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Este trabalho teve como objetivo o desenvolvimento de um novo biossensor
eletroquimico, tendo como base a impressdo molecular para a detecdo seletiva de
biomarcadores de cancro, no ponto de cuidado.

Elétrodos impressos de ouro (AuSPESs) foram usados como transdutores, visto
gue o seu pequeno tamanho (portabilidade), descartabilidade e baixo custo de producao
permitem a aplicacdo em contexto de diagndstico clinico.

A preparacdo das superficies sensores englobou 0s seguintes passos:
primeiramente, a deposicdo de uma monocamada automontada (SAM) no elétrodo de
trabalho permitiu a imobilizacdo de proteina alvo na superficie do elétrodo. A albumina
de soro bovino (BSA) foi utilizada como template nos estudos de otimizacao.
Seguidamente, as cavidades especificas do polimero molecularmente impresso (MIP)
foram criadas através da eletropolimerizacéo, utilizando a técnica de voltametria ciclica
(CV) do 3-aminofenol (mondémero), na presenca do template, originando um filme
polimero, o poli(3-aminofenol), contendo a molécula alvo. Finalmente, apds a remocao
do template da matriz polimérica, o MIP foi capaz de reconhecer e ligar-se de forma
seletiva as proteinas usadas como template.

A modificacdo da superficie dos chips foi monitorizada através de medicdes
eletroquimicas, utilizando as técnicas de voltametria ciclica (CV) e de voltametria de
onda guadrada (SWV), na presenca do par redox
hexacianoferrato(lll)/hexacianoferrato(ll). A performance do biossensor foi avaliada
utilizando SWV como técnica analitica.

Na primeira parte deste trabalho, as condi¢cdes experimentais para a preparacao
das superficies de detencdo foram otimizadas, através de: (i) estudo da sonda redox
mais apropriada tendo como base a superficie do elétrodo impresso de ouro (AuSPE),
(i) selecdo de uma SAM, com propriedades hidrofébicas (hexano-1-tiol, HT) ou
hidrofilicas (8-amino-octano-1-tiol, AOT) para imobilizacao eficaz da proteina alvo, antes
do processo de eletropolimerizagdo, de forma a evitar desnaturacdo da proteina;
(iii) otimizac&o das condi¢cBes experimentais para a eletropolimerizacdo do monémero e
controlo da espessura do filme (através do controlo do niamero de ciclos realizados
durante a CV a uma velocidade de varrimento predefinida) de modo a aumentar a
performance do biossensor; (iv) selecao de um método eficiente de extracédo de proteina

alvo da matriz polimérica.
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Na segunda parte do trabalho, a performance do biossensor preparado foi
avaliada através da realizagdo de estudos de deteng¢do que consistiram na incubacao
da superficie do sensor com solu¢g6es com concentracdo crescente do analito, de forma
a construir as curvas de calibragcdo (e estimar o intervalo de resposta linear,
sensibilidade e limite de detenc¢&o). Os ensaios foram reproduzidos tendo como sistema
de o polimero ndo-impresso (NIP).

Resumidamente, a detencdo da BSA foi realizada através da imobilizacéo da
proteina alvo numa SAM de AOT, seguida de eletropolimerizacdo do mondmero
3-aminofenol usando apenas um (ou dois) ciclos durante a CV de forma a obter filmes
ultrafinos na superficie do elétrodo. De seguida, a proteina modelo foi removida da
matriz polimérica através da incubacao do chip com uma solucéo de dodecil sulfato de
sédio (SDS). ApGs a realizacao dos estudos de detencdo da BSA, os resultados obtidos
mostram que a adsor¢do ndo-especifica apresenta uma contribuicéo relevante durante
0 processo de ligacdo e estratégias para reduzir este fenbmeno sdo descritas.
Finalmente, o conhecimento adquirido durante o trabalho realizado iria ser aplicado para
a detecdo de biomarcadores de cancro, usando a mesma estratégia de impresséo

molecular.

Palavras-Chave

Polimero molecularmente impresso; biomarcador de cancro; AuSPE; ponto de
cuidado; biossensor eletroquimico; eletropolimerizacdo; voltametria ciclica; voltametria

de onda quadrada; hexacianoferrato(lll)/hexacianoferrato(ll).
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The main objective of this work was to develop a new electrochemical biosensor
device, based on molecularly imprinting (MI) technology for detection of cancer
biomarkers, in point-of-care (PoC). Gold screen-printed electrodes (AuSPESs) were used
as transducers, since their small size (portability), disposability and low production cost
allows their application in clinical diagnosis context.

The overall fabrication process incorporated the following steps: first, the
deposition of a self-assembled monolayer (SAM) on the electrode working area allowed
the immobilization of the target protein at the electrode surface. Bovine serum albumin
(BSA) was used template in these optimization studies. Then, the specific binding sites
were created by cyclic voltammetry (CV) electropolymerization of 3-aminophenol
monomer, in the presence of the template protein, giving origin to a non-conductive
poly(3-aminophenol) thin film containing the template biomolecules physically
entrapped. Finally, target biomolecules were removed from the polymeric matrix and the
resulting MIP film was able to recognize and selectively binds to template molecules
during the rebinding studies.

The evaluation of surface chemical modification procedures was achieved by
performing electrochemical measurements, using cyclic voltammetry (CV) and square
wave voltammetry (SWV), in the presence of the well-characterized
ferrocyanide/ferricyanide reporting system. The MIP receptor detection performance was
evaluated by using SWV as analytical technique.

In the first part of this work, the experimental conditions for preparation of the
biosensing surfaces were optimized, namely: (i) study of the appropriate redox probe as
reporting system; (i) selection of a suitable SAM, having hydrophobic
(hexane-1-thiol, HT) or hydrophilic (8-amino-octane-1-thiol, AOT) properties, for effective
immobilization of the target protein at the electrode, prior to electropolymerization
process, in order to avoid protein denaturation; (iii) optimization of the experimental
conditions for monomer electropolymerization and control of film thickness (by controlling
the number CV cycles at a defined scan rate) to improve detection performance;
(iv) selection of an effective method for protein extraction from the polymeric matrix.

In the second part of this work, the performance of the prepared MIP-based
biosensor was evaluated by performing protein rebinding studies, consisting in the
incubation of the sensor surface with solutions with increasing concentration of analyte

in order to build the calibration curves (and estimate linear response range, sensitivity

IX
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and LOD). The experiments were performed in parallel using the non-imprinted polymer
(NIP) as reference system.

In brief, best preliminary results for detection of BSA were achieved by
immobilizing the target protein on an AOT SAM, following by CV electropolymerization
of 3-aminophenol monomer using one (or two) CV cycle in order to obtain thin MIP films
at the chip surface. After that, the template protein was washed out by incubating the
electrode surface with a solution containing sodium dodecyl sulphate (SDS). After
performing the detection studies, the preliminary results obtained show that non-specific
interactions had a relevant contribution during the rebinding process and strategies to
reduce the non-specific adsorption are described. Finally, the know-how acquired from
the work performed should be transposed for the detection of cancer biomarkers using

the same MI strategy.

Key-words

Molecularly imprinted polymer; cancer biomarker; AUuSPE; point-of-care,
electrochemical biosensor; electropolymerization; cyclic voltammetry; square wave

voltammetry; ferrocyanide/ferricyanide.
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Schematic representation of a biosensor structure

Generical process of creation of a MIP (a-b) Interaction between
monomers and template. (c) Polymerization. (d) Removal of the
template.

Immobilization of a template protein on a pre-formed SAM
deposited on an electrochemical transducer (AuSPE).
Permeability of the redox marker through the MIP matrix, when
protein extraction (PE) and protein rebinding (PR) occurs.
Schematic representation of a gold screen-printed electrode
(AuSPE).

Representation of the typical plots (a) potential applied vs. time,
(b) current vs. time (c) current vs. potential (CV voltammogram)
obtained for the ferrocyanide/ferricyanide redox couple probe at
the gold screen printed electrode, data collected during
experimental procedures.

Representation of the typical plots (a) potential applied vs. time,
(b) current vs. potential (SWV voltammogram) obtained for the
ferrocyanide/ferricyanide redox couple probe at the gold screen
printed electrode (AuSPE) surface, data collected during
experimental procedures.

(@) Computer-controlled potentiostat Autolab PGSTAT30.
(b) DropSens’ gold screen-printed electrodes (AuSPE).
(c) DropSens’ switch box.

Methodology used for the preparation of MIP sensor surfaces:
(A) Thiol SAM formation overnight. (B) BSA deposition for 2
hours. (C-D) Creation of the specific binding sites by
electropolymerization of the APh using CV technique. (E) MCH
incubation for 2 hours. (F) BSA extraction from the polymeric
matrix with SDS overnight. A non-imprinted polymer (NIP) acting
as control was also prepared using the same techniques as the
MIP, except for step (B) in which the incubation was made with
PBS instead of BSA.
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Typical SWVs obtained at the AuSPE surface, in the presence
of a 5 mmol-L? redox probe solution, (black) before and (red)
after surface modification with SAMs of (left) AOT and (right) HT,
following by (blue) BSA immobilization.

Mean values of SWV peak current intensity obtained at the
(black) bare AUuSPE, (red) SAM/AUSPE, and (blue)
BSA/SAM/AUSPE. The error bars were obtained from 3
independent repetitions of the experiment.

(@ Typical CV voltammogram obtained for the
electropolymerization of a 500 umol-L* 3-aminophenol
monomer solution (prepared in 0.1 mol-L PBS at pH 7.4) on a
bare AuSPE surface. Number of cycles: 3; scan rate:
100 mV-st (b) Proposed mechanism for the
electropolymerization of 3-aminophenol.

Typical CcVv voltammograms obtained for of
electropolymerization of 3-aminophenol monomer solution
(C =500 pmol.L?, in 0.1 mol-L* PBS at pH 7.4) at the (black)
NIP and (red) MIP surfaces. Number of cycles: 2, scan rate:
100 mV-s™.

Typical SWVs, obtained in the presence of a 5 mmol-L* redox
probe solution, after step-by-step modification of the AuSPE
surface to build the (a) MIP and (b) NIP surfaces. The NIP
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Mean values of SWV peak current intensity, obtained in the
presence of a 5 mmol-L* redox probe solution, obtained for one,
two and four CV cycles during (green) electropolymerization
(EP) of the monomer, followed by (magenta) protein extraction
using an acidic SDS solution. For comparison, the values
obtained at the (black) bare AuSPE,(red) SAM/AUSPE, and
(blue) BSA/SAM/AUSPE, surfaces were included in the figure.
The error bars were obtained from 3 independent repetitions of
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Typical SWVs, obtained in the presence of a 5 mmol-L* redox
probe solution, after incubation of the (left) NIP and (right) MIP
surfaces , solutions with increasing concentration of BSA.

Plot of peak current intensity (Ip) versus the logarithmic
concentration of BSA obtained at the (red) MIP and (black) NIP
film surfaces. Dashed lines represented in the figure
corresponds to baseline values obtained for (black, dash) NIP
and (red, dash) MIP.

Typical cyclic voltammograms obtained under the same
experimental conditions.

SPR system used in this work.

Real-time SPR monitoring of the interaction between BSA and
pre-formed SAMs of HT, AOT and MCH on SPR gold
substrates. The concentration of BSA tested ranged from 1.0 to
500 umol-L™. Line 1: baseline collected in 10 mM PBS, pH 7.4,
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baseline); Line 4. BSA desorption after surface wash with
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A — Area of the electrode

ABS — Acetate buffer solution

AOT - 8-Amino-octane-1-thiol

APh — 3-Aminophenol

AUSPE — Gold screen-printed electrode

BSA — Bovine serum albumin

¢ — Specie bulk concentration

Co — Concentration of species

CA 15-3 — Carbohydrate antigen 15-3

CV - Cyclic voltammetry

D — Diffusion coefficient

DMSO - Dimethyl sulfoxide

DPV - Differential pulse voltammetry

E® — Species formal potential

ELISA — Enzyme-linked immunosorbent assay

EP — Electropolymerization

Epa — Cyclic voltammetry anodic peak potential

Epc — Cyclic voltammetry cathodic peak potential

eSPR - Electrochemistry combined-surface plasmon resonance
Estart— Cyclic voltammetry initial potential

E\— Cyclic voltammetry switching potential

F — Faraday constant

f — Square wave voltammetry frequency

FDM — Ferrocenedimethanol

HAR — Hexaammineruthenium

HER2-ECD — Human epidermal growth factor receptor 2
HT — Hexane-1-thiol

Ir — Square wave voltammetry forward peak current intensity
I,a — Cyclic voltammetry anodic peak current intensity

Ip,c — Cyclic voltammetry cathodic peak current intensity
lpeak(swy) - Square wave voltammetry peak current intensity
Ir — Square wave voltammetry reverse peak current intensity

IUPAC — International Union of Pure and Applied Chemistry
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LOD — Limit of detection

MCH - 6-Sulfhydryl-hexane-1-ol (also known as 6-mercapto-hexane-1-ol)
MI — Molecular imprinting

MIP — Molecularly imprinted polymer

n — Number of electrons

NIP — Non imprinted polymer

p.a. — practical grade

PBS — Phosphate buffer solution

PoC — Point-of-care

PSA — Prostate specific antigen

RSD - Relative standard deviation

SAM - Self-assembled monolayer

SDS - Sodium dodecyl sulphate

SPE — Screen-printed electrode

SPR - Surface plasmon resonance

SWV — Square wave voltammetry

AE, — Square wave voltammetry pulse amplitude potential
AEs — Square wave voltammetry step potential

¢ — Dimensionless electrode potential

7— Square wave voltammetry period

v — Cyclic voltammetry scan rate
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1.1. Objectives

The main goal of the present work was the development of a new molecularly
imprinted polymer-based electrochemical device for detection of cancer biomarkers in
point-of-care (PoC). The specific binding sites were prepared by electropolymerization
(EP) of the selected monomer, 3-aminophenol, on gold screen-printed electrodes
(AUSPE) substrates, in the presence of the protein biomarker template, followed by
extraction from the polymeric matrix.

The main innovation of the biosensor prepared was the use of thiol based
self-assembled monolayers (SAMs) for the protein immobilization, which provides a
stable base for the protein immobilization without occurring denaturation.

In preliminary studies for optimization of the molecularly imprinted polymers (MIP)
synthesis procedures, BSA was selected as template protein. This molecule is well
studied and was already used as template in preparation of MIP-based biosensors [1].
Bovine serum albumin (BSA) is a relatively small globular protein, with a molecular
weight of 66.5 kDa, and presents an isoelectric point between pH 4.5 and 5.0, being
negatively charged at physiological pH. The main advantages associated to the use of
this molecule are its high stability and water solubility. After these preliminary studies,
the know-how acquired was meant to be transposed for the preparation of a MIP-based
biosensor for screening prostate specific antigen (PSA), a prostate cancer biomarker of
similar size to BSA.

The biosensor preparation was followed step-by-step using voltammetric
techniques, namely Cyclic voltammetry (CV) and square wave voltammetry (SWV), in
the presence of a ferrocyanide/ferricyanide redox probe. For the quantification studies

SWYV technique was used.

1.2. Biosensors

A biosensor is a type of chemical sensor that uses a biochemical mechanism to
transform molecular information into a physico-chemical output signal [2, 3]. Briefly, a
biorecognition system allows the molecular information to be transformed into a
measurable signal, providing it with a high degree of sensitivity, while the transducer
converts the signal originated on the recognition system into analytical information

[2, 3] (see Fig. 1). The molecular information is based on the detection of the complex

3
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between the biorecognition element and the analyte, such as enzyme-substrate and
antigen-antibody complexes [3]. After the reaction between the recognition element and
the analyte takes place, the transducer transforms the collected information into a
measurable signal, capable of being displayed and analysed [3].

Biosensors can be classified based on both the nature of the receptor system

used and the transducer system, as shown in Fig. 1.1.

Receptor Optical
Enzyme Thermal %
z
Cell Electrochemical 2>
Antibody lon-Sensitive
Recognition

Transducer Signal Display

Analytes Element

Figure 1.1 — Schematic representation of a biosensor structure — adapted from reference [3]

1.2.1. Recognition Elements

The recognition element is the component of the biosensor responsible for the
selective interaction with the analyte [3].

With the advance of technology, different types of recognition elements have
been used in biosensors, and its recognition system can be based in two processes,
namely, biocatalytic or bioaffinity interactions [3]. The first recognition system focus on
the recognition of reactions catalysed by biomolecules, and normally use enzymes, cells
or tissues while bioaffinity systems recognize the interations between the analyte and
macromolecules used as receptor systems, such as interactions occuring between an
antigen and an antibody [3].

Despite the success on the recognition of analytes using biomolecules such as
antibodies, various issues related to the stability and maintenance of the biomolecules
have been described, such as low shelf-time, restricted temperature and pH conditions
of preservation, reactivity with other chemicals, low abundance and high costs. Thus, the
biosensors that employ these biomolecules as recognition system can suffer from lack
of sensitivity, instability and low reproducibility [4, 5].

To overcome these limitations, an appealing solution consisted on the creation
of biomimetic artificial receptors through the molecular imprinting of synthetic polymers
(plastic antibodies) [4].
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1.2.1.1. Molecularly Imprinted Polymers

Molecular imprinting (MI) is a process based on the lock and key mechanism.
The preparation of this synthetic matrices is based on three main steps that can be seen
in Fig. 1.2. Before polymerization, the monomer interact through covalent and/or non-
covalent interactions (see Fig. 1.2a-b), followed by polymerization of the monomer (see
Fig. 1.2c) and posterior removal of the target molecule from the polymeric matrix (see
Fig. 1.2d) [6-8]. After the removal of the template, cavities complementary to the target
molecule, known as binding sites, are left in the molecularly imprinted polymer (MIP) [6-
8].

Figure 1.2 - Generical process of creation of a MIP (a-b) Interaction between monomers and template. (c) Polymerization.

(d) Removal of the template. Adapted from reference [8]

Bulk preparation methods of MIPs are based on the polymerization of the
monomer in the presence of a template molecule in order to imprint it in its polymeric
matrix [9, 10]. However, this process only presents advantages when applied to small
target molecules, since its removal from the polymeric matrix is rather easy, fast, and
reversible. When bulk preparation is applied to large molecules, such as proteins, major
problems related to difficulties in removing the biomolecules from the bulk of the matrix
can compromise the extraction procedure, resulting in biosensors with long response or
even no response to the binding of the protein due lack of binding sites [10]. Besides,
issues related to template instability when the polymerization occurs under
non-physiological conditions and low reproducibility of the preparation of MIP sensor

platforms and have been described in literature [10].

5
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In recent years, MIPs prepared by electropolymerization (EP) has become a very
promising approach in the biosensors field [11-13]. This preparation procedure is based
on the deposition of polymers, having conductive or non-conductive properties, on an
electrode surface by using electrochemical techniques, such as CV or
chronoamperometry [9], and it presents the advantages of simple and fast polymerization
procedures without the need of using reaction initiators, and strong adhesion of the film
to the transducer surface (stability) [7, 14]. Also, the easy control of the parameters of
electrochemical techniques during the electropolymerization of the monomer, namely the
number of cycles on CV or the time of applied potential in chronoamperometry, gives the
possibility of easy control the film thickness and morphology by changing the amount of
charge that flows through the system at the moment of polymerization [14].

After the electropolymerization occurs in the presence of the template molecule
an effective washing procedure is mandatory for creation of the specific binding sites.
Several protein extraction procedures have been described in the literature. Most of the
protocols are based on biological agents, such as enzymes (trypsin [11],
proteinase K [15]), or chemical solutions, such as acidic (acetic acid [13]) and basic
(sodium hydroxide [12]) solution, containing or not additives, such as surfactants
(e.g., SDS [13)).

A less explored issue when preparing MIPs for large biomolecules is the
immobilization (or not) of the template prior to electropolymerization. According to the
literature [7], three main procedures can be used for the electrosynthesis of MIPs,
namely:

0] simple electropolymerization of a solution containing both, target molecule
and monomer. This approach has the advantage of being very simple,
however, irreversible adsorption and/or denaturation of proteins on gold
electrode surface has been described for bovine [16] and human [17] serum
albumin, affecting the imprinting process.

(i) adsorption of the target molecule on the electrode surface prior to the
electropolymerization using a pure monomer solution (without template
protein). Although it is a simple method, it also has the disadvantages of the
previously described approach.

(i) covalent (oriented binding) or non-covalent immobilization of the target
molecule to structures deposited on the transducer, such as self-assembled
monolayers (SAMs) [7, 9], prior to the electropolymerization. This approach

has the advantage of formation of more uniform binding sites in the MIPs but
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for proteins covalently immobilized the extraction of protein can be rather
difficult and time-consuming.

In this work we used alkanethiols for assembly of a SAM on top of a gold
substrate, for the non-covalent immobilization of template protein, allowing an effective
and reversible removal of the protein from the MIP, that would not be possible using
covalent immobilization methods [9, 18, 19], and avoid protein denaturation during the
imprinting due to the strong hydrophaobic interaction with the gold surface (see Fig. 1.3).
Besides, SAMS allow the formation of a stable and well-defined organic film surface, due
to the high affinity between the sulfur atom from the thiol functional group and the gold
substrate [18, 19].

HRRURtARIN

AuSPE AuSPE AuSPE

. |
' EThIOl Template protein . Monomer

Figure 1.3 - Immobilization of a template protein on a pre-formed SAM deposited on an electrochemical transducer
(AUSPE).

1.2.2. Electrochemical transducers

The main techniques used in for detection on electrochemical biosensors are
(i) amperometric and voltammetric techniques, that rely on the measurement of electric
current in the system, such as cyclic voltammetry and chronoamperometry;
(i) potentiometric techniques, that measure the voltage in the system and;
(iii) conductometric techniques, that measure the conductivity or resistivity of the system
[20].

As stated before, electrochemical sensors have been used for detection of
several important chemical and biological biomolecules, including disease biomarkers
[7,11-13, 21, 22]. One common and simple approach to detect these biomolecules is by
monitoring the permeability of a selected redox marker through a pathway in the MIP
matrix, as seen in Fig. 1.4, resulting on an amperometric signal measurable in the

electrochemical transducer [7, 22]. This approach was used in this work.

7
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[Fe(CN)g]*™/ [Fecg]®™ [FecN)g]* / [Fe(cN)g|>

Figure 1.4 — Permeability of the redox marker through the MIP matrix, when protein extraction (PE) and protein rebinding

(PR) occurs. Adapted from reference [7].

Electrochemical devices present major advantages, such as being easy to use,
with a cost-effectiveness prodution and rapid and sensitive responses [2]. The possibility
of miniturization of electrochemical bionsensors into small portable screen printed
electrodes presents benefits in the application of this biosensors in PoC, with a lower
cost of production and in most cases even disposable, a huge advantage for aplication

in clinical diagnosis context [2].

1.2.2.1. Screen-printed Electrodes

Screen-printed electrodes (SPEs) are disposable devices obtained by printing
different types of inks on a substrate, normally of ceramic or plastic nature. SPEs can be
used with various types of electrochemical transducers, with main focus on the use of
amperometric techniques for bioanalytical applications [23, 24].

Typically, a screen-printed electrode consists of a substrate with dimensions of
approximately 3x1x0.05 cm, in which three or more electrodes are printed through
screen-printing with a viscous ink, namely a working electrode, a pseudoreference
electrode and a counter electrode (see Fig. 1.5) [23, 24]. The conductive path is normally

covered with an insulator layer.
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Pseudoreference Working
Electrode Electrode
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Counter
’ Electrode
¢ k : Conducting
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Figure 1.5 - Schematic representation of a gold screen-printed electrode (AuSPE).

The production of SPEs through screen-imprinting methodology is based on the
deposition of viscous inks, ranging from 3 to 10 Pa-s, composed of metals or graphite.
Depending on the desired type of electrode, a carbon, silver, or gold paste, also
containing as binders, polymers, solvents, and other additives, can be used as a base
for the electrode. They are deposited on a plastic or ceramic substrate equipped with a
screen mesh, that determines the size and geometry of the electrodes. After the printing,
the SPE is dried and cured. This production technique offers excellent reproducibility and
design flexibility, allied to a low-cost of production due to mass production [23, 24].

The major point of interest of these small devices is the possibility of performing
surface modifications of the working electrode, similarly to the conventional sized
electrochemical cells, in order to provide selectivity to the system [24]. Specifically, in the
fabrication of biosensors using SPEs, various materials have been used for the
modifications of the working electrode, being enzymes and antibodies the main
molecules immobilized through different processes [23, 24].

These devices associate well founded analytical methods with portability,
allowing an effective application of this devices in PoC testing. Along with that main
advantage, others can be pointed out, namely its simplicity and quick analysis, its
reliability and repeatability, reproducibility of results, requiring low sample volumes

(few microliters only) [23, 24].

1.3. State of the Art

Cancer is one of the world’s leading cause of death, and its incidence is growing
worldwide. Data consulted for the European continent for the year 2018 counted
3.91 million of new cases and 1.93 million deaths by cancer, meaning that 25% of the

world population affected by this disease are Europeans [25, 26]. One of the best ways
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to fight this silent disease is to work on early diagnoses, in order to provide best
probabilities of cure and better life quality to the patients [25, 26].

Nowadays, biomarkers play a key role in the diagnose and follow-up
management of cancer patients. The screening of the concentration profile of cancer
biomarkers can be made through the analysis on different body fluids, such as blood,
serum and urine, even before the appearance of any symptoms [2, 27].

Currently, immunoassays, like enzyme-linked immunosorbent assay (ELISA),
are the most commonly used methods to detect cancer biomarkers in hospitals
laboratories, allowing the detection of biomarkers with high sensitivity and selectivity
[2, 27]. Nevertheless, these methodologies have the disadvantages of being expensive
and based on laborious and time-consuming procedures [2, 4, 27]. In addition, biological
antibodies are fragile (possible degradation and/or loss of antibody activity under
acid/basic medium) and have a limited shelf life for quality assurance [2, 4, 27].
Therefore, there is currently a need to develop new simple, robust, fast, sensitive, and
cost-effective methods for detection of cancer biomarkers in point-of-care (PoC) [4, 5].

Molecularly imprinted polymers (MIPs) allow the creation of synthetic
biorecognition elements (plastic antibodies) capable of selectively bind to target
complementary biomolecules, in a system analogue to the lock-and-key model
developed by Emil Fisher [28]. Thus, MIPs present high specificity and selectivity to
target molecules and can be obtained through simple and low-cost preparation methods.
Besides, the rigid nature of the polymer matrix is physico-chemically stable, offering
longer shelf-time than biological antibodies [6, 29].

Electrochemical biosensors are currently opening new horizons on the clinical
and diagnosis field, due to their high sensitivity, ability to resist to different chemical
environments, as well as being robust, easy to use, rapid and rather inexpensive
comparing to other detection methodologies [2, 4, 5]. These biosensors also presents
the unique benefit of being portable, allowing its use in PoC [2, 4, 5].

In the last decade, the use of MIPs for electrochemical biosensing has gain
popularity due to its advantages and a major application of this technology is the
development of new detection electrochemical devices for the detection of various
cancer biomarkers in PoC [10-13].

In 2014, Rebelo et al. [21] described the use of MIP approach for the
electroanalytical detection of prostate specific antigen (PSA). The binding sites were built
through radical polymerization of vinylbenzene, in the presence of the template
biomolecule, on a graphene electrode followed by enzymatic removal of the protein using

a trypsin solution. This biosensor presented a linear response between 2.6 and
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59.4 ng-mL?! and a limit of detection (LOD) of 2 ng-mL' was obtained using
potentiometric methods, below the reported cut-off value of 10 ng-mL™* for PSA [21]. The
biosensor was successfully applied for the detection of PSA biomarker in artificial serum.
Furthermore, in 2018, Gomes et al. [11] reported the preparation of a MIP-based
electrochemical biosensor for detection of carbohydrate antigen 15-3 (CA 15-3), by
electropolymerizing O-phenylenediamine on a AUSPE using CV technique. After
enzymatic extraction of the template molecule using a trypsin solution, rebinding studies
for detection of CA 15-3 were performed. The biosensor had a linear concentration
response range between 0.25 and 10.00 U-mL* and a LOD of 0.05 U-mL*was estimated
using SWV, below the cut-off value of CA 15-3 (30 U-mL?). Successful results were
obtained for detection of CA 15-3 on serum samples [11]. In another study, in 2018,
Ribeiro et al. [13] reported the electroanalytical detection of the CA 15-3 biomarker by
using MIP approach. The MIP surface was built by electropolymerization of poly(toludine
blue) at the AuSPE surface also using cyclic voltammetry technique. The MIP was built
over atoluidine blue-functionalized self-assembled monolayer (SAM) in order to increase
the film stability at the electrode surface. The extraction of the template protein was
achieved by incubating the prepared electrode surface with a sodium hydroxide solution,
while performing CV cycles for effective washing. The rebinding experiences showed
that the biosensor presented a linear response to CA 15-3 from concentrations between
0.1 to 100 U-mL?*. A LOD below 0.1 U-mL? was achieved using differential pulse
voltammetry (DPV) technique [13], allowing the application of the biosensor in clinical
diagnosis context (CA 15-3 cut-off value: 30 U-mL?). The biosensor was successfully
applied for the detection of CA 15-3 biomarker in artificial serum. Finally, Pacheco et al.
[12], also in 2018, published a work reporting the development of new MIP-based
electrochemical device for detection of breast cancer biomarker human epidermal
growth factor receptor 2 (HER2-ECD). The MIP surface was prepared by CV
electropolymerization of phenol in the presence of the target protein, on a AuSPE.
Posterior extraction of the HER2-CD was achieved by incubating the prepared biosensor
surface with a solution composed of sodium dodecyl sulphate (SDS) 0.5% and acetic
acid 0.5%. This device showed a linear response range between 10 and 70 ng-mL™.
From the calibration plot, a LOD of 1.6 ng-mL™* was obtained using differential pulse
voltammetry (DPV) technique, bellow the cut-off value for HER2-CD (15 ng-mL™?) [12].
The biosensor was successfully applied for detection of the cancer biomarker in serum

samples.
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The main objective of the present work was the development of a new MIP-based
electrochemical device for detection of cancer biomarkers with high sensitivity and

selectivity, using AUSPEs as transducers for PoC analysis.

1.4. Techniques of Surface Characterization

1.4.1. Electrochemical techniques

Electrochemistry and electroanalytical chemistry fields are constantly evolving to
better understand reactions occurring at the electrode surface using various methods,
namely by the measurement of changes in electric current (amperometric methods),
potential (potentiometric methods) or even in the conductance (conductometric methods)
[30, 31].

In this work two amperometric techniques, cyclic voltammetry (CV) and square
wave voltammetry (SWV), were used for surface characterization during the
step-by-step preparation of sensor surfaces. In addition, SWV was also used as
guantification technique to evaluate the biosensor performance. The electrochemical
measurements were performed in the presence of a ferrocyanide/ferricyanide redox
probe solution to monitor the peak current decrease due to the surface block to redox

probe permeation to the film deposited at the electrode surface.

1.4.1.1. Cyclic Voltammetry

CV is a voltammetric method where the potential applied on an electrode is
linearly changed in function of time, with a defined scan rate, from an initial value (Estar)
until a switching potential (E,) (see Fig. 1.6a), while recording the current flow in the
electrochemical cell (see Fig. 1.6b) [31-33]. Furthermore, the typical CV voltammogram
obtained for the reversible system ferrocyanide/ferricyanide redox couple is shown in
Fig. 1.6¢. As can be seen in the figure, to identify the anodic and cathodic current peaks,
that corresponds to peak height measured, tangents to the baseline of each sweep were
established from this purpose.

Fig. 1.6a represents the plot of the cyclic linear potential sweep applied to the
system. This plot is characterized by its symmetry, since both forward and reverse
sweeps are symmetrical by the switch or inversion point (Ey) [34]. The system current
response to the potential applied can be observed in the Fig. 1.6b. The potential
switching point, E,, coincides with the inversion point of the current-time plot where the

anodic current is converted in cathodic current. Since both, potential and current plots,
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correlate equally with time, a representation of current versus potential plot can be
represented (see Fig. 1.6¢), commonly known as CV voltammogram [34].

The voltammogram shown in Fig. 1.6c represents a typical profile of a reversible
system ranging from smaller to higher potentials. According to the IUPAC convention,
the positive current refers to the anodic processes (oxidation) that occur in the

electrochemical cell. Thus, the anodic peak (Ipa) observed in Fig. 1.6c corresponds to
the oxidation of ferrocyanide [Fe(CN):'] to ferricyanide [Fe(CN)g’] [30, 34]. After the

inversion point, the potential scan is negative, and reduction reaction of ferricyanide back
to ferrocyanide at the surface of the electrode occurs giving origin to the cathodic current
peak (Ipc) represented in the figure [30, 34].

Ex
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Time Time
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Figure 1.6 - Representation of the typical plots (a) potential applied vs. time, (b) current vs. time (c) current vs. potential
(CV voltammogram) obtained for the ferrocyanide/ferricyanide redox couple probe at the gold screen printed electrode,
data collected during experimental procedures.
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From an experimental point of view, it is common practice that the formal potential
(E®) can be calculated using the anodic and cathodic peak potentials obtained in CV

voltammogram recorded of the redox couple and using equation 1.1 [32, 33, 35].

0_ EpctEpa
2

Equation 1.1

This approximation is most accurate when the electron transfer process is
reversible, and the diffusion coefficients are the same for the oxidized and reduced
species [32]. For reversible reactions, the separation in the peak potentials is close to
59/n mV (at 25 °C) [30], where n represents the number of electrons involved in the redox
reaction. Thus, this relationship can be used to evaluate n [32].

According to the above theory, the separation between anodic and cathodic
peaks corresponds to 59 mV (at 25 °C) for the reversible ferrocyanide/ferricyanide redox
couple at a perfect gold surface, since the rate of the reaction is governed by diffusion,
and only one electron (n=1) is involved in the reaction. Under our experimental
conditions, a separation of peaks potentials of ~76 mV was obtained, at a 50 mV-s?,
which is close agreement with values reported in literature [36]. This experimental value
is slightly higher than the predicted for a Nernstian one-electron reaction (59 mV)
suggesting some influence of the type of electrode used (SPE) and ink composition
(lower percentage of elemental gold when compared to conventional electrodes) on the
electron transfer kinetics [37].

Moreover, the formal potential (E?) of the ferrocyanide/ferricyanide redox couple
was reported to be 0.56 V (at 25 °C, using a 0.1 mol-L"* HCI solution as electrolyte) [30]
while a formal potential (E') of ~0.094 V was estimated for the ferrocyanide/ferricyanide
redox at the bare AUSPE surface (using a 0.1 mol-L"* Na,SO, solution as electrolyte).

Furthermore, the reversibility of the system can be studied by analysing the ratio
between the theoretical and experimental values of the cathodic and anodic peak

currents [30].

=1 Equation 1.2

For our experimental redox system, ratio between the peak currents is 1.1,

confirming that the redox reaction is fully reversible.
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The rate defined for the variation of the applied potential, known as scan rate, is
an important experimental parameter since a fast scan can result in a decrease in the
size of the diffusion layer, resulting in higher values of current measured [32, 33].

For a redox system where a reversible process regulated by diffusion occurs, at

25 °C, the peak current intensity, I, can be calculated using the Randles-Sevcik equation:
1,=2.686x10°n32AcoD"?v1/2 Equation 1.3

where n is the number of electrons involved in the reaction, A is the electrode area
(in cm?), D is the diffusion coefficient (in cm?-s?), cois the concentration of species
(in mol-cm™) and vis the scan rate (in V-s) [30, 32, 33, 38]. Thus, considering the above
equation there must exist a linear correlation between the peak current intensity and the
square root of the scan rate. Finally, it is also important to notice that the peak current

intensity increases linearly with the concentration of species in solution [30, 32].

1.4.1.2. Square Wave Voltammetry

In SWV, a potential pulse is applied to an electrode in function of time (see
Fig. 1.7a), that varies in an amplitude AE,, superimposed by a staircase waveform with
a step potential AEs [30, 38-40]. The measured response signal, current lpeakswy), IS
calculated as the difference between the peak current measured for a forward and
reverse pulse applied to the system (see Fig 1.7b). The forward current, Ig, corresponds
to the measurements made at the end of the first pulse in the direction of the scan, while
the reverse current, Ir, is measured at the end of the second pulse in the opposite
direction of the scan [38-40]. In Fig. 1.7b the anodic current peak observed corresponds

to the oxidation of ferrocyanide to ferricyanide during the forward scan [30].
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Figure 1.7 - Representation of the typical plots (a) potential applied vs. time (adapted with consent from [41]), (b) current
vs. potential (SWV voltammogram) obtained for the ferrocyanide/ferricyanide redox couple probe at the gold screen
printed electrode (AuSPE) surface, data collected during experimental procedures..

For plane electrodes, the peak current intensity can be calculated using Aoki et
al. theory:

Al,=0.9653nFAc (%)1/2 tanh (g) Equation 1.4
where n is the number of electrons involved in the reaction, F is the Faraday constant
(F= 96485 C-mol?), A is the electrode area (in cm?), ¢ is the species bulk concentration
(in mol-m3), D is the diffusion coefficient (in cm?-s'), ris the square wave period (in s),
and {is the dimensionless electrode potential [40]. Thus, according to equation 2.4, the
experimental parameters that can influence the SWV analysis are the amplitude (AEp),
the step potential (AEs), the square wave frequency (f) and the equilibration time [41,
42]. From these parameters, both, pulse amplitude and frequency, have a huge
contribution on the sensitivity and peak resolution obtained using this technique [30, 42].

SWV has been widely used in electroanalytical studies for detection of various
biochemical molecules, such as aminoacids, cancer biomarkers and proteins in carbon
and gold modified electrodes [43-46]. Other electrochemical techniques have been used
for the same purpose, such as the differential pulse voltammetry (DPV) and CV,
however, SWV has shown better performance since it allows the collection of
well-defined current peaks with higher sensibility and faster time of analysis (of few
seconds only) [30].
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2.1. Experimental Apparatus

In this chapter, the biosensor preparation for detection of cancer biomarkers and
electrochemical surface characterization is described, as well as the subsequent study
of the biosensor analytical performance.

2.1.1. Reagents and solutions

All the thiols, proteins and aminophenol used in this work are listed on table 2.1,
as well as the provenience and the quality. This list presents also all the reagents used
for preparation of standard stock solutions.

All the aqueous solutions used were prepared using water purified with a Milli-Q
purification system (resistivity = 18MQ cm). A 0.1 mol-L phosphate buffer solution (PBS)
(at pH 7.4) and an acetate buffer solution (ABS) 0.1 mol-L (at pH 4.0) were freshly
prepared prior to the experiments. A 500 umol-Lt BSA solution in 0.1 mol-L"* PBS
(at pH 7.4) was used as a template protein standard solution.

Table 2.1 - List of reagents used.

Acronym /
Name Molecular Quality (%) Company
formula
3-aminophenol APh 98 Sigma-Aldrich
6-Sulfhydryl-hexane-1-ol MCH 97 Aldrich Chem
_ ; Dojindo
8-Amino-octane-1-thiol AOT =90 _
Laboratories
Hexane-1-thiol HT 96 Alfa Aesar
Sodium dodecyl sulphate SDS =99 Merck
Bovine serum albumin BSA 296 Sigma-Aldrich
Sodium dihydrogen _ _
_ NaHzPO, - 2H,0 p.a. Sigma-Aldrich
phosphate dihydrate
Anhydrous disodium
Naz:HPO4 p.a. Fluka
hydrogen phosphate
Sodium acetate NaCHsCOO p.a. Sigma-Aldrich

Sodium hydroxide NaOH 98 Merck

19
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Acetic acid CH;COOH =99 Sigma-Aldrich
Potassium ferricyanide Ks[Fe(CN)g] 299 Fluka
Potassium ferrocyanide  Ka[Fe(CN)e].3H.0 299.5 Fluka
Sodium sulphate Na>SO.4 p.a. Fluka

Dimethyl sulfoxide (dried) DMSO 299.9 Sigma-Aldrich

Hexaammineruthenium(lll) )

chloride HAR 98 Aldrich
1,1’-ferrocenedimethanol FDM 98% Aldrich

2.1.2. Electrochemical Apparatus

Electrochemical data was obtained using a computer-controlled potentiostat
Autolab PGSTAT30 (Eco Chemie B.V., Utrecht, Netherlands, Fig. 2.3a) monitored by the
NOVA 2.1.3 software package.

Gold screen-printed electrodes (AuSPEs, Fig. 2.3b) were purchased from
Metrohm (DropSens DRP-220AT). They include a gold disk-shaped working electrode
(geometrical area of 12.6 mm?), a pseudo-reference electrode based on a silver ink and
a gold counter electrode, all screen-printed on a ceramic substrate (3.3x1.0 cm) and
subjected to high-temperature curing. All potential values are referred to the
screen-printed silver pseudo-reference electrode. The electric contacts are also made of
a silver ink.

The AuUSPEs were connected to a switch box from DropSens (DRP-DSC,
Fig. 2.1c), allowing to connect their interface with the potentiostat. All experiments were
carried out at room temperature.

The collected data was processed using the software OriginPro 9.0.0.

Figure 2.1 - (a) Computer-controlled potentiostat Autolab PGSTAT30. (b) DropSens’ gold screen-printed electrodes
(AUSPE). (c) DropSens’ switch box.



FCUP
Development of a biosensor for detection of cancer biomarkers

2.1.3. Electrochemical Measurements

The redox probe used for the surface characterization and quantification studies
was a 5 mmol-L? ferrocyanide/ferricyanide solution. This solution was prepared with
equimolar concentrations of potassium ferricyanide and potassium ferrocyanide,
dissolved in a 0.1 mol-L* sodium sulphate electrolyte solution.

Both CV and SWV were recorded in the potential range of -0.30 Vt0 0.50 V. CV
was performed at a scan rate of 50 mV-s™ and SWV operated with a step potential of
2 mV, pulse amplitude of 50 mV and frequency of 25 Hz.

2.1.4. Biosensor Preparation

The AuSPEs were firstly washed with pure water, followed by ethanol and
acetone, the procedure was repeated three times. Then, the chips were dried under a
nitrogen flow.

The electrochemical cleaning of the electrode surface before modification was
performed by using CV technique in 0.1 mol-L? sulfuric acid (H.SOs) solution. A 60 pL
drop of this solution was placed on top of the chip covering all the three electrodes. CV
cycles were performed between 0 to 1.15 V, at a scan rate of 0.1 V-s?, until the
voltammogram was stable, which took approximately ten cycles. After the
electrochemical cleaning, the AuSPEs were washed with pure water and dried under
nitrogen flow. This procedure was repeated after each surface modification step and
electrochemical measurement .

As stated before, bovine serum albumin (BSA) was used as template molecule
in our preliminary studies for optimization of the biosensor preparation procedures.
Furthermore, SAM approach was used in this work for template protein immobilization
and to control non-specific adsorption at the electrode surface. SAMs of hexane-1-thiol
(HT) and 8-amino-octane-1-thiol (AOT) were deposited at the working electrode surface
for effective template protein immobilization at electrode surface prior to molecular
imprinting, while 6-sulfhydryl-hexane-1-ol (MCH) was used for reduction of non-specific
adsorption after target protein electropolymerization at the electrode surface.

A non-imprinted polymer (NIP) was also prepared on the AuSPEs, with the
purpose to provide a reference system not capable of recognizing the target protein
through specific adsorption, since specific binding sites could not be created in the
absence of target protein immobilized on the surface when monomer
electropolymerization occurs. The MIP-based sensor surface was prepared according to

the procedure schematically represented in Fig. 2.2, and includes the following steps:
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A — Incubation overnight of the working electrode with a 15 yL drop of a
1 mmol-L* thiol solution.

B — Incubation for 2 hours of the working electrode covered with the pre-formed
SAM with a 15 pL drop of a 500 umol-L** BSA solution.

C/D — Electropolymerization of 3-aminophenol (APh), using CV technique, after
covering the electrode surface with a 60 pL drop of a 500 umol-L* Aph solution in PBS.
The CV was performed by cycling potential from -0.2 V to 0.65 V, at a scan rate of
0.1 V-s1. The number of cycles performed was optimized in order to control the
polymerized film thickness.

E — Incubation for 2 hours of AUSPE surface with a 60 pL drop of a 1 mmol-L*
MCH solution.

F — Immersion overnight of the AuSPE in a 25 mmol-L*? acidic SDS solution,
prepared in ABS.

Before each modification step, the electrochemical surface characterization was
performed using CV and SWV technigues and the ferrocyanide/ferricyanide redox

couple as reporting system.
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Figure 2.2 - Methodology used for the preparation of MIP sensor surfaces: (A) Thiol SAM formation overnight. (B) BSA
deposition for 2 hours. (C-D) Creation of the specific binding sites by electropolymerization of the APh using CV technique.
(E) MCH incubation for 2 hours. (F) BSA extraction from the polymeric matrix with SDS overnight. A non-imprinted polymer
(NIP) acting as control was also prepared using the same techniques as the MIP, except for step (B) in which the

incubation was made with PBS instead of BSA.
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2.1.5. Analytical performance of the sensor

Prior to the detection studies, the sensor surface was incubated with PBS
(without BSA) for 2 minutes and washed with pure water, followed by electrochemical
measurements in the presence of 5 mmol-L* ferrocyanide/ferricyanide redox couple, in
order to collect the system baseline (MIP and NIP). This procedure was repeated until
stable baselines were obtained (variation of the peak intensity is almost null) and avoid
signal variation due to buffer solution components.

After evaluation of the sensor stability and collect the baseline, the electrode
surface was incubated for 30 minutes with the standard BSA solution with increasing
concentration of target protein (from 1 nmol-L? to 100 pmol-L?), followed by surface
washing with pure water. Then, SWV measurements in the presence of the
ferrocyanide/ferricyanide redox couple were performed over the sensor surfaces (MIP
and NIP electrodes) after the incubation step. The peak current intensity obtained by
SWYV (using NOVA software data treatment tools) was represented as a function of the
logarithm of the BSA concentration. From the obtained calibration curve, the limit of

detection (LOD) of the sensor was estimated.
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This work was developed in two distinct phases: (i) firstly, the experimental
conditions for the preparation of the biosensor were optimized, followed by (ii) evaluation
of the biosensor performance.

Since the surface modification procedures and protein detection were monitored
by indirect electrochemical measurements in the presence of a suitable redox probe, it
is important to evaluate the stability of redox probe signals at a bare AUSPE surface, in

order to obtain accurate and reproducible results.

3.1. Redox Probe Selection

One of the simplest and cost-effective approaches for detection of biomolecules
using electrochemical biosensing devices is to monitor the permeability of a low
molecular weight redox probe through the MIP film. Therefore, it's fundamental for the
successful performance of electrochemical biosensors that the chosen biocompatible
redox probe can provide a stable and reproducible response.

Although the ferrocyanide/ferricyanide redox couple has been extensively used
as reporting system in electrochemical biosensors for detection of cancer biomarkers
[1-3], some issues related to this reporting system have been described in literature [4],
namely: (i) poisoning of the gold electrode surface due to the irreversible adsorption of
redox species and/or secondary products; (ii) decompaosition of the redox probe in the
presence of chloride ions and; (iii) thiol instability in the presence of the
ferrocyanide/ferricyanide redox couple.

In this work, the signal stability of three diffusional redox systems,
ferrocyanide/ferricyanide  redox couple, hexaammineruthenium (HAR) and
ferrocenedimethanol (FDM), was studied at the bare AUSPE surface using
electrochemical techniques and electrochemistry combined-surface plasmon resonance
(eSPR).

CV and SWV were selected for the studies since they are two routinely used
techniques in the electroanalysis studies, while eSPR technique can evaluate the
possible formation of redox probe complexes (and/or secondary products) at the gold
electrode surface.

The redox probe signal stability was evaluated under two electrochemical

conditions, by performing (i) 10 repetitive SWV measurements over the same electrode
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surface or (ii)) 10 measurements consisting of three CV cycles followed by SWV
measurement (CV+SWV).

The results of this study were recently published earlier this year in a research
paper by Ribeiro et al. [47] (see Annex 1).

Briefly, based on the results obtained for each reporting systems we were able
to conclude that acceptable signal variability over repetitive measurements was obtained
at the bare AuSPE surface, with FDM being the exception, (see Fig. 3 of the publication),
meaning that no significant irreversible adsorption of redox species occurs at the
electrode surface under the conditions tested. The redox probe lpeakswy) Signal variability
relatively to the initial value was inferior to 13% and the relative standard deviation (RSD)
values were inferior to 5% for all the redox probes tested, with the exception of the FDM
redox probe, that presents a RSD of 8.9% when CV+SWYV was performed (meaning that
CV technique should be avoid for this probe at the AUSPE surface). Moreover, although
a stable response was observed for HAR at the bare AUSPE surface, an undesired drift
of the potential over repeated measurements occurred (see Fig. S3 and Fig. S4 in
Supporting Information of the publication, Annex 1). Thus, considering the above-
mentioned results, the ferrocyanide/ferricyanide couple was chosen as redox reporting
system in this work.

In the published work, a simple methodology based on SWV technique was used
to obtain information about the diffusional behaviour of the redox probes studied before
and after AUSPE surface modification with an AOT SAM and an electropolymerized film
of poly(3-aminophenol) (see Fig. 4A of the publication). The continuous decrease of the
variation of the amplitude-normalized peak current in SWV (lpeaksww/AE,) vs. the pulse
amplitude (AEy) for the ferrocyanide/ferricyanide redox couple indicated that reversible
diffusion behaviour is maintained after surface modification with AOT SAM and poly(3-
aminophenol), two modification steps used in this work to build the MIP film.

Some experimental details related to the use of redox probes on AUSPEs were
also considered in this work, namely: (i) use of a chloride-free electrolyte (to avoid
potential drift and/or the formation of secondary products at the electrode surface);
(i) use of solutions at low concentration levels of redox couple (between 1 and
5 mmol-L?), while keeping the solution protected from daylight and (i) minimization of
the number of electrochemical measurements, incubation time, measurement time and
potential limits.

Thus, CV and SWV techniques, in the presence of ferrocyanide/ferricyanide
redox couple, were selected in this work to monitor the surface modification procedures.

To perform the biosensing studies, SWV was chosen since it performs the
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measurements rapidly (low incubation times) with high sensitivity. Besides, SWV allows
to obtain a better peak resolution comparing to CV (similar to a chromatographic peak)
which is an advantage when performing quantification studies, allowing simple and easy

collection of analytical data.

3.2. Biosensor Preparation

Various parameters were considered during the optimization of the biosensor
preparation, namely the selection of the thiol used for the template protein
immobilization, the experimental parameters concerning the electropolymerization of

3-aminophenol monomer, and the protein extraction.

3.2.1. Thiol selection for immobilization of the template

As stated before, SAM approach was used for immobilization of the template
protein at the AuSPE surface since the strong chemisorption of the sulfur atoms of the
thiol to the gold electrode surface (covalent bond) [5] can provide a stable organic layer
to support the protein (avoiding its denaturation).

In this work, two thiols, 8-amino-octane-1-thiol (AOT) and hexane-1-thiol (HT),
where chosen for the formation of a SAM on the AuSPE substrates AOT presents an
hydrophilic nature due to the terminal amino group while HT presents hydrophobic
terminal groups (-CHs). A 1.0 mmol-L** agueous solution of AOT and 1.0 mmol-L*
solution of HT, dissolved in DMSO, were used for adsorption of the thiol on the working
electrode (10 pL drop) overnight. The chips were left on a glass container to prevent
solution evaporation.

Then, the SAM modified surface was incubated with a 500 umol-L* BSA solution
(in 0.1 mol-Lt PBS at pH 7.4) for 2 hours for immobilization of the template protein.

CV and SWV measurements were performed to evaluate the preparation of the
SAM surfaces and the template immobilization. The typical SWV voltammograms
recorded are shown in Fig. 3.1. As can be seen in the figure, after incubating the clean
AUSPEs working area with the thiol solutions, a decrease of the peak current intensity
was observed due to the increased difficulty of the redox couple to reach the electrode
surface after SAM deposition, therefore, confirming the successful preparation of both,
AOT and HT, SAM surfaces. Furthermore, an additional decrease of the peak current

intensity was observed after incubation of the surface with the protein solution, revealing
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that BSA can be adsorbed in SAMs having different terminal groups through hydrophilic
or hydrophobic interactions.

The typical CVs obtained under the same experimental conditions were also
collected, however, the differences in peak current intensity after the SAM deposition
(and immobilization of BSA) were not so perceptible as in SWV and the data was nhot
presented for discussion ( CVs obtained can be consulted in Annex 2).
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Figure 3.1 — Typical SWVs obtained at the AUSPE surface, in the presence of a 5 mmol-L™ redox probe solution, (black)
before and (red) after surface modification with SAMs of (left) AOT and (right) HT, following by (blue) BSA immobilization.

Considering the repetitive modification experiements made on the AuSPEs, the
mean values obtained for the redox probe peak current intensity are presented in
Fig. 3.2. Data obtained allowed to conclude that both thiols monolayers, AOT and HT,
were successfully formed at the chip surface. The similar SAM blockage to the redox
probe can be explained by the similar length of the thiols carbon chains (C8 and C6, for
AOT and HT, respectively). Higher chain length thiols were not selected to build the SAM
monolayer in this work in order to prevent excessive redox probe blocking that could
compromise the electrochemical response.

Moreover, HT SAM allowed the adsorption of a slightly higher amount of BSA
than AOT. However, the difference is not significant since it is less than 10%.
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Figure 3.2 - Mean values of SWV peak current intensity obtained at the (black) bare AuSPE, (red) SAM/AUSPE, and
(blue) BSA/SAM/AUSPE. The error bars were obtained from 3 independent repetitions of the experiment.

SPR experiments were performed in collaboration with the investigation group in
order to obtain more information about BSA adsorption on SAM surfaces (see annex 3).
The SPR results supported the electrochemical data obtained, showing that AOT and
HT monolayers can immobilize similar amounts of protein (although a slight advantage
was observed for HT). Furthermore, the SPR measurements allow to conclude that the
protein immobilization at the SAM surface is reversible, since extraction with acidic SDS
solution resulted on a decrease of the measured angle to the initial baseline values,
meaning that the protein immobilized on the SAM was extracted. On other hand, the
SPR results also allowed to conclude that for BSA concentrations above 250 pmol-L?,
the SPR angle didn’t show significant variations. The optimal BSA solution concentration
chosen was of 500 pmol-L? to assure maximal immobilization of protein at the SAM
surface.

Since both, AOT and HT, SAMs allowed the immaobilization of similar amounts of
BSA, the toxicity of each compound and its solubility in water was also considered. HT
was only soluble in DMSO and is severely hazardous (e.g., harmful when swallowed,
toxic if inhaled) [48]. Thus, AOT thiol was chosen for BSA immobilization without

compromising the amount of protein bound to the electrode surface.
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3.2.2. MIP Preparation by Electropolymerization

After the immobilization of the template protein, the 3-aminophenol monomer was
selected for the electropolymerization process, using CV technique, in other to create

the specific binding sites.

3.2.2.1. Electropolymerization of 3-aminophenol

As stated before, the MIP film was prepared by using an electrochemical
technique. Fig. 3.3a shows the typical CV profile for the electropolymerization of a
3-aminophenol (APh) monomer (C = 500 pumol-L?, 0.1 mol-L'! PBS at pH 7.4) on a bare
AUSPE surface. Three CV cycles were recorded using a potential window between
-0.3 and 0.75 V at a scan rate of 100 mV-s™,

As can be seen in the figure, the (irreversible) oxidation of 3-aminophenol
monomer occurs near the positive end of the potential window (at ~0.39 V) and
corresponds to the loss of one electron from the nitrogen atom lone pair, allowing the
formation of a non-conductive polymer film at the electrode surface [8-10]. The proposed
mechanism for electropolymerization of poly(3-aminophenol) is schematically
represented in Fig. 3.3b. The decrease of the peak current intensity between each cycle
is justified by the increasing blocking effect to monomer diffusion caused by the growing

polymer film at the electrode surface [10].
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Figure 3.3 — (a) Typical CV voltammogram obtained for the electropolymerization of a 500 pmol-L™* 3-aminophenol
monomer solution (prepared in 0.1 mol-L* PBS at pH 7.4) on a bare AuSPE surface. Number of cycles: 3; scan rate: 100
mV-s?. (b) Proposed mechanism for the electropolymerization of 3-aminophenol. Adapted from [49].
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3.2.2.2. Protein extraction

In this work, the extraction of the template protein was attempted by using a basic
solution (0.1 mol-L** NaOH) or buffer solutions (at pH 7.4 and pH 4.0) containing SDS
at a concentration of 25 mmol-L™2.

Studies were performed firstly on the NIP surface to evaluate SAM and polymer
stability in the presence of extraction solutions. From the preliminary experiments
performed, it was possible to conclude that NaOH partially destroyed the NIP surface,
either by attacking the polymer and/or the thiol monolayer. On the other hand, the two
SDS solutions at different pH values tested revealed to maintain surface integrity (see
annex 4).

The experiments performed on the MIP surface revealed that the acidic SDS
solution induces a greater protein extraction from the polymer matrix than the neutral
SDS solution. This phenomenon is probably related with the change in native protein
conformation when pH changes to acidic values. BSA isoelectric point is between 4.5
and 5.0 [1], meaning it is negatively charged under physiological conditions. At pH 4.0,
the protein becomes positively charged due to the protonation of amine groups, resulting
in the change in protein conformation inside the binding sites due to electrostatic
repulsion, thus, facilitating the protein extraction. Furthermore, it becomes easier for the
negatively charged SDS micelles to be around the protein and contributes to protein
unfolding [50].

Moreover, the 3-aminophenol monomer has a pKa value of 4.37 [51], thus, being
neutral under physiological conditions. However, during the extraction process, the
medium pH changed to values bellow its pK, and the amino functional groups at the
polymeric film become protonated. This change in polymer charge, associated to the
protonation of the amino groups of BSA, is expected to cause electrostatic repulsions
between the protein and the polymeric matrix, making the extraction of the template
protein easier.

In this work, the effective extraction of BSA was achieved by incubating the chips
overnight with a 25 mmol-L* SDS prepared in 0.1 mol-L™* ABS at pH 4.0.

3.2.2.3. Thickness of the MIP film

The thickness of the electropolymerized film should, in theory, match the template
protein size to increase the performance of the prepared biosensor, since films too thin
can lead poor imprinting (lack of selectivity) while films too thick can compromise protein

extraction of the MIP matrix (lack of sensitivity) [15].
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Various parameters, such as the number of cycles performed, or the potential
scan rate chosen for the CV electropolymerization, can influence the thickness of the
electropolymerized MIP film [15].

In this work, the optimization of the thickness of the electropolymerized
3-aminophenol film was controlled by the number of cycles (1, 2 and 4 cycles) performed
during CV electropolymerization, while keeping the scan rate constant (at 100 mV-s?).

The typical CV voltammograms for the electropolymerization of 3-aminophenol
monomer obtained for both systems,MIP and NIP, are presented in Fig. 3.4. Two CV
cycles were performed at the AOT SAM/AUSPE surface. The similar CV voltammograms
for the electropolymerization using one and four CV cycles are represented in
annex 5. As can be seen in the figure, a lower peak current intensity due to monomer
oxidation was obtained at the MIP surface relatively to the NIP surface, which is due to
the BSA immobilized at the SAM surface that caused an additional diffusional barrier to
monomer oxidation at the electrode surface [1].
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Figure 3.4 — Typical CV voltammograms obtained for of electropolymerization of 3-aminophenol monomer solution
(C =500 pumol.L?, in 0.1 mol-L™* PBS at pH 7.4) at the (black) NIP and (red) MIP surfaces. Number of cycles: 2, scan rate:
100 mV-s™.

Furthermore, the step-by-step preparation of the biosensor was monitored by
electrochemical techniques. The recorded SWVs are shown in Fig. 3.5 for both, NIP
(Fig. 3.5a) and MIP (Fig. 3.5b) systems. The results obtained for two CV cycles of
monomer electropolymerization we selected for discussion. A resume of the results

obtained at the MIP surface for one, two and four CV cycles is shown in Fig. 3.6.
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As expected, the AOT thiol deposition caused similar blocking to the redox probe
diffusion for both, MIP and NIP, systems. Then, the chip surface was incubated for 2
hours with a BSA solution (C=500 umol-L?, in 0.1 mol-L! PBS at pH 7.4) and a decrease
of redox probe signal was observed for the MIP system (see Fig. 3.5b) due to the
successful immobilization of BSA at the SAM surface that caused an additional barrier
to probe diffusion. By opposition, the peak current intensity remained constant for the
NIP surface (see Fig 3.5a) since it was incubated with the pure buffer solution (without
template protein). After the electropolymerization (EP) of 3-aminophenol monomer, the
decrease of the redox probe signal confirmed the successful deposition of the polymer
film in both surfaces. In the last step, the chips were incubated with extraction solution.
For the MIP system an increase of the redox probe peak current was observed, meaning
that it was easier for the probe molecules to reach the electrode surface, therefore,
proving that protein extraction has occurred and the empty binding sites are ready for
rebinding. On the other hand, the NIP system presented a decrease of the redox probe
signal. This phenomenon was probably due to remaining SDS and/or buffer molecules
strongly adsorbed to the electrode surface (or within the polymer matrix) after surface

wash that blocked the diffusion of the redox probe to the electrode surface.
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Figure 3.5 — Typical SWVs, obtained in the presence of a 5 mmol-L redox probe solution, after step-by-step modification
of the AuSPE surface to build the (a) MIP and (b) NIP surfaces. The NIP surface was built by incubation of the sensor
surface with PBS (instead of BSA), prior to electropolymerization (EP) process (number of scans: 2, scan rate:
100 mV-s?).
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To summarize the results obtained for the optimization of the thickness of the
MIP film, the mean peak current values collected for one, two and four CV cycles during
electropolymerization (EP) of the monomer, followed by protein extraction, are presented
on Fig. 3.6. As can be seen, due to unexpected circumstances, we couldn’t perform the
repetition of the experiments for confirmation of the results obtained (error bars are
missing for two and four CV cycles).

Even so, based on preliminary results obtained, we can conclude that four CV
cycles electropolymerization caused the higher passivation on the electrode surface and
limited the amount of protein extracted probably due to the higher thickness of the MIP
film, leading to less formation of binding sites at the electrode surface.,

The use of one or two CV cycles for electropolymerization of 3-aminophenol
monomer seemed to be more promising for biosensing applications. Therefore, it's
possible to theorize that a thinner MIP film, probably matching the protein size, allowed
an easier extraction of template protein, and the formation of more binding sites at the
electrode surface to achieve higher sensitivity. rebinding studies performed using one

CV cycle for monomer electropolymerization were performed in this work.
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Figure 3.6 - Mean values of SWV peak current intensity, obtained in the presence of a 5 mmol-L™ redox probe solution,
obtained for one, two and four CV cycles during (green) electropolymerization (EP) of the monomer, followed by
(magenta) protein extraction using an acidic SDS solution. For comparison, the values obtained at the (black) bare
AUSPE,(red) SAM/AUSPE, and (blue) BSA/SAM/AUSPE, surfaces were included in the figure . The error bars were
obtained from 3 independent repetitions of the experiment.
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3.3. Quantification Studies

The extraction of the target protein from the MIP matrix creates a path for the
redox couple to pass through, resulting on a readable electrochemical signal [16]. In a
similar way, when the pathway is blocked by the rebinding of the target molecule, a
decrease of the signal occurs due to the decrease of redox couple concentration at the
electrode surface [16].

In order to evaluate the performance of the prepared MIP biosensor for the
detection of BSA, protein rebinding studies were performed. After collection of the
system baselines, MIP (and NIP) surfaces were incubated for 30 minutes with the binding
buffer (0.1 mol-L* PBS at pH 7.4), containing increasing concentrations of BSA (from 1
nmol-L* to 100 pmol-L?), following by surface wash with water. Then, SWV
measurements were performed in the presence of the redox probe.

In this work, the collection of the biosensor baseline presented some unexpected
difficulties, due to instability of the baselines collected when the chip surface was
incubated with PBS only. The typical SWVs collected after repetitive incubation of the
sensor surface with PBS, for both, MIP and NIP, systems, is shown in Fig A6.1
(Annex 6). A continuous decrease of the redox probe peak current was observed for
both, NIP and MIP, systems, therefore, it is possible to conclude that the baseline
instability observed is not related with remaining BSA molecules within the polymer
matrix. This phenomenon is probably due to the adsorption and/or interaction of buffer
molecules with the electropolymerized film and AuSPE surface, until the equilibrium is
reached, and stable baselines are recorded. Thus, in this work a surface stabilization
protocol was adopted before the detection studies. The biosensor surface was
repetitively incubated with PBS buffer (without BSA) for 5 minutes, followed by SWV
measurements, until a reproducible electrochemical response was obtained (baseline
stabilization takes about 6 to 7 incubations with PBS, see Fig. A6.1, Annex 6).

After the baseline collection, the sensor surface was incubated with BSA
standards to build the calibration curve. The obtained SWVs at the MIP and NIP surfaces
are represented on Fig. 3.7.

As can be seen in the figure, a decrease of the redox couple peak current
intensity with increasing BSA concentrations was observed for the MIP biosensor,
meaning that a successful rebinding of the template protein occurred. However, the
results obtained at the NIP surface revealed that non-specific adsorption of protein
occurred, also inducing a decrease in the peak current, indicating that this (undesired)

type of adsorption plays a relevant contribution for BSA adsorption on the MIP surface.
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As stated before, the discussion was based on preliminary data obtained and repetition

of the experiments was necessary to increase the confidence of the results obtained.
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Figure 3.7 — Typical SWVs, obtained in the presence of a 5 mmol-L* redox probe solution, after incubation of the (left)
NIP and (right) MIP surfaces , solutions with increasing concentration of BSA.

The peak current intensity collected from the SWVs was then represented as a

function of the logarithm of the BSA concentration, in order to obtain a calibration curve,
as shown in Fig. 3.8, for the NIP and MIP surfaces.
From the calibration plots obtained, we can conclude that the MIP biosensor showed a
wider working range (and better linearity, R?=0.981) than the NIP biosensor for
concentration values ranging from 0.01 to 100 umol-L*. Also, a limit of detection (LOD)
bellow 0.01 pmol-L* was obtained, calculated according to the IUPAC recommendations
for ion selective electrodes, where log(C) is used [52]. However, the sensitivity obtained
for the NIP film was close to that of the MIP film, meaning that, certainly, the response
of the MIP biosensor to BSA was not only due to the imprinted binding sites presented
in the MIP film surface, but also through non-specific adsorption of the protein at the
sensor surface [13].

To overcome the limitations imposed by the non-specific adsorption, the
deposition of a small hydrophilic thiol, such as MCH, after the electropolymerization of

the template protein, was considered in this work to block the non-specific adsorption of
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the proteins to unoccupied sites at the sensor surface. SPR studies were already
performed (see Annex 3), allowing to conclude that BSA had a smaller tendency to
adsorb on this hydrophilic thiol, due to the -OH functional groups [53, 54]. Also, a non-

specific binding buffer (such as PBS, containing Tween 20) should be used to wash the

sensor surface and remove loosely bound protein before SWV measurements.
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Figure 3.8 — Plot of peak current intensity (Ip) versus the logarithmic concentration of BSA obtained at the (red) MIP and
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4. Conclusions and Future Work
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In this work, artificial antibodies were built by using molecular imprinting (MI)
technology aiming to develop a new electrochemical sensor device for detection of
cancer biomarkers in PoC. Gold screen-printed electrodes (AuUSPEs) were used as
transducers, since their small size (portability), disposability and low production cost
allows their application in clinical diagnosis context

Most of the results presented in this work are relative to the optimization of
experimental procedures for preparation of the MIP film at the chip surface. The overall
process incorporates the following steps: first, the adsorption of an
8-amino-octane-1-thiol (AOT) self-assembled monolayer (SAM) on the electrode
working area allowed the immobilization of template biomolecules at the electrode
surface. BSA was used as template protein in these studies. Then, the specific binding
sites were created by CV electropolymerization of 3-aminophenol monomer in the
presence of the template, giving origin to a poly(3-aminophenol) thin film containing the
protein physically entrapped. Finally, target biomolecules were removed from the
polymeric matrix and the resulting MIP film recognizes and selectively binds to the
template molecules during the rebinding studies.

The preparation of the biosensor and the quantification studies were performed
by using electrochemical techniques, namely CV and SWV, in the presence of a suitable
reporting system. The signal stability provided by three common redox probes
(ferrocyanide/ferricyanide, HAR and FDM) was evaluated at the bare AUSPE surface.
These studies allowed to conclude that the most appropriate reporting system was the
ferrocyanide/ferricyanide redox couple. SWV technique was selected for the detection
studies due to its high sensitivity and rapid time of analysis.

For effective immobilization of template molecules at the electrode surface (and
avoid protein denaturation) prior to the electropolymerization process, SAMs of AOT and
hexane-1-thiol (HT) were built at the AuSPE surface by incubation of the working
electrode with the thiol solution overnight. From the electrochemical and SPR data
collected, it was observed that both thiols allowed the immobilization of similar amounts
of target protein (difference inferior to 10%) AOT was selected due to its advantages
from the experimental point of view. In addition, the SPR results allowed to estimate the
optimal concentration of target protein for the imprinting process. The use of an excess
BSA concentration of 500 pmol-L* allowed to achieve maximum binding capacity at the
SAM surface.
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For the preparation of the MIP film, an electropolymerization procedure using CV
technique was chosen, allowing simple and fast polymerization procedures (without the
need of reaction initiators), and giving origin to stable films at the transducer surface.

After the electropolymerization, the extraction of template protein was performed.
From the extraction procedures tested, the incubation of the MIP surface with a SDS
solution, prepared in acetate buffer (pH 4.0), provided the most effective approach for
protein extraction from the polymer network.

The thickness of the polymer was easily controlled by selecting the number of CV
cycles performed during the electropolymerization. One, two and four cycles were tested
aiming to study the effect of the film thickness on the biosensor performance. From the
preliminary results obtained, the use of one (or two) CV cycles presented the more
promising results, since the film obtained by performing four CV cycles seems to be very
thick, compromising the template extraction, and consequently, the formation of the
specific binding sites at the electrode surface.

Moreover, a preliminary quantification study was performed using a MIP
biosensor, prepared using one CV cycle during electropolymerization. Firstly, the MIP
surface was stabilized by successive incubations with PBS (without containing BSA) for
5 minutes, followed by SWV measurements until a reproducible response was obtained.
Then, rebinding studies were performed by incubating the MIP receptor film with BSA
standard solutions in order to build the calibration curve. The MIP biosensor presented
a linear response from 0.01 to 100 pmol-L* and a LOD bellow 0.01 pmol-L'! was
estimated. However, the sensitivity obtained by both surfaces, NIP and MIP, were very
similar, meaning that non-specific interactions are affecting the analytical system.
However, due to unexpected circumstances, the laboratorial work was interrupted, and
the optimization of experimental conditions related to the biosensor preparation was not
concluded. Even though that the work done only covers the preliminary steps of the
defined plan, fundamental issues related to the optimization of a biosensor for BSA
detection were successfully achieved in this work, namely: (i) the electrochemical
techniques and the redox probe chosen as reporting system; (ii) the procedures used for
template protein immobilization at the electrode surface and for monomer
electropolymerization were successfully implemented in this work to increase the
biosensor performance and; (iii) the methodology chosen for protein extraction from the
polymeric matrix succeeded to achieved the desired results.

Thus, to achieve the goals proposed in this work, the following future work should

be performed, namely:



(i)

(ii)

(iii)
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conclude the film thickness optimization studies by performing replicate
experiments for two and four CV cycles of electropolymerization process,
in order to confirm the preliminary results obtained.

optimize the surface chemistry procedures, in order to minimize
non-specific binding to the MIP surface. Thus, the deposition of a small
hydrophilic thiol, such as MCH, after electropolymerization should be
included in the MIP preparation protocol aiming to reduce the non-specific
adsorption of BSA to unoccupied sites at the sensor surface. Also, a
non-specific binding buffer (such as PBS, containing Tween 20) should
be used to wash the sensor surface and remove loosely bound protein
before SWV measurements.

after the optimization of the overall process to build the plastic antibodies
for detection of BSA, the know-how acquired from the work performed
should be transposed for the detection of cancer biomarkers (using these
proteins as template biomolecules). The prostate cancer biomarker PSA
presents a size and molecular weight similar to BSA, and, therefore, it
seems to be a good candidate to apply developed detection approach.
Quantification studies of PSA should be performed initially in buffer

solution and then, in serum samples spiked with the cancer biomarker.
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Electrochemical Characterization of Redox Probes at Gold
Screen-Printed Electrodes: Efforts towards Signal Stability

José A. Ribeiro,* Elisa Silva, Patricia S. Moreira, and Carlos M. Pereira*®

In this work, three universally used redox probes in ampero-
metric biosensing devices, [Fe(CN)sJ> /[Fe(CN)s]* , Rul(NH,)s]* ',
and ferrocenedimethanol (FDM), were selected to evaluate the
stability of electrochemical signals provide by the reporting
systems. Studies were carried out at disposable gold screen-
printed electrode (AuSPE) biosensing platforms, commonly
used for screening chemical and biological relevant biomole-
cules. Firstly, electrochemical combined-surface plasmon reso-
nance (eSPR) studies were performed to evaluated adsorption

Finally, a methodology based on SWV technique was applied
to modified electrodes to provide a simple and easy tool to
ensure diffusion controlled permeability of probes thorough
the films to electrode surface.

Introduction

Electrochemical methods are a powerful approach for the
sensitive screening of clinically and environmental relevant
biomolecules, including proteins and nucleic acids."’ Biorecog-
nition elements currently used in the construction of sensor
platforms are very diverse and includes antibodies, enzymes,
nucleic acids, aptamers, among others.”*” Also, the use of
molecularly imprinted polymers (MIP) to mimic the binding
sites of target biomolecule is currently a widespread approach
to develop new biosensing devices with high selectivity toward
a particular analyte*® Moreover, the use of (low cost)
disposable screen-printed electrodes (SPE) is very attractive for
electroanalysis since it offers easy handling, low sample volume
requirement and possibility of mass production and miniatur-
ization of detection devices (portability), which can be partic-
ularly useful for the fast, simple and sensitive determination of
environmental  pollutants,””  pathogens® or biological
markers,” in Point-of-Care (PoC).

Most of the electrochemical approaches with amperometric
readout employed for detection of non-redox-active biomole-
cules are based on the permeability of a selected diffusional
redox probe through the thin films covering the electrode
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reversibility and/or formation of redox probe complexes at the
bare gold surface when routinely used electrochemical techni-
ques, namely cyclic voltammetry (CV) and square-wave voltam-
metry (SWV), are recorded. Then, the results obtained were
compared with those obtained at the AuSPE under the same
electrochemical conditions. Based on our findings, best exper-
imental conditions, including the type of electrochemical
technique used, are speculated for each reporting system in
order to improve the analytical signal stability.

surface.” Thus, while SPR, QCM, among other techniques, can
be easily applied, the successful application of amperometric
devices depend strongly on several experimental parameters,
such as composition and ionic strength of electrolyte and redox
probes used. In this context, the redox probe used has to fulfill
a number of requirements, including stability of the oxidized/
reduced states, good biocompatibility and, more importantly,
no irreversible deposition or corrosion of the electrodes should
occur.”

In our laboratory, a ferrocyanide/ferricyanide solution was
selected to monitor the surface modification of a gold SPE
(AUSPE) and, sometimes, serious experimental problems were
observed. Namely, when electrochemical measurements in the
presence of redox probe solution were performed at bare chips
prior to modification, the subsequent electropolymerization of
thionine at the electrode surface was compromised when
compared with gold chips without previous incubation with
ferrocyanide/ferricyanide solution (see Figure S1, Sl). After a
careful search through the literature dealing with the topic, we
found out some recent works reporting some drawbacks
associated to the use of the redox probe. EIS studies suggested
great care or recommended not to use ferrocyanide/ferricya-
nide redox couple in combination with gold electrodes for
several reasons, namely: (1) interaction of ferrocyanides with
gold leads to the formation of polymeric complexes at the
electrode surface;'®'" (2) the presence of unbound cyanide
ions (CN"), which are released from the ferrocyanide/ferricya-
nide redox probe due to decomposition by UV irradiation, can
cause permanent damage of gold surface;""'? (3) chloride ions
composing the PBS may adsorb onto the gold electrode and
alter the kinetics of the redox system' and; (4) instability of
thiol monolayers at the gold surface due to reaction with [Fe
(CN)sJ>*~ redox couple."™ In addition, some limitations were
also associated to SPEs,” such as: (1) possible damage of the
electrode surface when very harsh conditions are used (like
highly acidic/basic solutions, chaotropic agents, proteases, etc.);

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(2) several assays need to be performed to obtain reliable data
(lack of stability) and; (3) experienced personnel is often
required to conduct the measurements to avoid misinter-
pretation of data collected.

Although some concerns about the use of ferrocyanide/
ferricyanide redox species when performing ESI technique at
gold surfaces have been expressed by some research groups,
very little is known about the behavior of the redox couple or
other redox probes commonly used by electrochemists (such
as hexaammineruthenium), when other electrochemical techni-
ques are used for analytical purposes, such as cyclic voltamme-
try (CV) or pulse techniques. Thus, in this work, efforts were
made to bring new insights about stability of redox probe
signals, contributing to avoid erroneous results, and aiming to
increase the repeatability of the measurements. Three redox
probes were tested, the routinely used ferrocyanide/ferricya-
nide redox couple, the positively charged hexaammineruthe-
nium (HAR) and the water soluble ferrocene dimethanol (FDM).
Due to the distinctive features and widespread use in
biosensing studies, AuSPEs were used as sensor platforms in
this work. The redox probe profiles and possible biosensing
applications are shown in Scheme 1.

To achieve our goal, electrochemistry combined-SPR (eSPR)
measurements were conducted in first place to study the effect
of incubation times and type of electrochemical techniques

Thiolated
sequence

Target oligo-
nucleotide

[Fe(CN)GI*™  [Fe(CN)g]~ + e

Ut

-~

-

performed on probe adsorption reversibility and/or formation
of secondary products at the bare gold surface. CV and square
wave voltammetry (SWV) were selected for the studies and two
electrochemical conditions were tested: (1) three CV cycles
were recorded followed by a SWV measurement (CV + SWV) or
(2) a single SWV voltammogram was recorded (without
previous CV cycles). Then, the stability of electrochemical redox
probe signals was evaluated and compared for three redox
probes studied by performing repetitive electrochemical meas-
urements over the same bare AuSPE in order to achieve best
experimental conditions for stable electrochemical response.

Results and Discussion

It is known that several factors can influence the performance
and stability of amperometric biosensors,'? such as appropriate
electrode surface cleaning protocols, electrolytes and redox
probes used, incubation times in redox couple solution, among
others. However, little is known about the adsorption behavior
of these substances in gold chips when routinely electro-
chemical techniques (such as CV or pulse techniques) are used
during the construction of the sensor platforms and detection.
Thus, we have performed eSPR investigations to study the
adsorption phenomena of the redox probes [Fe(CN)61**~, [Ru
(NH,)I** and FDM at the gold SPR substrates. The redox probes
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Scheme 1. Redox probes studied in this work at the AuSPE surface and possible applications in amperometric detection of chemical and biological relevant

biomolecules.
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were dissolved in 0.1 molL™" Na,SO, a chloride ion free
electrolyte, at a concentration level of 5mmol L', typically
used in biosensing systems. Routinely used electrochemical
techniques CV and SWV were selected for the studies.

Electrochemistry combined-SPR (eSPR) measurements at the
gold SPR surface

In an attempt to study the adsorption behavior of redox probes
at the electrode surface and its equilibrium dynamics with
incubation medium molecules, we have performed 10 succes-
sive injections of redox probe solution into the measuring
channel and electrochemical measurements at bare gold SPR
surface were performed. The real-time SPR monitoring of
adsorption of redox probes studied is shown in Figure 1. The
effect of the type and number of electrochemical measure-
ments performed over the same gold surface was evaluated by
performing (1) a single SWV measurement or (2) three CV
cycles followed by a SWV measurement (CV + SWV). For
comparison, the SPR response obtained when (3) no electro-

chemical measurements were performed was also recorded.
The incubation time was the same for the three electro-
chemical conditions tested.

Based on the sensorgrams shown in Figure 1A, we can infer
that HCF has residual adsorption on the gold surface under the
electrochemical conditions used. Even after performing 10
repeated electrochemical measurements (SWV only or CV
SWV), a small shift of the SPR angle is observed (see Figure 1D).
These results are somewhat surprising since studies reported in
the literature shows irreversible adsorption and formation of
HCF complexes at the gold surface."*'" Probably this process is
more pronounced for techniques requiring long incubation
times, such as ESI, and is not so notorious for fast CV and SWV
recording (SWV takes only few seconds and CV + SWV takes
about 1-2 minutes).

A very distinct SPR response was observed for HAR (see
Figure 1B) and FDM (see Figure 1C) redox probes. The simple
contact of the electrode surface with probe solution (no
electrochemical process occurs) induces some irreversible
adsorption of probe molecules that remains nearly constant
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Figure 1. Real-time SPR monitoring of the interaction between redox probes A) [Fe(CN):**~, B) [Ru(NH,)s*~ and C) FDM with SPR gold substrates. The

baseline was collected in 10 mmol L ' PBS, pH 7.4, for 60 s; Then, combined electrochemical measurements and SPR detection were performed after injection
of 5 mmol L ' redox probe solution into the measuring channel. After equilibration at open circuit, SWV (dashed lines, black) or 3 cycles CV followed by SWV
(solid lines, red) were recorded between —0.3 - 0.5 V (vs. Ag/AgCl) for [Fe(CN)*"*~ and FDM and between —0.65 - 0 V (vs. Ag/AgCl) for [Ru(NH,),J**. For
comparison, the SPR response obtained when (dotted lines, blue) no electrochemical measurements were performed is also shown in the figure. Finally, the
surface was washed with PBS for 120 s (return to baseline). The procedure was repeated 10 times. (D) Graphical representation of the total angle variation
obtained after 10 baselines collection under the different electrochemical conditions tested.
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during the eSPR investigation. In addition, it seems that
repeated oxidation and reduction cycles (CV + SWV) favors the
continuous accumulation of probe molecules, or related sur-
face-complexes, at the electrode surface. A total SPR angle
variation of 730 and 760 m® was obtained for FDM and HAR
(see Figure 1D), respectively, meaning that a huge amount of
material resulting from electrochemical processes is irreversibly
deposited at the gold surface. However, lower overall angle
shifts were obtained when SWV only is recorded. This is
probably due to the less extension of the electrochemical
reactions suffered by the redox probes (one scan per SWV).
Interestingly, no appreciable angle variation was obtained for
the FDM redox probe after performing repeated SWVs relatively
to the reference system, where no electrochemical measure-
ments were performed (see Figure 1D).

Since the SPR response was combined with electrochemical
measurements, the stability and reproducibility of the redox
probe electrochemical response was evaluated under the
established conditions. Figure 2 depicts the redox probe peak
current (l,e,swy) Variation obtained for the 10 SWV voltammo-
grams recorded at the gold SPR substrates.

140

After analysis of the voltammetric data collected during the
eSPR measurements, the analytical signal stability was corre-
lated with the probe adsorption reversibility at the gold
surface. In this context, from the three reporting systems
tested, HCF showed the higher signal variability (see Figure 2A).
This result was not expected since no appreciable SPR angle
variation was observed for the redox couple under the electro-
chemical conditions tested, which, in principle, should provide
high reliable data. The highest |,,swy, variation (of about 129%
of the starting value) was obtained when SWV technique only
was performed and RSD values greater than 5% were obtained
when SWV, combined or not with CV, was performed, which
indicates poor signal reproducibility.

For HAR (see Figure 2B) and FDM (see Figure 2C), the
electrochemical signal tends to decrease as the number of
repeated electrochemical measurements over the same bare
gold surface increases (CV -+ SWV) till maximum signal variation
is reached (87% for HAR and 90% for FDM). The | ..swy
continuous decrease after the 3™ and 6™ injection of HAR and
FDM probe solution, respectively, into the measuring channel.
Taking into account the eSPR studies, this effect seems to be
related to the high accumulation of redox probe species at the
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Figure 2. Graphical representation of the stability of the redox probe peak current obtained from SWV voltammograms (I, sw,) collected over the 10
repeated electrochemical measurements at the bare gold SPR surface, using SWV technique (M, black) and combined CV + SWV techniques (@, red), for the
redox probes A) [Fe(CN)g]* **, B) [Ru(NH;),"* and C) FDM. SWV voltammograms collected under the specified electrochemical conditions are represented in

Figure S2 and Figure S3, SI.
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electrode surface resulting from repeated CV + SWV measure-
ments, leading to higher peak current variability (RSD values of
4.9% and 3.1% were estimated for HAR and FDM, respectively).

Under electrochemical conditions of single SWV measure-
ment, no clear tendency of the analytical signal was observed
and higher stability was achieved for both HAR and FDM redox
probes. Lower signal variations (of 9% and 6% for HAR and
FDM, respectively) and RSD values (of 3.5% and 1.9% for HAR
and FDM, respectively) were obtained relatively to combined
CV + SWV techniques. Between the two redox probes, FDM
showed higher electrochemical signal stability than HAR,
probably due to the more pronounced HAR probe components
adsorption on the gold surface when SWV only was recorded
(see Figure 1D).

Electrochemical measurements at the AuSPEs

Redox probe analytical signal stability is a key factor to achieve
reproducible results. Although decrease of peak current
intensity after incubation steps with PBS was reported,'
inducing false sensitivities, this effect is probably related to
chloride ions composing the buffer solution that adsorbs on

gold surface. In our experiments, a chloride free buffer was
used to avoid signal drifts merely associated to incubation
steps, meaning that any apparent signal tendency should be
related to the irreversible deposition of redox probe molecules
or related compounds at the electrode surface.

The stability of redox probe signals at bare AuSPEs was
studied by SWV, combined or not with CV technique (CV+
SWV). A series of 10 repeated electrochemical measurements
were performed at the same bare chip surface followed by
surface incubation with PBS for 2 min. The electrode surface
was washed with pure water after each surface incubation step.
Based on SWV voltammograms collected under the electro-
chemical conditions tested, the peak current (I,.,swy) changes
relatively to initial value (I .. swy), inta) Obtained before surface
incubation with PBS, is show in Figure 3, for the three probes
tested.

Higher signal stability was obtained for the HCF redox
couple at the gold ink surface relatively to the thin gold films
prepared by chemical vapor deposition used in eSPR. Besides, a
random change of the SWV peak current was observed when
single SWV or combined (CV + SWV) measurements are
performed at the AuSPE (see Figure 3A). These results are
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Figure 3. Graphical representation of the stability of the redox probe SWV peak current (I....;.;su;) Over the 10 repeated electrochemical measurements
performed over the same bare AuSPE surface, using SWV technique (I, black) and combined CV + SWV techniques (@, red), for the redox probes A) [Fe
(CN)¢J*~*, B) [Ru(NH,)]** and C) FDM. SWV voltammograms collected under the specified electrochemical conditions are represented in Figure S4 and

Figure S5, SI.
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consistent with the eSPR experiments, where no significant
irreversible adsorption of redox probe solution components
was registered for both electrochemical conditions tested.
Maximum |...suy Variations relatively to initial value obtained
were of 87% when SWV technique only was used and between
103% and 91% for combined CV + SWV. Similar RSD values (of
3.8% and 3.7%) were obtained for both electrochemical
conditions tested.

Relatively to HAR (see Figure 3B), although a continuous
decrease of |y, swy Was observed in the eSPR measurements
when repetitive CV + SWV was performed, no tendency was
observed in the |...swy variation at the gold chips under both
electrochemical conditions tested. Moreover, maximum |...swy
variations of 12% and 8% and RSD values of 3.4% and 2.2%
were obtained, after performing single SWV measurement and
combined CV + SWV, respectively, revealing an apparent stable
electrochemical response at the AuSPE. Moreover, hexaammi-
neruthenium (lll) was recently reported as a viable alternative
redox probe to replace HCF in ESI studies for detection of
biomolecules at gold SPEs.”’ However, high SWV potential drift
during the assay was observed for this probe (see Figure S4
and Figure S5, S). This effect is probably related to the chloride
ions present in the probe solution, after dissolving the HAR salt,
which are supposed to interact with the screen-printed silver
pseudo-reference electrode causing the measured potential to
change." It's important to notice that no potential drift was
observed during the eSPR measurements where an Ag/AgCl
(saturated KCl) wire is used as reference electrode. Other
electrolyte solutions, such as PBS, can be tested to minimized
or overcome the potential drift.

For FDM (see Figure 3C), the combination of CV + SWV
techniques clearly affects signal stability at the electrode
surface and a continuous decrease of peak current is observed
after repetitive measurements. This effect was already observed
in the eSPR measurements, indicating electrode surface fouling
on continuous use by products from redox processes occurring
during CV. This process is more notorious at AuSPE probably
due to some effect from the surface roughness or ink
composition comparing to the smooth gold SPR surface,
leading to less reversible behavior and higher accumulation of
FDM (or related species) at the chip surface. Maximum |, swy,
decrease of 76% relatively to initial peak current while a RSD
value of 8.9% were obtained, confirming the degradation of
the electrochemical response when repetitive CV + SWV are
recorded over the same electrode surface. By opposition, when
single SWV measurement is performed, the FDM redox probe
showed the higher signal stability over the entire measurement
procedure. Maximum |,.,swy variation of 5% and a RSD value
of only 1.6% were estimated. Moreover, the water soluble
ferrocene FDM can be a very interesting alternative to the
more routinely used redox probes. His standard reversible
potential is similar to the HCF, and much higher than the
HAR"® and no chloride ions compose the probe solution.
Besides, FDM carries no charge, meaning that it can easily
permeate through highly charged layers at the electrode
surface (such as proteins, antibodies, polymers, nucleic acids,
etc.) without suffering electrostatic interactions.

ChemistrySelect 2020, 5, 1-9 Wiley Online Library

Finally, all redox probes provided adequate levels of
reproducibility of generated electrochemical signal at AuSPEs,
even when CV was performed before SWV, with the exception
of FDM, where repetitive CV cycles should avoid to maintain
signal stability.

Redox probe behavior at modified AuSPEs

In this work, simple and rapid studies, using the SWV
technique, were performed in order to gather information
about the redox probe behavior at functionalized gold surfaces.
In short, the methodology consisted in altering the SWV
amplitude at a fixed frequency of the potential modulation
(scan rate of the voltammetric experiment is maintained
constant)."” For a dissolved redox couple at a planar electrode,
if quasireversible electrode reaction occurs, a distinct maximum
is predicted for the dependence of the amplitude-normalized
net SWV peak current (l,e.su/AEsyy) versus the SWV ampli-
tude (AEgyy) while a monotonous decrease of (leasw/AEsyn)
vs. AEgy is observed for full reversibility reaction."” The studies
were performed before and after gold surface modification
with typical thin films covering the electrode surface, such as
thiolated SAMs or polymers, in order to test the applicability of
the kinetic methodology. SAMs at gold surface are typically
used as basis to attach target biomolecules (such as proteins)
or biological receptors (antibodies, enzyme, nucleic acids, etc.)
while synthetic polymers obtained by polymerization are used
to create MIP receptor surfaces for biosensing.

The variation of the amplitude-normalized peak current in
SWV (lpeasun/ AEswy) With the pulse amplitude (AEgyy) is shown
in Figure 4 for the three redox probes studied. As can be seen,
the curves obtained at bare AuSPE shows a continuous
decrease of the |, sw/AEsyy versus AEsyy for the reporting
systems under study. Moreover, SWV measurements were also
performed at the polycrystalline gold electrode surface, which
has a more stable and reproducible electrochemical response,
in order to compare the results obtained from the common
kinetic methodology (see Figure S9). The results obtained at
polycrystalline gold surface are consistent with the obtained at
gold ink surface, indicating full reversible diffusion-controlled
reaction of the redox probes tested at the gold electrode
surface.

Although thiol instability, especially in the presence of [Fe
(CN)e* *, was reported in the literature,"¥ our results indicate
a fully reversible diffusion controlled redox process at the AOT
modified surface for the three redox probes tested and no
signs of unstable modification was observed under the
experimental conditions tested. Moreover, after electropolyme-
rization of non-conductive poly(3-aminophenol) at the AuSPE
surface a reversible-diffusion limited process was observed for
the three redox probes tested. Thus, in principle, AOT/AuSPE
and poly(3-amiphenol)/AuSPE modified electrodes are suitable
for biosensing purposes using the reporting systems tested.

For the conducting poly(thionine) film on the AuSPE, the
redox makers' species showed different diffusivities. A distinct
kinetic curve profile was observed for HCF relatively to HAR
and FDM. As can be seen in Figure 4A, a well-defined maximum

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Variation of the amplitude-normalized peak current in SWV (I,..sw/AEsyy) with the pulse amplitude (AEy,) for the redox probes A) [Fe(CN),)* *, B)
[Ru(NH;)¢)*~ and C) FDM. Representative SWV voltammograms at bare AuSPE for different pulse amplitude values are represented in Figs. S6 - S8, SI.

is observed between amplitudes 70 and 110 mV indicating that
electron process is not fully reversible. Probably, electrostatic
interaction between small anions of [Fe(CN)J>**~ and the
positively charged film caused rapid adsorption of the probe
molecules within the polymeric matrix to maintain the overall
charge neutrality."® Thus, the use of HCF as redox probe when
the sensor surface is composed by a polymer layer of thionine
can compromise detection ability. By opposition, kinetic curves
obtained with HAR or FDM redox probes showed a continuous
decrease corresponding to reversible electrode reactions and
diffusion of redox probes through the polymer film to electrode
surface, making them suitable for biosensing studies using poly
(thionine).

Although the electrode surface modifications shown are
merely representative, the authors think that the methodology
based on SWV technique can provide a simple and rapid tool
to support the choice of the well-behaved reporting system in
order to obtain stable and reliable results when developing
new amperometric devices.

Conclusion

In this work, concerns related to amperometric biosensing of
non-electroactive biomolecules were considered, namely, the

ChemistrySelect 2020, 5, 1-9 Wiley Online Library

lack of stability of redox probe signals at gold SPEs under
certain conditions, which can give origin to erroneous results.
Thus, in order to evaluate the drift impact caused by the type
electrochemical technique record, eSPR and electrochemical
investigations were performed using SWV or combined CV
SWV techniques. Three routinely used reporting systems, HCF,
HAR and FDM, were tested.

The SPR results obtained indicate that, for some redox
probes, detection stability can be affected by repetitive electro-
chemical processes, which promotes the continuous surface
accumulation of redox probe species at the electrode surface.
This effect was particularly evident for HAR and FDM. By
opposition, no significant irreversible deposition of HCF at the
gold surface was observed under the electrochemical con-
ditions tested.

Acceptable signal variations were obtained during electro-
chemical investigations conducted at AuSPEs when repetitive
single SWV or combined CV + SWV measurements were
recorded, except for FDM, where repetitive CVs should be
avoided in order to obtain stable blank response. Moreover,
more stable electrochemical response was obtained for HAR
and FDM when single SWV measurement is recorded, which, in
principle should provide more reliable data.

T © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Taking into account the results obtained this work and
recommendations found in literature, the optimization of
experimental conditions seems to be critical to overcome the
lack stability posed by redox probes at AuSPEs, namely: (1)
relatively low concentration of redox probe and chloride free
electrolyte solutions should be prepared and stored in absence
of daylight; (2) minimize multiple measurements (and multiple
incubations) at the same sensor surface; (3) select appropriate
techniques to minimize detection times. In fact, SWV technique
seems to be a very good option since it offers rapid measuring
time (low incubation times), well-defined analytical peaks and
high detection sensitivity; (4) keep the potential limits as small
as possible during the electrochemical measurements. Also,
based on our findings, we have great concerns about
reusability of AuSPEs unless very effective cleaning of redox
probe species from the electrode surface can be achieved.

Finally, a simple and rapid methodology based on SWV
technique was tested at functionalized AuSPEs in order to
ensure full reversible electron reaction and diffusion-controlled
permeation of the probe molecules through the films to the
electrode surface.

Supporting Information Summary

Supporting Information includes the complete Experimental
Section, the voltammograms of thionine electropolymerization,
the SWVs collected during the eSPR studies and the variation
of the amplitude-normalized peak current in SWV with the
pulse amplitude, obtained at the polycrystalline gold electrode
surface.
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Redox probes studied in this work, at
the gold screen-printed electrode
(SPE) surface, were: [Fe(CN),]* /[Fe
(CN)*" redox couple, Ru[(NH;)s]**
and ferrocenedimethanol (FDM).
Their possible application in ampero-
metric detection of chemical and bio-
logical relevant biomolecules is also
shown. Electrochemical signal
stability provided by each reporting
system was evaluated when
routinely used electrochemical tech-
niques, namely cyclic voltammetry
(CV) and square-wave voltammetry
(SWV), are recorded.
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Experimental Section

Chemicals and solutions

The chemicals used throughout this work were: 8-amino-1-octanethiol (AOT, Dojindo
Laboratories), 3-aminophenol (98%, Sigma-Aldrich), thionine (Alfa Aesar), potassium
ferricyanide (K3[Fe(CN)s], 299.0%, Fluka), potassium ferrocyanide (K4[Fe(CN)s].3H20,
p-a., 299.5%, Fluka), hexaammineruthenium (III) chloride (HAR, 98%, Aldrich) and
1,1’-ferrocenedimeyhanol (FDM, 98%, Aldrich).

Redox probe solutions of [Fe(CN)s]*”* (HCF, 1:1), [Ru(NH3)s]*" (HAR) and FDM, at a
concentration of 5 mmo L', were prepared in 0.1 mo L' Na,SOj4 electrolyte solution.
All aqueous solutions were prepared using water purified with a Milli-Q purification

system (resistivity >18MQ cm).

Instrumentation used in the electrochemical measurements

Electrochemical data were obtained using a computer-controlled potentiostat Autolab
PGSTAT30 (Eco Chemie B.V., Utrecht, Netherlands) monitored by the NOVA 2.1.4
software package.

Gold screen-printed electrodes (AuSPEs) were purchased from Metrohm (DropSens,
DRP-220AT). They include a gold disk-shaped (geometric area: 12.6 mm?) working
clectrode, a silver pseudo-reference clectrode and a gold counter clectrode, all of them
screen-printed on a ceramic substrate (3.3 cmx1.0 cm) and subjected to high-temperature
curing. All potential values were referred to the screen-printed silver pseudo-reference
electrode. The SPEs were connected to a switch box, also from DropSens (DRP-DSC),
allowing their interface with the potentiostat. All experiments were carried out at room

temperature (21 °C).

Instrumentation used in the eSPR measurements

The studies were conducted using a SPR Autolab ESPRIT (KEI bv, The Netherlands)
controlled by KEI SPR Data Acquisition software (version 4.4). The instrument consists
of two independent measurement channels and incorporates a robotic auto-sampler to

inject all solutions used. Solutions were aspirated from any position of the 384 microwells
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plate or from two available stock positions (for two different buffers). Together with the
buffer flask solution, three different buffers can be added to the SPR cuvette using full-
automated sequences. Solutions were injected into the measuring channels through two
sharp needles that control the volume, frequency and mixing speed, for specified
incubation time. In a typical experiment, 50 pL of sample solution were injected into the
cuvette channels and the needles provided a continuous flow of solution over the SPR
gold surface (pumping speed of 12.5 uL s!) by continuous aspiration-dispense cycles
using a mix volume of 15 pL. To performed the electrochemical measurements, the
pumping speed was reduced to 6 uL s in order to minimize noise. The cuvette is
connected to a pump to drain out the liquid from the measuring channels.

Prior to the SPR experiments, the flat glass disks coated with a thin gold film (=50 nm,
KEI bv, the Netherlands) were washed thoroughly with pure water and ethanol, followed
by drying under N> flow. The SPR gold disks were then placed over the half-cylinder
glass prism covered with a thin layer of refractive-index-matching oil and stand
positioned inside the equipment in a Kretschmann optical configuration"! to begin the
measurements of the SPR reflected angle (in milidegrees, m®). Gallium-Arsenide (Ga-
As) diode laser acted as a source with a fixed wavelength of 670 nm in combination with
a scanning mirror to modulate the angle of incidence of plane polarized light beam on the
SPR substrate.

The SPR Autolab ESPRIT allows to perform electrochemical measurements in one of the
two channels controlled by an external potentiostat. Simultancous eclectrochemical-
optical measurements (¢SPR) were carried out in the electrochemical cuvette cell coupled
to a conventional three-clectrode configuration system. The standard SPR gold chip was
used as working electrode, an unshielded Pt bar was used as counter electrode and a
Ag/AgCl (saturated KCI) wire as reference electrode. Electrochemical data were obtained
using a computer-controlled potentiostat Autolab PGSTAT30 (Eco Chemie B.V.,
Utrecht, Netherlands) monitored by the NOVA 1.11 software package.

The temperature of the SPR cell was maintained constant and reproducible by using a
Julabo F32-HE (Germany) water bath. All experiments were carried out at 25.0 °C, unless
otherwise stated.

As a routine procedure, all buffer solutions were degassed before use to avoid any
disturbance caused by air bubbles present at the SPR sensor surface. Furthermore, the

following solutions: (1) 0.5% SDS aqueous solution, (2) 100 mM HCI, (3) ethanol, (4)
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100 mM NaOH and finally (5) pure H2O were passed through the SPR flow system (=50

mL cach) prior to the beginning of the measurements to keep it free of proteins(!.

Electrochemical measurements

~!. unless otherwise

Cyclic voltammetry (CV) was performed at a scan rate of 50 mV s
stated, and square wave voltammetry (SWV) operated under the following conditions:
step potential of 2 mV, pulse amplitude of 50 mV and a frequency of 25 Hz.
Voltammograms were recorded in the potential range between -0.30 — 0.50 V for HCF
and FDM, and between -0.60 — 0 V for HAR. The electrochemical conditions tested were:

(1) single SWV measurement or (2) three CV cycles followed by SWV measurement.

Preparation of sensor surfaces

Before the eSPR studies, the flat glass SPR disks coated with a thin gold film (=50 nm)
were washed thoroughly with pure water and cthanol, followed by drying under N2 flow.
Prior to the electrochemical experiments, the AuSPEs were washed thoroughly with
cthanol and acetone followed by electrochemical cleaning by cycling the electrode
potential from 0 to 1.1 V at a rate of 100 mV s in 0.1 mol L' sulfuric acid until the CV
becomes stable (approximately 12 cycles). Finally, the electrodes were washed with
ultrapure water. In order to perform the electrochemical measurements, the imprinted
clectrodes were coated with a 65 pL drop of the redox probe solution.

For the preparation of the modified AuSPEs, the AOT sclf-assembled monolayer was
prepared by incubation of the working electrode with 18 mmol L' AOT aqueous solution
(10 pL drop) overnight, at room temperature. The electrode was rinsed with water and
dried under nitrogen flow. Furthermore, poly(3-aminophenol) and poly(thionine) films
were deposited on AuSPEs by electropolymerizing 10 mmol L™ of 3-aminophenol and
0.5 mmol L of thionine, respectively, dissolved in PBS 0.1 mol L' at pH 7.4.
Electropolymerization of 3-aminophenol was carried by collecting 3 cyclic
voltammogram between -0.3 and 0.8 V at the scan rate of 100 mV s™'. A similar procedure
was employed in the electropolymerization of thionine, where 5 cyclic voltammograms
were recorded between -0.6 and 0.7 V were recorded at the scan rate of 50 mV s, The
modified electrodes were thoroughly rinsed with pure water to wash away remains of the

reactants, dried under a nitrogen flow and stored properly at room temperature.
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Fig. S1. CVs obtained for the electropolymerization of | mM thionine, dissolved in 0.1 M PBS pH 7.4, on

the AuSPE, when (A) no measurements were performed prior to modification and (B) CV and SWV

measurements, in the presence of 5 mM HCF redox probe, were performed at bare chip prior to

modification.
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Fig. S2. SWV curves collected during the eSPR studies.
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Fig. S3
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Fig. S3. SWV curves, collected after three CV cycles, during the eSPR studies.
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Fig. S4
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Fig. S4. SWV curves collected at the AuSPE.
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Fig. S5. SWV curves, collected after three CV cycles, at the AuSPE .
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Fig. S6
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Fig. $6. SWV voltammograms obtained at bare AuSPE for different pulse amplitude values for the HCF

redox probe.
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Fig. S7
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Fig. S7. SWV voltammograms obtained at bare AuSPE for different pulse amplitude values for the HAR

redox probe.
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Fig. S8
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Fig. S8. SWV voltammograms obtained at bare AuSPE for different pulse amplitude values for the FDM

redox probe.
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Kinetic studies using polycrystalline gold electrode

Electrochemical kinetic studies with gold polycrystalline electrode (Metrohm ref:
6.1204.140; 2 mm diameter) were performed using a three-electrode cell. A SCE (3 M
KCl) electrode was used as the reference electrode (Metrohm), and a large area helix-
shape gold wire as the counter electrode, previously annealed for decontamination. The
clectrochemical cell placed in a Faraday cage in order to minimize the contribution of
background noise to the analytical signal.

Prior to the measurements, the gold electrode was polished with a fine water based
diamond polycrystalline suspension (1 um, Buehler) on a microcloth pads (Buehler)
followed by rinsing with pure water and brief cleaning in ultrasonic bath for about 10
min. The polished electrode was then electrochemically cleaned, by continuous cycling
between 0 and +1.55 V, at 100 mV s!, in 0.5 M H>SO4 solution, in order to first oxidize
and then reduce the gold surface. Finally, the electrode was rinsed with pure water and

dried with nitrogen.
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Fig. 89. Variation of the amplitude-normalized peak current in SWV (Ipeaswvy/AEswyv) with the pulse

amplitude (AEswv), obtained at the polycrystalline gold electrode surface, for the three redox probes

studied.
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Figure A2.1 - Typical cyclic voltammograms obtained under the same experimental conditions.
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Surface plasmon resonance (SPR) is an optical technique based on the
measurement of the oscillation of the electron density caused by a p-polarized light, at
the interface of two different media, namely a metal and a dielectric [55, 56]. Moreover,
the sensitivity of the technique measurements makes it advantageous to perform
biosensing studies with proteins [57].

The SPR measurements were conducted using a SPR Autolab ESPRIT (KEI bv,
The Netherlands), show in Fig. A3.1. The complete SPR set-up, operation conditions
and experimental details used for performing the SPR measurements are described in

Supporting Information of the publication on Annex 1.

utosamer |

. ®

Needle holder l

ESPRIT

> 0

SEP cristaltic pumps

Figure A3.1 - SPR system used in this work.

The purpose of these experiments was to examine by SPR, in real-time, the
adsorption kinetics of BSA on gold surfaces modified by alkyl thiols having different
terminal functional groups: CH; (HT), NH2> (AOT) and OH (MCH). SAMs of HT, AOT and
MCH on gold SPR substrates were prepared by immersing the clean sensor surfaces
into the thiols’ solution overnight. Afterward, the modified chips were rinsed with pure
water and dried under a stream of Na.

Fig. A3.2 presents the experimental results obtained for the BSA adsorption on
the SAM modified gold surfaces. The concentrations of BSA tested ranged from 1.0 to
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500 pmol-L! aiming to determine the optimal template concentration used during
immobilization step.
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Figure A3.2 - Real-time SPR monitoring of the interaction between BSA and pre-formed SAMs of HT, AOT and MCH on
SPR gold substrates. The concentration of BSA tested ranged from 1.0 to 500 umol-L™. Line 1: baseline collected in 10
mM PBS, pH 7.4, for 60 s; Line 2: real-time monitoring of the BSA adsorption for 10 min; Line 3: surface wash with PBS
for 60s (return to baseline); Line 4: BSA desorption after surface wash with 25 mmol-L? SDS solution, prepared in acetate
buffer (pH 4.0), for 5 min; Line 5: wash with PBS for 60 s (return to baseline).
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Based on the overall SPR angle variation due to BSA adsorption, after surface
wash, for each concentration tested, a comparison of the amount of BSA adsorbed on
each SAM surface is provided in Fig. A3.3.

As can be seen, the binding of BSA decreased in the following order:

CHs (HT) > NH2 (AOT) >> OH (MCH)
which is in agreement with results of literature reporting higher adsorption of BSA to
hydrophobic surfaces compared with hydrophilic surfaces. The lowest amount of BSA
attachment was measured on the neutral hydrophilic MCH surface due to the ability of
OH groups to resist to protein adsorption. These results agree with the results reported
in the literature revealing that BSA binding to thiol monolayers (having distinct terminal

groups) is mainly controlled by hydrophobic interactions [58].
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Figure A3.3 - Comparison of BSA adsorption on HT, AOT and MCH SAMSs for each concentration tested. The error bars

correspond to values collected from two independent experiments.
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Figure A4.1 — Typical CVs voltammograms, obtained in the presence of a 5 mmol-L™ redox probe solution, at the NIP

surface (black) before and (red) after incubation with an acidic SDS solution overnight (extraction)

As can be seen, the SDS solution didn’t affect the film stability, otherwise the
peak current should increase. The observed decrease in peak current is probably related

with remaining of SDS molecules adsorbed within the NIP film after surface wash.
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Figure A5.1 — Typical CV voltammograms obtained during the MIP electropolymerization using (black) one and

(red) four CV cycles. Scan rate: 100 mV-s™.
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Figure A6.1 - Typical square wave voltammograms collected after repetitive incubations of the (left) NIP and (right) MIP
surfaces, with PBS buffer






