nM
0 & 7
(I) SIO l(I)O L%O Z(I)O

Protein Concentration (nM)
Figure 4-11 Nyquist plot of three electrode setup aptasensor bound with different
concentrations of (a) MUC1 and (b) BSA. (c) ARt vs target concentration and fitted curve
using one-site specific binding model.
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Im(Z) ()

4.5 MUCI1 Aptasensor using Two Symmetric Au Electrodes

After confirmation of specific binding between MUCL1 and S2.2, the two electrode

setup is finally implemented for MUCL1 detection. Figure 4-12 shows the Nyquist plots

using MUC1 and BSA as the target and their R fitting values using two electrode setups.

For MUC1, Bmax = 17084Q and Kp = 15.92nM.
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Figure 4-12 Nyquist plot of two symmetric electrode setup aptasensor bound with
different concentrations of (a) MUCL1 and (b) BSA. (c) AR Vs target concentration and
fitted curve using one-site specific binding model.

Table 4-6 compares the conditions and parameters between thrombin detection

(two electrode setup), the three and the two electrode setup for MUC1 detection.
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Reasonably, the Kp obtained from the two and three electrode setups are alike. This means
for either setup, the MUC1 concentration that leads to half-full site binding are the same.
Indeed, as long as the aptamer probe density are the same, this characteristic should stay
the same regardless of the electrochemical setup. The Bmax Obtained has a ratio of two
between the two setups. This also agrees to the theory, that in symmetric setups, ARt is
doubled when fitted using a single Randles circuit. However, the correlation between the
concentration of BSA and AR are opposite comparing the two setups. This phenomenon
still cannot be explained by this study and can serve to be a potential interest in future

work.

Table 4-6 Comparison of aptasensors using three and two (symmetric) Au electrode setups.

proof of concept MUCL (three electrode) MUCLI (two electrode)

electrode setup two symmetric three two symmetric
target thrombin MUC1 MUC1
counter target none BSA BSA
Einit 0.7V (vs Au) 0.244V (vs Ag/AgCl) 0.7V (vs Au)
Vamp 5mV
ARt Vs [Target] correlation + +(BSA: +) +(BSA:-)
Kb 129.4nM 15.11nM 15.92nM
Bmax 1829.1Q 7906.5Q 17084.4Q
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4.4.6 DNA Sequence Specificity Towards MUC1 and BSA

The previously obtained results might seem reasonable. However, there might be a

chance that MUCL1 binds to “anything” and is not specific of different sSSDNA sequences.

Therefore, DNA sequence specificity towards MUCL1 is confirmed with BSA being the

counter target. Four different experiments are conducted which either the S2.2 aptamer

or random 25mer ssDNA is used as the sensing element and either MUCL1 or BSA is used

as the target protein. The aptasensor fabrication process is identical to the previously

discussed two electrode setup.

Figure 4-13 displays their Nyquist plots. The scales are adjusted to be the same. In

a glance, it is able to confirm that the S2.2 aptamer can truly bind specifically to MUC1.

Figure 4-14 shows their Rt fitted values. For S2.2 being the sensing element and MUCL1

being the target, Bmax = 15655Q and Kp = 17.9nM. This is similar to the result obtained

in section 4.4.5. It can also be seen that MUC1 and BSA have approximately the same

tendency to bind to random sequences, which means that comparison of binding ability

between them are done on an equal basis. This not only examines the theoretical

correctness and also proves possible potential applications.
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4.4.7 Regenerability and Specificity of Thrombin IDA Aptasensor

In this section, an impedimetric aptasensor for detection of thrombin is fabricated

on IDA electrode chips. After fabrication, 20nM thrombin or 15uM HSA is added to

compare their specificity against HTDQ29-SH. A regeneration step is applied following

each protein binding step to thoroughly break the binding between HTDQ29-SH and the

target protein and wash off all non-specific binding conditions. This can restore the

functionality of the aptasensor for the next detection step. For every protein binding step,

80uL target protein diluted in binding buffer is added and the chips are held upside down

for 10min at RT. For every regeneration step, 100uL regeneration buffer (2M NaCl in

ddH20) is added and the chips are placed upright for 10min at RT. The chips are washed

with binding buffer twice and characterized using EIS after each protein binding or

regeneration process.

EIS data for the first six steps is shown in Figure 4-15. Qualitatively interpreting,

the Rt (the diameter of the imperfect semi-circle) becomes smaller after MCH blocking.

Due to the fact that the immobilization buffer has high ionic strength that cancels out the

negative charge on the ssDNA, there might be strong non-specific binding of the aptamer

on the electrode after HTDQ29-SH immobilization (Studier, 1969). After immersing in a

comparatively higher concentration of MCH in binding buffer, the non-specific bound

aptamers are somehow plucked off from the electrode surface with MCH occupying their
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original sites. This will lead to the decrease in R¢t. After adding 2M NaCl, the R¢; becomes

even smaller. This might be caused by further washing of the electrode, removing non-

specifically bound MCH or even HTDQ29-SH (Goode et al., 2015). Addition of 20nM

thrombin increases the Rct, and then addition of 2M NaCl (second time) decreases the Ret

to a point even lower than the first regeneration step. This might be caused by the fact

that the non-specifically bound molecules aren’t thoroughly removed after the first

regeneration step. For clarification and examination of regenerability, repeated steps of

protein binding and regeneration procedures are performed in the following paragraph.

Note the down-bending of impedance at low frequencies. It is clear from Chapter 3 that

this is caused by finite diffusion of redox species between two band electrodes, and there

aren’t any previous literatures that propose an adequate model to fit this region that can

yield the geometrical parameters. It can be seen that the shapes of impedances at low

frequencies are not influenced by the immobilized materials on the electrode. This is

because the diffusion path from the ICCB (cf. section 3.2.1) to the electrode surface

(typically a few to tens of um) is comparatively longer that the tip of the self-assembled

monolayer (SAM) to the electrode surface (typically tens of nm), making its specific

diffusion impedance unchanged.

112

doi:10.6342/NTU201901821



Bare

= |uM HTDQ29-SH+MCH
Chlp # 1 ImM MCH

| 2M NaCl 1¥

20nM thrombin

2M NaCl 2™

Re(2) (kQ)

~~
o
N
1
co

Bare
= 1M HTDQ29-SH+MCH -

I Chlp # 2 ImM MCH

2M NaCl 1%

1
(@)
I

4 20nM thrombin
2M NaCl 2™

Im(Z) (k€2)

Re(2) (k)

Figure 4-15 Nyquist plot for characterizing the fabrication, detection and regeneration
process of thrombin impedimetric aptasensor using IDA chips. (a) Chip #1 and (b) chip
#2. The first six steps are shown in the sequence from “Bare” to “2M NaCl 2"" in the
legend.
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The circuit fitting program is a self-written program that is capable of fitting several
elements including the IDA diffusion impedance. The average MSE is 2.547 with a
standard deviation of 1.794 using a Randles circuit with an IDA diffusion element for
fitting. This error is small enough and can yield precise fitted parameters (cf. section 3.4.6
for comparison of different diffusion impedance elements used for circuit fitting of IDA
electrode EIS data).

A total of four thrombin binding steps and two HSA binding steps are applied on
the same electrode consecutively. Figure 4-16a plots the fitted Rc: after each step. One can
see that after almost each regeneration step, the Rct drops a little compared with its
previous regeneration step. Taking the non-specific bound molecules still existing on the
electrode in account, the baseline for Rct seems to decay after each step. This baseline is
arbitrarily defined as the Rct which is affected by the immobilized SAM layer and the non-
specifically bound molecules. If the steps are numbered starting from 1, then on the k™
step, the amount of temporarily and non-specifically bound molecules is arbitrarily
assumed to decay exponentially. This consequent cause of transient change of R is

defined as

k
ARct,transient(k) = Be ko (52)

, Where Bt ( [=] Q) is the proportional constant that is related to the amount of transient
non-specific binding and ko (dimensionless) is the constant that can characterize the speed

for removal of non-specific binding. B might be affected by all the factors that may have
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an effect on the Rt (e.g. electrode area), aptamer and MCH immobilization amount ... etc,
and ko might be affected by the regeneration conditions (e.g. ionic strength, regeneration
time). Note that eqn. (52) is analogous to the first order exponential decay of receptor-
ligand dissociation kinetics (Cima, 1994), where the dissociation rate constant (Koff) is
analogous to 1/ ko. The difference is ko is dimensionless, and is affected by the
regeneration condition, while kot ([=] s ) characterizes the dissociation rate. Also, the
number of steps k is concerned rather than the time.

The steady-state baseline Bss ( [=] Q) is defined as the Rt only affected by the
immobilized aptamer and MCH without the non-specific bound molecules. Therefore, the

overall baseline can be written as

k
Rct,baseline(k) = BSS + ARct,transient(k) = BSS + Bte ko (53)

Note that egn. (53) doesn’t account for the change of R¢t cause by target binding. Thus,
only the regeneration steps can be used to determine the parameters. Accordingly, all the
even number of steps after step 3 are used for non-linear curve fitting of eqn. (53). The
baseline of the two chips are calculated and plotted in Figure 4-16a. The three parameters
can characterize the regenerability of this aptasensor. It can be observed that after each
regeneration step, the Rt drops to approximately the value of baseline, and Bss is almost
reached after the 12™" step. This proves that the fabricated IDA impedimetric aptasensor

is able to be regenerated up to six times for six detections.
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The method for determining a baseline for characterizing the regenerability can be
further used for obtaining the binding amount of different targets using the same IDA chip.
The AR for each binding event is obtained by

ARc(k) = Rt (k) — Ret pasetine (k) (54)
Figure 4-16b plots the calculated values. A 5.1-fold (chip #1) and 5.5-fold (chip #2)
difference between the two target proteins is calculated. Even if the concentration of HSA
is significantly higher than the concentration of thrombin, a smaller AR indicates that
the binding of HTDQ29-SH and thrombin is quite specific. At last, it is proved that a
regenerable impedimetric aptasensor for specific detection of thrombin is successfully

fabricated on IDA electrode chips.
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4.5 Summary

In summary, specific EIS detection of the thrombin and MUC1 is performed using
two symmetric electrode setups. The theory of this study can serve as a method for
analyzing symmetric electrode bio-sensing applications. For asymmetric conditions
(10mM Fe(CN)6*), the optimal operating sensing potential for impedimetric aptasensing
is identified at 0.7V (vs Au). Specific EIS detection of MUCL1 (3 ~ 200 nM) is performed
and Kp values of 16.31+1.44nM is obtained. Validity of the two symmetric Au electrode
equivalent circuit model is confirmed by comparing Rct values in different electrode
setups. Sequence specificity of the binding event is confirmed by comparing S2.2 with
25mer random ssDNA sequences. Fabricated impedimetric aptasensors using IDA chips
have the regenerability for six times of detection and the specificity is confirmed (over 5-
fold between 20nM thrombin and 15uM HSA).

Though further improvement on sensitivity and selectivity are needed to be realized,
the label free and simple characteristics of this system widens its potential for portable,

real-time and multiplex developments.
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Chapter 5 Conclusion

5.1 Conclusion

In this thesis, electrochemical impedance modeling of symmetric electrodes and
IDA chips are proposed for aptasensing applications. Two issues regarding their usage are
discussed. (1) Finite diffusion of redox species using IDA electrodes makes data fitting
difficult in the low frequency region. (2) For miniaturization, a symmetric electrode setup
takes advantage but real parameters cannot be found using a single Randles circuit.

Regarding the first issue (Chapter 3), a novel integral form of solution for
calculating the diffusion impedance of IDA electrodes is derived. The theory is based on
an imaginary constant concentration boundary (ICCB) assumption, conformal mappings
of IDA geometries, finite diffusion length derivation and cylindrical finite diffusion
approximation. The dimensionless impedance slightly resembles the finite cylindrical
diffusion impedance when rs/ro > 1. Simulations show the ICCB assumption valid but
indicate erroneous predictions when wg/we < 0.1. The theory can also be used for
calculating the limiting current. The IDA diffusion element proves to exhibit minimal
error among three other elements in circuit fitting. Three parameters wg/We, W?/D and Yo
can be found by fitting a single EIS data. To the best of the author’s knowledge, this is

the first approach for derivation of the IDA diffusion impedance regarding relevant
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parameters such as the electrode bandwidth (we) and gap width (wyg).

For the second issue (Chapter 4), the parameter relationship between a single and
symmetric Randles circuit is found. Rct and Rs would be double the real value, Qo and Yo
would be half the real value, and n would be the same. Optimal operating sensing potential
for symmetric impedimetric aptasensing in contact with Fe(CN)e* is identified at 0.7V
(vs Au). Specific EIS detection of MUCL1 (3 ~ 200 nM) is performed and Kp values of
16.31+1.44nM are obtained. Validity of the symmetric Randles circuit model is confirmed
by comparing Rct values in different electrode setups. Sequence specificity of the binding
event is confirmed by comparing S2.2 with 25mer random ssDNA sequences. The theory
developed from the first and second issue are combined and confirmed that fabricated
impedimetric aptasensors using IDA chips have the regenerability for six times of
detection and the specificity is over 5-fold between 20nM thrombin and 15uM HSA.

To sum up, the theories derived and experiments conducted in this thesis provide
some insights for understanding diffusion behavior and symmetric electrode circuits.
Researchers can model their systems more accurately and find important parameters. The
author believes that this research can help readers in different fields of microanalysis,
biosensors and biochips, in particular for those who are interested in use of symmetric

electrodes (including IDA chips) for impedimetric detection.
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5.2 Future Work

Point-of-care needs are becoming more demanding with a growing number of
innovative technologies and highly competitive markets. Bulky and costly instruments
are being replaced by integrated bio-sensing platforms. The author has developed a simple
microfluidic system integrated impedimetric aptasensor using IDA electrode chips for
real-time detection. The chip has a small volume (25(L)x19(W)x6(H) mm?), which can
be easily packaged and shipped to end-users in need, and has low sample usage. Portable
sensing devices are also being developed in corporate with the symmetric electrode chips.
Preliminary results are detailed in supplementary material for providing the reader a more
concrete concept for future development.

The author anticipates extensive applicative researches in related fields of interest,
hoping to furthermore bridge everyday life with the future vision of advanced bio-sensing

technologies.
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Appendices (Supplementary Material)

S.1 Detailed Derivations of Equations in Theory
S.1.1 Equation (10) to (12)

This section details the derivation process from eqgn. (10) to (12). Note that

—K(m) + Bi = F(sin™! (— Cos(xkﬂ) |m) 9)
w w
el + Yiccgl = ;cos‘l(—k - sn(pi, m)) (10)
w
YICCBzzln( 52—1"‘5) (12)
_sin(55)
$=- (xen (13)
o (1)
and k = cos(wezn/(2w)). There are also some formulae needed.
cd(z,m) = sn(K(m) + z,m) (S1)
sn~1(z,m) = F(sin"! z|m) (S2)
2
-1
cd(sn~1(z,m),m)? = z > (S3)
mz-—1

where cd(z, m) = cd(z, k?) isanother Jacobi elliptic function. Therefore, by taking eqn.

(9) into (10) and applying eqn. (S1) ~ (S3), one can obtain

w oW cos?(x,m/w) —k? | W —
> + Viccgl = - cos + = cos (i 1-s ) (S4)

cos?(x,m/w) — 1
The plus-minus sign is due to taking the square root of egn. (S3), and whether the value

at the right is positive or not cannot be determined here. Still, the 1 — s? inside the square
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root of egn. (S4) is negative, so the following complex relationships are needed.
cos 1(z) =—iLog (z +z% — 1) (S9)
Log(z) = In|z| + iArg(z) (S6)

Eqn. (S4) thus equals

w

w w
E"‘YICCBi = —i;Log(ii\/sz -1 +\/—Sz) = —i;Log(i (i s?2—1 +S)>

= —i%(ln(i sz—1+s)+iE

2) w w

- — 2 _ S7
> lnln(i S 1+s) (S7)
Because Yiccs > 0, s0 in egn. (S7), it must be that In(+Vs%? — 1 + s) < 0. This is only
possible if

ln(— 52—1+s) =—ln<(— 52—1+s)_1> =—ln(\/52—1+s) <0 (S8)

because Vs? —1 + s = 1. At last, substitution of egn. (S8) into (S7) yields eqgn. (12).

S.1.2 Equation (12) and (13) to (20)
This section details the process for finding the derivative of —yicce with respect to xe.

From egn. (12), it can be derived that

_dyICCB __w 1 d(\/sz -1+ .S‘) __w 1 < S N 1) ds (S9)
dx, T+s?2—1+s dx, T+s?2—1+s\Ws?2—-1 dx,
and from egn. (13),
ds sin (%) R XMy _ T . XeTC 810
dx.  sin? (%5) w (7) - TWe ( w ) (510)

Substituting egn. (S10) into (S9), eqn. (20) can be derived. Note that the w/z in eqn. (S9)

and the z/w in egn. (S10) have been canceled, resulting in a dimensionless value.
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Figure S1 Cyclic voltammograms for the nine fabricated chips. The dimension in the
legends is wg-we (um) and the value to the right of them are the scan rates. Four
consecutive cycles are scanned in each experiment and the last one is plotted out. The
pairs of peak voltages are all symmetric about 0V (vs CE/RE).
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S.3 Diffusion Coefficient Calculation using Randles-Sevcik Equation

200 nFvD 7 =" ¢ ]
- 1, = 0.4463nFAC (1) - -
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Figure S2 Peak current plotted against the positive square root of the scan rate. Cyclic
voltammetry is performed using a three electrode setup (WE: bare standard Au electrode,
CE: Pt electrode and RE: Ag/AgClI electrode) in a solution of 5mM Fe(CN)s>+ and 0.1M
KCI. Several experiments using different standard Au electrodes at different time points
are carried out and Do=Dgr=D is calculated as (6+3)x10°m?/s using the Randles-Sevcik
equation (top-left equation).
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Figure S3 Current plotted against time in chronoamperometry experiments. The
dimension in the legends is wg-we (um) and the concentration of redox species is 5mM
for either Fe(CN)g"* (black line) or Fe(CN)e> (red line). 0.1M KClI is also added to the

solution.
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S.5 Comparison of Electrode Compositions in Two and Three Electrode Systems
The characteristic “potential symmetric” is arbitrarily defined as the situation when
cyclic voltammetry shows a standard potential (E®) of OV (vs RE). Cyclic voltammetry is
performed on different electrochemical setup systems using bare standard Au electrodes
as working electrodes (Figure S4). When only Fe(CN)s>" is present, no configuration can
yield a clear two-peak cyclic voltammogram with potential symmetry. Although when
both Fe(CN)s> and Fe(CN)s* are present, potential symmetry can be accomplished by
two or three-electrode setups when Au is used as pseudo reference. From the experiment
results and previous knowledge, it is concluded that two conditions are needed for clear
potential symmetry, at least for this system: (1) Both redox species with equal bulk
concentration must be present in solution and (2) the reference and working electrode
must exhibit the same redox reaction. This is quite obvious due to the fact that when these

two conditions are agreed, according to the Nernst equation, an initial condition is met:

ARed RT CR(x = 0) _

) m = E,S (Sll)

RT
Eyg = Egg = Ey+—1In =Fy;+—In
WE RE 0 nF Aoy 0 nF
where Ewe and Ere are the electrode potentials, Eo is the standard potential, and ar and
ao are the activities of the reduced and oxidized species on the electrode surface. When
cyclic voltammetry is performing, an equal bulk concentration of both redox species can

contribute the working electrode symmetrical reaction while sweeping positive or

negative. Thus, a clear two-peak closed curve can be formed.
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Figure S4 Cyclic voltammograms of two and three electrode setups in a solution of 0.1M
KCI and (a) 10mM Fe(CN)e* or (b) 5mM Fe(CN)s*"* with the legends indicating the

electrode material. The WE is always a bare standard Au electrode (¢=2mm).
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S.6 IDA Diffusion Impedance Calculation Program

A program for calculating the diffusion impedance for an IDA electrode is proposed.
The program consists of two files “settings.txt” and “IDA_diff_Z.exe”. “settings.txt” is

of the format below:

// please do not change the order of the settings
// invalid format of this file might cause unknown failure

// output settings (1:yes 0:no)
[output to txt file] O

// EIS settings

[max freq (Hz)] 100000
[min freq (Hz)] 0.01
[points per decade] 3

// geometry settings

[electrode bandwidth we (um)] 25
[gap width wg (um)] 50
[electrode length I (mm)] 3
[number of bands N] 80

// redox species properties

[diffusion coefficient D (m"2/s)] 6e-10
[bulk concentration C* (mM)] 5

[number of electrons n] 1

// environment settings
[temperature T (K)] 298.0

These contain all the 12 parameters for the usage of this program. A detailed description

is listed in order below:

1. If [output to txt file] is O, then calculated impedances will be shown directly on
screen. If it is 1, then the values will be saved to the file “Z_diffusion_IDA.txt”.

2. The maximum frequency for impedance calculation can be set after [max freq (Hz)].
The minimum frequency for impedance calculation can be set after [min freq (Hz)].

4. The number of frequency points within a decade can be set (e.g. If [points per decade]
is set to 5, then frequencies calculated between 10 and 10°Hz will be 10%, 10°8, 10°6,
1094, 10%2 and 10°Hz.)

5. We can be set after [electrode bandwidth we (um)].
Wg can be set after [gap width wg (um)].

7. | can be set after [electrode length | (mm)].
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N can be set after [number of bands N].
9. D can be set after [diffusion coefficient D (m”2/s)].
10. C” can be set after [bulk concentration C* (mM)].
11. ncan be set after [number of electrons n].
12. T can be set after [temperature T (K)].

After setting the 12 parameters, put “settings.txt” and “IDA_diff_Z.exe” in the
same directory and open “IDA_diff_Z.exe”. Impedances will be automatically calculated
and printed in the defined format (Figure S5).

% The program can only be run in a Windows 64-bit environment.

DONE

Figure S5 An example output of the IDA diffusion impedance calculation program.
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S.7 Real-time Impedimetric MUC1 Aptasensor using Microfluidic IDA Chips

S.7.1 Microfluidic System Integration

The photomasks of different widths of microfluidic channels are designed and

fabricated similar to the method in section 0. This time, a negative photoresist (SU-8 2050)

is used for microfabrication. A 4" silicon wafer is washed respectively with 10min

acetone, isopropanol (IPA) and distilled water in an ultrasonic cleaner and are

subsequently blown with air and dried on a 120°C hot plate. SU8-2050 (stored in RT) is

taken out and carefully poured onto the cooled wafer to form a uniform thin layer covering

almost all the areas. The wafer is spin coated at 500rpm 10s and 1600rpm 50s then soft

baked at 65°C 5min and 95°C 16min and cooled at RT. The wafer is then exposed for

110s (6mW) (in contact with the photomask) and immediately baked at 65°C 5min and

95°C 9min 12s. After baking, it is immersed in SU-8 developer for 8min 48s with

continuous gentle shake of the container to obtain better developing effect then taken out,

rinsed with IPA and dried with airflow. If the wafer is not clean enough, a second

developing stage can be implemented. Hard bake of 160°C is given on a hot plate for

30min.

After cooling of the wafer, a pattern for PDMS molding should appear on it with a

height of ~100um which can retain its structure after several time of molding. The

microfluidic channel is made by using aluminum foil to fold out a wall at the sides of the
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wafer, pouring the mixed prepolymer (A agent) and crosslinker (B agent) (10:1) in,
vacuum sucking (~2hr) to remove bubbles in the mixture and heating it at 150°C for
10min on a hot plate. After cooling, the PDMS is cut in pieces making microfluidic
channels with different widths. At last, the microfluidic channels are punched holes (Imm
®) for inlet and outlet using a dermal punch. The final dimension of the microfluidic chip
is 25(L)x19(W)x6(H) mm3,

The microfluidic channel can be clipped onto the electrode chip which the fixture
is designed with different heights using the same technical drawing software for the
photomask and is 3D printed and polished. For the setup of the overall microfluidic
electrochemical system, a silicon tube is pricked into the inlet and connected to a syringe
(2.5mL) which is installed on a syringe pump and another tube is pricked into the outlet
and connected to the bottom of a tube. Continuous flow in the channel can be realized by
withdrawal of the syringe at a constant flow rate while continuously adding fluid to the

tube.
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S.7.2 Impedimetric Aptasensing of Target Protein

The target protein (thrombin, MUC1 or BSA) is detected using impedimetric

methods with the sensing element immobilized on either standard Au electrodes (section

4.3.5) or the microfluidic integrated IDA electrode chip. As for the case of standard Au

electrodes, the Au electrodes are dipped in different solutions containing various

concentrations of the target protein in binding buffer for 30min. They are washed using

the same method as the aptasensor fabrication process and are immediately characterized

using EIS. For real-time detection of MUCL1 using the microfluidic integrated IDA

electrode chip, 10uM BSA in binding buffer is flown through the channel at a rate of

0.2uL/s for blocking and reducing non-specific binding. Afterwards, 200nhM MUC1-

peptide in binding buffer is flown through at 0.2uL/s. Real-time data are acquired at each

stage.
(a) (bF)l hemical Anal
e s Channel .cctm?' emical Analyzer
[Fe(CN)g*+ e
i Ya 2 MUCI
. 0o -

' { 5 p ~ Waste
Interdigitated Au electrodes A/ 7 ~__ Counter and Reference

) Syringe Pump - - Electrode (Au)
Glass Slide Working Electrode (Au)

3-/4-

Figure S6 (a) Schematic of MUCL1 impedimetric aptasensing using Fe(CN)e*"* as the

redox species in a microfluidic channel, (b) microfluidic system and electrochemical
setup of this study.
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S.7.3 Characterization of IDA Electrode Microfluidic Chip

Interdigitated array electrodes of 100um width each and 25um apart are fabricated
and the straight channel of 0.5mm width and ~100um height is fabricated using SU-8 soft
lithography and PDMS molding. A significant difference is present between OulL/s and
other flow rates in the cyclic voltammogram of the microfluidic Au interdigitated
electrodes (Figure S7). This is due to the active Fe(CN)s** surface refresh in flowing
conditions (Weng et al., 2019). Furthermore, at OuL/s, the increase in scan rate enhances
the current while scan rates at other speeds don’t. Although a higher flow rate can result

in a high current, the volume of sample used will increase.

1(uA)

05 0.0 05 -05 0.0 05 -05 0.0 0.5
V (V) V (V) V(V)

Figure S7 Cyclic voltammogram on microfluidic bare Au electrode comparing different
flow rates and scan rates. (a) OuL/s, (b) 0.2uL/s and (c) 0.4uL/s. The solution is 5mM
Fe(CN)g®/* in 10mM Tris-HCI buffer (5mM MgClz, 50mM KClI, pH 7.4).
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S.7.4 Real-Time EIS Detection Frequency Optimization

The effect of impedance influenced by flow speed is secondly characterized by EIS.

Nyquist and Bode plots are of EIS data of an IDA microfluidic chip at different flow rates

are plotted in Figure S8. Overall, an increase in flow rate results in a decrease in total

impedance and phase angle at low frequencies. At OuL/s, the plot resembles a typical

pattern for the IDA electrode, which has a bending of impedance at low frequencies.

However, there is one major difference: the solution height is finite. This does not

correspond to assumption V in section 3.2. So analysis methods cannot be directly

implemented (Nevertheless, it is reasonable to predict that the imaginary constant

concentration boundary (ICCB) would be the same even with finite heights.). As the flow

rate increases, the impedance bend towards the real axis at higher frequencies. If there

exists an ICCB when the flow rate is larger than OuL/s, then the finite diffusion length is

predicted to be shorter as the flow rate increases. But it shouldn’t be a vertical line. Instead,

it should be approximately perpendicular to the flow direction because redox species

should be “refreshed” and the refresh rate should have a positive correlation with the flow

rate. This is particularly interesting and can be a major subject targeting the modeling of

finite diffusion phenomenon of IDA electrodes within a convective force applied

microfluidic channel.
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In order to achieve balance between sample usage and current enhancement,
0.2uL/s is chosen as the optimal flow rate. The optimal real-time impedance measuring
frequency is arbitrarily chosen as 100Hz, which corresponds to the intersection of the

charge transfer and diffusion limiting region.
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Figure S8 EIS spectra on microfluidic bare Au electrode comparing different flow rates.
(@) |Z| vs frequency, (b) Phase vs frequency bode plot and (c) Nyquist plot. Einit = 0V, Vamp
=5mV, 5mM Fe(CN)e*"* in 10mM Tris-HCI buffer (5mM MgClz, 50mM KCI, pH 7.4).
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S.7.5 Real-Time Impedimetric Aptasensing of MUC1

Lastly, real-time impedimetric aptasensing of MUCL is realized by applying the

parameters previously set. Figure S9 plots the |Z|, phase, Re(Z) and Im(Z) vs time. It can

be seen that |Z| and the phase increased after aptamer immobilization, although the further

increase in impedance after BSA flow-through indicates a strong non-specific binding to

the not fully covered Au electrode. MUC1 binding results an increase in phase angle and

Im(Z) and a decrease in Re(Z). The results show four kinds of values for analyzing the

impedance against time and demonstrates that a potential future of miniaturized bio-

sensing chips using novel electrode structures for medical care and environmental

detection is on the move.
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Figure S9 Plots of Real-time impedimetric aptasensing of MUCL. (a) |Z| vs time, (b) Phase
vs time, (c) Re(Z) vs time and (d) Im(Z) vs time. Frequency = 100Hz, Vamp = 5mV, flow
rate = 0.2uL/s and all samples are dissolved in 10mM Tris-HCI buffer.
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S.8 Portable Devices for Integrated Bio-Sensing Platforms

Nothing can be portable with bulky lab instrumentation. An electrochemical sensor
chip always needs a device or instrument for performing data acquisition of its value,
therefore the miniaturization of instrumentation or device should be a major demand for
portable systems that can meet the ASSURED criteria pointed out by the world health
organization (Smith et al., 2018). In the following paragraphs, the development of
electrochemical impedance detection instruments is stated and the design and concepts
are detailed. Two generations are developed in this thesis which are, generation o and f.
Both exhibiting different design concepts and goals to achieve. Generation a serve as the
foundation for construction of a real-time impedimetric detection system that can measure
impedances from 10 ~ 10*Hz. Generation p improves several features of generation o
include gquantitative ones such as the frequency range, impedance range, detection time
and detection repeatability. A website is constructed for controlling the system and
acquiring real-time data in generation 3 so that any remote user can log in using smart
devices without the need for installing any apps or services. This is particularity useful
regarding portability and usage convenience, and is highly competitive for integrated

biosensors playing a role in internet of things (10T) technologies.

148

doi:10.6342/NTU201901821



S.8.1 Generation a (Z_GENa)

S.8.1.1 Preface and Concepts

In this generation, the goal for developing a device that has the ability for

mimicking the impedance measuring ability of a typical electrochemical analyzer is set.

The general scheme is depicted in Figure S10. A function generator is used for producing

sine voltage waves across the symmetric electrode, then a DAQ device (USB-6210) is

used for collecting voltage signals from the circuitry. The signal is processed and sent to

the connected computer for data analysis and plotting. For being the first “pre” generation

developed, the targets are of the easiest which stricter targets are set in generation p.

Analysis

Data

LabVIEW

N Ooo0noon \.-/
R ..r e we 9 9 e ’
. . Generate Signal
Qﬁsition P xj / ‘ Function Generator

Figure S10 General scheme for real-time impedimetric detection system (Z_GENa)

i]li‘

NI™ USB-6210
(DAQ Device)
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S.8.1.2 Schematic Design

As for generating an amplitude of 5mV, a voltage divider using an operational

amplifier (op-amp) is firstly connected to the output of the function generator and the

output of the op-amp is split and connected to one end of the electrode chip and the DAQ

device. The other end of the chip is connected to the inverting input of another op-amp

for amplifying the current flowing through the chip induced by the applied voltage. The

amplified current is transformed to voltage and acquired by the DAQ device and then sent

to the computer for further manipulation. For being rather a rough and elementary system,

the detailed schematic is not shown.

S.8.1.3 LabVIEW Data Analysis Design

The block diagram and front panel of the LabVIEW data analysis procedure are

depicted in Figure S11. There are two signals obtained by the DAQ device: the input

voltage and the amplified current (measured in voltages) of the electrode chip. When the

amplification ratio of the current is known, we can calculate the current by dividing the

measured voltage with the known ratio. The frequency is the same as the manually set

input or can also be calculated using Fourier transform of the two signals. The absolute

impedance (|Z|) can be found by dividing the amplitude of the input voltage by the

calculated current and the phase can be found by calculating the relative phase between
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the two signals. These two values are plotted on the graph in the front panel and can be

saved as comma-separated values (.csv) that can be further used for data fitting.
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Figure S11 (a) Control panel and (b) block diagram for impedance measurement of

Z_GENa using DAQ device and LabVIEW software
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S.8.1.4 Stability Test for Impedance Detection using Z_GENa

Figure S12 plots the real-time impedance value obtained using Z GENa. A
microfluidic IDA chip (wg/we = 25/100um) is used. The flow rate is 0.1uL/s and the
applied frequency is 100Hz. One can see erroneous values in |Z| and phase throughout the
sensing duration. For Z_GENa, the impedance values are not stable enough, the
equipment is bulky, the applied frequency cannot be automatically controlled during
detection, and the available detection frequency range is small (10! ~ 10*Hz). The

problems are addressed in the next generation.

(a) (b)
L R -60
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Figure S12 (a) |Z| vs t and (b) phase vs t for real-time impedimetric detection using Z_GENa.
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S.8.2 Generation p (Z_GENB)
S.8.2.1 Preface and Concepts

Usually, the determination of the impedance phase of a signal requires measuring
the input voltage and output current at the same time, the phase is hard to calculate using
only asingle input. However, if a DAQ device can realize continuous measurements from
the start of measurement and apply a sinusoidal wave which the phase always commences
from a constant value (say 0°), phase measurement may be accomplished by using just
one single input, which is a major concept for the design of Z_GENp. The target set for
it has a whole list of goals in addition to the main features of a typical impedance analyzer:
miniaturization, portable, real-time, low-cost and user-friendly. The scheme of Z_GENp
is illustrated, which a Raspberry Pi 3 b+ is used as the CPU for integrating circuitry

signals and information from the web server obtained from and given to the user.

. Access
)

Website User
Interface
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Display and Processing

Command

Digital Signal
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(CPU) Measure Circuit Power Supply

Data
Processing

Sensor Chip

Figure S13 General scheme for real-time impedimetric detection system (Z_GENp)
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S.8.2.2 Schematic Design

Apart from Z_GENa, which uses a function generator for production of sinusoidal
voltage waves, a power supply to give stable voltage, a commercially developed DAQ
device for acquiring signal and its software for data processing, Z_GENp needs to realize
all that matter and integrate them into a miniaturized device. The schematic for circuitry

is shown, which is rather more complex than that of Z_GENoa.
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Figure S14 Circuit schematic for Z_GENp.
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S.8.2.3 Data Processing

The raw signal obtained by the ADC is an 8-bit resolution data ranging from 0 to

255 at a rate of 1MS/s (mega samples per second). Due to the relatively fast sampling

speed by raspberry Pi and some unknown imperfections within the circuitry, there may

appear to be some defects or noisy signal in the acquired data. Thus, a strategy for data

processing before the calculation of |Z| and phase of the measured system is designed.

The general concept is depicted for raw signals with a linearly transformed value between

0 and 1.
Measuring 10k with wrong range
Switch to a range that
0.5 —) ——
can measure smaller |Z|
0
1000 2000 3000
Raw Signal Trim, shifted and noise reduced Signal Averaged Sipnal
12 = i@ 12 = £

1 1 1
0.8 08 08
0.6 0.6 0.6
04 04 04

0 1000 2000 3000 4000 1000 2000 3000 4000 1000 2000 3000 4000

s U/

Figure S15 Strategy for impedance range detection and data processing (Z_GENp).

155

doi:10.6342/NTU201901821



First, leading and ending consecutive zeros are trimmed and the data is shifted to a
start of a non-zero value. Second, values outside n standard deviations from the average
of m data points are removed where n and m are arbitrarily defined constants for a specific
sampling frequency. Third, the removed values are linearly bridged between non-
removed values to form continuous data points. Fourth, smoothing is performed by
averaging k data points to form a new value. At last, |Z| is found by calculating the
standard deviation of the overall data which equals the zero-mean RMS of the signal and
is proportional to the amplitude with a relationship of vV2xRMS=Amp (Bissell and
Chapman, 1992) and the phase is obtained by first calculating the average of the
remainder of the time (us) of a data point, which is larger than or equals the mean and its
previous data point is smaller than the mean, divided by the number of data points within
a repeating sine wave cycle, then linearly transforming it to a value between 0 and 360

degrees.
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S.8.2.4 Website Server

For portable devices dedicated to point-of-care applications, a relatively
miniaturized device compared with an instrument must be set up that contains user-
friendly interfaces and well-designed data display graphics. A smart phone might come
in handy when it comes to the such integration. Applications using smart phone for
electrochemical on-chip detection of biomarkers are presented and published every year
(Jiang et al., 2014; Zhang et al., 2015; D. Zhang et al., 2016). For the above reasons, a
website platform for the user interface of generation B is set as a target for its improvement
compared with generation a, which can be accessed using local networking on either a

personal computer, a smart phone, a pad ... etc. The overall structure is shown.

Raspberry Pi 3 Model B+
Apache Server (192.168.1.47:5000/EIS/)

. HTML
Javascript

File System

Bash script -1 Impedance Measuring Program

Figure S16 Structure of web server with user, circuitry and inter communication (Z_GENSP).
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S.8.3 Preliminary Results for Z_GENp
S.8.3.1 Fabrication and Setup Results

The photograph of Z_GENp is shown in Figure S17. The dimension is
22(L)x10(W)x6(H) cm?®, making the whole system portable. The raspberry Pi controls
the circuitry by sending voltage signals towards several IC chips. The sinusoidal current
passes through the connected chip and is amplified by an operational amplifier (OP42).
The signal is then linearly transformed into a range which the analog-digital converter
(ADC) can sample. The transformed digital values are read by the raspberry Pi and being

processed. At last, impedance values are plotted on the website.

AD9833 e TTHE ] G
function generator power supply

signal generation and regulation

_ . -~

raspberry Pi

\ P )

-] *LIR* -

sy % ‘ 0

I* G i
detection range (@, 7 _ . ’_.. [ uara

control . O

iR o ’ P \ voltage. stabilizer ‘I'

to chip

Figure S17 Photograph of Z_GENp impedance detection system.
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The website shows |Z| vs f, phase vs f, Im(Z) vs Re(Z), Re(Z) vs f and —Im(Z) vs f
at the same time. The data collected can be saved to a csv file and can be further analyzed.
A mobile power supply can be simultaneously used as the power supply for the circuitry

and raspberry Pi, and smartphone-controlled impedance detection can also be achieved.
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Figure S18 (a) Screenshot of the user interface website, (b) Z_GENJ powered by a mobile
power supply, and (c) smartphone controlled Z_GENP system.
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S.8.3.2 Microfluidic Impedimetric Detection of Bare IDA Electrodes

The repeatability of EIS detection in a microfluidic integrated IDA chip system Is
tested using Z_GENp as the measuring device. In Figure S19, it can be seen that a fairly
stable measurement of |Z| can be achieved within a frequency range of 1 ~ 10°Hz and an
absolute impedance range of about 0.1 ~ 30kQ. However, at high frequencies, the phase
angle does not have a reasonable and repeatable value. This reason is due to the larger
noise of sampling values at high frequencies. A red line is drawn at 90° on the phase vs f
plot. Normally, phase angles wouldn’t exceed this value because that would give rise to
a negative Re(Z), and does not correspond to any familiar electrochemical mechanism.

Such sampling errors and data processing are needed to be improved.
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Figure S19 (a) |Z| vs f, (b) phase vs f, (c) Im(Z) vs Re(Z), (d) Re(Z) vs fand (e) Im(Z) vs f
for single EIS detection of IDA chip at OuL/s flow speed using Z_GENp. The channel
width is 0.5mm. Vamp = 50mV. Running buffer: PBS + 5mM Fe(CN)g®/*.
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The repeatability of measurements is also verified at different flow rates. In Figure

S20, one can see that at higher flow rates, the repeatability of measurements are lower in

a qualitative manner. The author presumes that the reason arises from the lack of ability

for current stabilizing of Z_GENp.
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Figure S20 Nyquist plots of impedance detections using Z_GENS at (a) OuL/s, (b) 0.2uL/s
and (c) 1uL/s. The numbers after x in the legend indicate the sequential order of detection.
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