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Abstract

Over the years, most of the literature reported applications of electrochemical and surface
plasmon resonance (SPR) immunoassays for biosensing but, so far, the combination of
the two methods in the same sensing spot for analytical purposes is much less explored
and discussed. The aim of this Review is to highlight the great potential of
electrochemistry combined-SPR (eSPR) as analytical tool for screening chemically and
biologically relevant (bio)molecules by combining the unique features of SPR integrated
with electrochemical readout.

In the first part of the Review, we describe the urgent need of innovative methods for
screening clinical biological markers (General Introduction), briefly discuss general
concepts of SPR and electrochemical sensing (Concepts behind eSPR biosensors) and
highlight the hyphenation of two methods to developed combined biosensing systems
(Set-up configuration and eSPR principles). Firstly, we briefly give an overview of the
setup for implementation of eSPR technique and discuss some relevant experimental
conditions to perform the combined optical and electrochemical measurements. Then, the
principles and fundamentals of eSPR biosensors are presented and described. We also
present representative examples of eSPR biosensors in the literature (Applications of
eSPR biosensors).

In the second part, we review studies on how combined electrical and plasmonic detection
contributed to the biosensing field, in particular, for the successful screening of clinically
relevant biomolecules, namely proteins (Detection of proteins), nucleic acids (Detection
of nucleic acids), small size chemical species (Detection of small molecules) and cells
(Living-cell Analysis).

Finally, we discuss the current limitations of eSPR biosensors performance and suggest
possible ways to overcome these limitations (Limitations and optimization) and then we
explore aspects about the development of the method and its applications and discuss

areas of likely future growth (Conclusions and perspectives).

Keywords: electrochemistry; SPR; electrochemistry combined-surface plasmon

resonance (eSPR); detection; nucleic acids; protein; biomarkers;



Abbreviations

AA: Ascorbic acid

ACV: Alternating current voltammetry

ALP: Alkaline phosphatase

CV: Cyclic voltammetry

CE: Counter (or auxiliary) electrode

CNTs: carbon nanotubes

EC: Electrochemical

EIS: Electrochemical impedance spectroscopy
eSPR/ESPR/EC-SPR: Electrochemical surface plasmon resonance (or -electrochemistry
combined-SPR)

ELISA: Enzyme-linked immunosorbent assay
Fc: Ferrocene

GOx: Glucose oxidase

HPR: Horseradish peroxidase

MIP: Molecularly imprinted polymer

MB: Methylene blue

MUA: 11-mercaptoundecanoic acid

NPs: nanoparticles

NSB: nonspecific binding

PCR: Polymerase chain reaction

PoC: Point-of-care

PNA: Peptide nucleic acid

PEG: Poly(ethylene glycol)

RE: Reference electrode

RI: Refractive index

SCE: saturated calomel electrode

SPR: Surface plasmon resonance

SPRI: Surface plasmon resonance imaging
SWV: Square wave voltammetry

SAM: Self-assembled monolayer

SPFS: Surface plasmon fluorescence spectroscopy
SPP: Surface plasmon polariton

TSPR: transmission surface plasmon resonance
UA: uric acid

WE: working electrode



1. General Introduction

Biomarkers currently play a pivotal role in clinical practice for the early disease diagnosis
(and prognosis), to monitor individuals medical condition and/or response to therapeutic
intervention or drug treatment [1-3]. Common examples ranges from circulating cells,
proteins and nucleic acids (cell-free DNA, cell-free RNAs, etc.) to metabolites and smalls
molecules, being objectively measured in several human bodily fluids (blood, urine,
saliva, respiratory tract, etc.), using established standard techniques, namely ELISA, PCR
and chromatography (LC-MS) [1-3]. However, these methods are laborious, time-
consuming, have limited automation of procedures and are rather expensive. Thus,
nowadays, the development of innovative sensing solutions is currently a demand in
clinical setting for simple, cost-effective, accurate and timely screening of endogenous
biomarkers to support rapid medical decision and action.

In this review we focus on applications of electrochemical surface plasmon resonance
(eSPR) approach for detection of clinically relevant biomolecules, such as drugs and
disease-associated proteins and nucleic acids, highlighting some practical aspects for the
successful development of eSPR biosensors.

Search results from Scopus database within the past two decades in the “electrochemical
sensing” and “SPR sensing” topics returned an impressive number of publications of
~20,000 and ~3,000, respectively (see search details in Fig. S1, Supporting File). The
exponential rate growth over time of papers reporting electrochemical detection can be
explained by the mass fabrication of miniaturized chips that brought in significant
developments to electrochemical biosensing field due to the development of portable
electrochemical chips (lab-on-a-chip) and wearable devices for PoC testing and in situ
monitoring. Moreover, the increasing number of publications over recent years related to
plasmonic biosensors is probably related to increasing availability of commercial SPR
devices worldwide which attracted the attention of many research groups for this
powerful technigue.

The combined plasmonic and electrochemical approach is usually referred in the
literature as “electrochemical surface plasmon resonance” and common research
abbreviations of this technique are eSPR (or ESPR) and EC-SPR. Works reporting
hyphenation of the two methods for biosensing purposes are limited to few dozens of
publications. The search for publications in this topic was particularly time-consuming

since Scopus database search results for “electrochemical surface plasmon resonance
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(bio)sensors” were poor and restricted to less than ten articles. The same limitation was
observed for search in Web of Science (Clarivate Analytics). As complement, exhaustive
search within massive results returned by Google Scholar was performed. More relevant
literature was addressed in this Review highlighting the significant achievements of this

technology that can be of potential interest for researchers in this field.

2. Electrochemical Surface Plasmon Resonance Biosensors

2.1. Concepts behind eSPR biosensors

To fully understand eSPR biosensors operation it is fundamental to understand the basic
principles of SPR and electrochemical detection alone. SPR affinity biosensors are able
to monitor in real time refractive index (RI) changes resulting from the interactions
between a bioreceptor (oligonucleotide strands, antibodies, proteins, etc.) immobilized on
the surface of a metal film (usually gold, up to 50 nm) and a ligand in solution [4-6]. The
SPR physical process arises from the interaction of light with such metal surface. Some
concepts about SPR and instrumentation design are briefly discussed in this Review.
Moreover, many recent reviews provides detailed description of SPR theory and
fundamentals [7-10]. These reviews can be consulted for further information.

Most commercial SPR and research instruments are still based on classical
Kretschmann’s configuration which is based on the phenomenon of total internal
reflection. Considering the Kretschmann configuration as example to illustrate the SPR
sensing principle (shown in Fig. 1A), the plane-polarized light from a light source passes
through the (high RI) glass prism and is reflected from the thin metal layer back through
the prim to the detector. At a specific angle of incidence, the SPR angle, part of the
radiation couples with electrons in the metallic film, which start free collective
oscillations due to excitation. These charge-density fluctuations, called surface plasmon
polaritons (SPPs), are extremely sensitive to RI changes close to the sensing interface
allowing the monitoring of binding events (e.g. protein binding to immobilized antibodies
as bioreceptors; Fig. 1A). For quantification purposes, the linear relationship between the
amount bound (bio)molecules and SPR angle shift is used.

These optical sensors offer several advantages relatively to other biosensing approaches,

such as (i) wide variety of surface chemistry procedures for attaching of biorecognition



element; (ii) high robustness and stability in complex biofluids (plasma, serum and whole
blood); (iii) high degree of automation; (iv) possibility of parallel sensing, among others.
These unique features greatly contributed to many innovative applications of plasmonic
biosensors over recent years, including food quality and safety analysis [5, 11],
environmental monitoring [5, 12], drug discovery [4] and the early disease diagnosis [5,
13-15].

Meanwhile, electrochemical (bio)sensing emerged during the last decade as a powerful
and versatile analytical tool, being a very promising alternative to optical approaches.
Thus, it is not surprising that many reviews can be found in the literature highlighting the
great importance of electrochemical methods for detection of several relevant
(bio)molecules, namely, disease biomarkers [16], pathogens [17], pharmaceutical
residues [18], environmental contaminants [19], among others. Similar to SPR
biosensors, bioreceptors selective to target analyte, such as antibodies and nucleic acids,
are commonly immobilized on the surface of different transducers (gold, carbon, silver,
etc.) for construction of electrochemical biosensors (see Fig. 1B). The set-up used for
electrochemistry experiments usually includes a three-electrode electrochemical cell. A
potential difference is applied between the working electrode (WE) and the counter
electrode (CE, typically made of Pt) while the current resulting from an electrochemical
reaction flowing through the circuit is measured. For precise controlling the working
electrode potential, a reference electrode (RE) of defined electrode potential, such as the
Ag/AgCI electrode or the saturated calomel electrode (SCE), is employed.
Electrochemical methods offers (i) good precision, robust and accurate surface
modification procedures (based on polymers, SAMs, electrocatalytic nanomaterials, etc.);
(i1) fast analysis and high detection sensitivity using common techniques, such as cyclic
voltammetry (CV), chronoamperometry, square wave voltammetry (SWV), etc., and; (iii)
enhanced performance in complex samples due to straightforward signal amplification
strategies [16, 20-22]. Besides, relatively simple and low cost instrumentation is needed,
enabling large-scale production of electronic devices along with possibility to miniaturize
modern microelectronics for high-throughput analysis in point-of-care (PoC) [18-20, 23,
24].

Common detection schemes used in clinical and biomedical context are depicted in Fig.
1B. Briefly, the measured electroanalytical signals can arise from:

(i) enzyme labels (e.g. HRP, ALP, etc.) linked to secondary antibodies [20, 21] (or DNA

probes[16, 22]) for sandwich immunoassay detection of target antigen by monitoring the
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redox signals of electroactive product from enzymatic reaction. Furthermore, receptors
(antibodies, oligonucleotides, aptamers, etc.) and enzymes can be conjugated to
nanomaterials (CNTs, metallic NPs, quantum dots, magnetic beads, among others) acting
as amplification tags to enhance detection sensitivity [25];

(ii) redox active reporters (usually MB or Fc) covalently linked to oligonucleotide probes
whose flexibility is reduced after duplex formation leading to inhibition of redox tag
electron transfer as hybridization proceeds [16, 22];

(iii) external biocompatible redox probe (such as [Fe(CN)s]*7*", [Ru(NHs3)s]**, ferrocene,
etc.) that is introduced into the bioanalytical system to access its diffusional behavior
upon immunocomplex formation [16, 17, 20].

The hyphenation of SPR with other analytical techniques (Fig. 1B) has become
increasingly popular over recent years [8, 26]. Particularly, the often used Kretschmann
configuration allow the simple and fruitful combination of SPR with electrochemical
methods, for (i) real-time, non-destructive, in-situ characterization of ultrathin films at
nanometric scale [27], (ii) to investigate metal deposition process [28] and (iii) for

biosensing purposes, as discussed in this Review.
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Fig. 1. A) Schematic illustration of a typical SPR experiment for real-time measuring
antibody-antigen molecular interactions, including SPR instrumentation (based on
Kretschmann’s configuration) and operation mode; B) Examples of SPR combination
with other analytical techniques is given, with particular focus for electrochemistry. The
set-up used for electrochemistry experiments is shown along with common detection

schemes used for electrochemical biosensing.



2.2. Set-up configuration and eSPR principles

Although the versatility and advantages of synchronized electrical and optical readout has
been discussed and reviewed for several bioanalytical systems [29, 30], the application
of eSPR approach for analytical purposes is a much less explored topic and the available
literature is restricted to few papers (see Table 1). This is probably due the particular
specificities of the eSPR setup and/or problematic monitoring of the electrochemical
process after the SPR gold chip modification using well-described procedures.

The combination of electrochemical readout with SPR response (eSPR) in the same
instrument is technically very simple. Some home-made or commercially available SPR
instruments (e.g. SPR Autolab ESPRIT, KEI bv) have an open architecture allowing the
integration of an external potentiostat to control the potential applied to the cuvette, as
schematically represented in Fig. 2A. Thus, in eSPR experiments, the thin gold layer on
SPR chips has the dual function of generate the evanescent wave and being the working
electrode (of the standard three-electrode cell) where electrochemical processes take
place [29, 30] (see example in Fig. 2B). Indeed, the basic principle of eSPR approach
relies on the quantitative dependence between the RI and the current measured [31-33]
when conventional electrochemical methods are applied.

Early work specifically addressed the relationship between the electrochemical potential
(and current) and the SPR response. Several authors reported changes in Rl under
electrode potential modulation in distinct electrochemical environments [34-38] while
others observed a good correlation between time differential SPR data and the faradaic
current during CV potential ramping [39-42]. The concept was first validated for
electrochemical interfacial reactions (of MB and [Fe(CN)s]**) [39, 40] and then
transposed to redox proteins monolayers [41, 42] covalently immobilized on a gold
surface, allowing the differentiation of changes in protein electronic states from redox-
induced conformational changes.

Efforts were made by several researchers, with great merit’s for Professor N. Tao [43]
and collaborators, to fully understand how SPR parameters depends on external
electrochemical variables, providing the theoretical background for both non-Faradaic
and Faradaic processes. In this context, Wang et al. [44] stated that for capacitive
reactions at the electrode/solution interface, the modulation of the electrode potential
(AV) can shift the resonant angle (A0), via changes in the Rl (An), average layer thickness
(Ad), and surface charge density (Ao) at the electrode, according to the relationship:
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where A is the wavelength of the incident light and c1, c2 and c3 are constants. Later,
Garland et al. [45] extended the concept for transient conditions by direct probing optical
changes in the double layer structure of a gold film-aqueous electrolyte interface under
potentiostatic control.

Meanwhile, Foley et al. [46] showed that SPR signal depends on the double layer
charging current density:

1
Af = —cAV
a

(2)

where a is a constant (a ~ 47 C m~2 deg™ for a bare gold surface), c is the interfacial
capacitance per unit area, and A4V is the potential change.

A basic formalism of electrochemical SPR Moreover was established by Wang et al. [31],
which provided a quantitative relationship between the shift of SPR angle (46) and

electrochemical current i(t) signals, given by:

1 1
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where oo and or are the changes in the local RI per unit concentration for the oxidized
and reduced species, respectively, Do and Dr are the corresponding diffusion coefficients
and F is the Faraday constant. This means that, mathematically, the shift in the SPR signal
is proportional to the semi-integral of the faradaic current, providing a straightforward
way to directly measure the electroactive species concentrations at the electrode surface
in convolution voltammetry. More importantly, their work greatly contributed to pioneer
use of SPR imaging of local electrochemical current (with high spatial resolution and
electrochemical sensitivity), a powerful functional imaging tool that found several
chemical and biological applications [46-50].



The principle reasoned by Wang et al. [31] was later applied for eSPR measurements of
diffusion-controlled fully reversible, quasi-reversible and irreversible redox reactions
[32]. Hexaammineruthenium and 4-nitrotoluene were used model systems to corroborate
theoretical predictions for all types of redox reactions as long as Rl of reduction and

oxidation states of a redox molecule are distinct to generate the eSPR signals.
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Fig. 2. A) Schematic illustration of the multi-parametric eSPR apparatus. A potentiostat
is used to apply and control the voltage on the gold surface and measure the
electrochemical voltammograms while the resulting SPR optical changes are recorded in
real-time. The standard three-electrode electrochemical cell is composed by a reference
electrode (RE), a counter electrode (CE) and a working electrode (WE), all inserted in the
aqueous medium (under static or flow conditions); B) During eSPR measurements, if a
redox reaction occurs (here ferrocyanide/ferricyanide redox couple), the change in RI of

oxidized and reduced states of species is monitored in real-time.

2.3. Applications of eSPR biosensors

New sensing strategies combining SPR and electrochemistry have been developed over
the last two decades. As stated before, it is not our intention to provide a comprehensive
review of main applications of eSPR technique. In fact, we focus on this Review to eSPR
systems used as analytical tool for screening biological markers in clinical practice. An
overview of representative examples of eSPR biosensors in this context is summarized in

Table 1 with mention to chemistries used to attach bioreceptors to biosensing surfaces,
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reporting strategy employed for electrochemical readout, procedure for sensor
regeneration, electrochemical technique used and detection levels achieved (LOD).
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Table 1: List of more representative works reported in literature for the eSPR determination of clinically relevant (bio)molecules

Regeneration

Analyte Chip modification Reporting strategy EC technique  LOD Ref.
Biotinylated DNA Thiolated PNA probe; MCH as lateral Ferrocene-streptavidin .
. 50 mM NaOH (5 min) SWV 10 pM [51]
targets spacer (d = 2.1 nm) conjugates
Stem-loop DNA probe or linear DNA -
25-base DNA target MB at modified DNA probes 5 mM HCI ACV 20nM [52]
probes; MCH as lateral spacer
Pathogenic DNA Stem-loop DNA probe; MCH as lateral Y. )
MB at modified DNA probe 8 M urea (5 min) ACV 5-10nM [53]
sequences (whole blood)  spacer
mMiRNA-145 biomarker Thiolated RNA probe; ME as lateral Ferrocyanide/ferricyanide redox E1=+0.5V;
0.56 fM [54]
(human serum) spacer couple E2=-03V
Covalent immobilization of anti-human Label-free detection at constant E=-02V,;
19G ] ] - 1 ugmL? [55]
IgG on PABA (draga = 140 A) applied potentials E=+04V
HA protein antigen from  Covalent immobilization of anti-H5 Sandwich immunoassay using a
E=-017V 300 pM [56]

influenza virus

(H5N1) capture antibody on MPA SAM

MB-labeled secondary antibody
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] Covalent immobilization of IgG on )
HRP-conjugated 1gG . TMB oxidation after “membrane  0.5% Triton X-100/10 mM
. mixed monolayer of MPO and ) . E=+0.175V 5fM [57]
(undiluted serum) ] cloaking” method for NSB glycine-HCI (pH 1.7) buffer
cysteamine/PDT

] o ) Sandwich immunoassay using a
Covalent immobilization of anti-mouse . SPR: 602.6 ng mL!
[o]€] ALP-labeled secondary antibody — --- cv [58]
1gG on PPA (depa = 14 nm) . EC: 589.3 ng mL?
that generates electroactive PAP

CA 15-3 biomarker Covalent immobilization of anti-CA15-3  Ferrocyanide/ferricyanide redox 0.1 M glycine-HCI (pH 2.0) SWY SPR: 21U mL? [59]
(human serum) antibody on MSA SAM (d = 1.4 nm) couple buffer EC: 0.0998 U mL*

. Redox change in the Os complex
Os-gel-HRP film coated gold nanohole ) ] .
H202 mediator induced by changes in [60]

array -
oxidized state of HRP

DNR

) Bare surface Redox profile of DNR cv [61]
(live cancer cells)

d = thickness; MCH: 6-mercaptohexanol; MB: methylene blue; ME: 2-mercaptoethanol; PABA: poly(3-aminobenzoic acid); HA: hemagglutinin; MPA: 3-mercaptopropionic
acid; HRP: horseradish peroxidase; MPO: 3-mercapto-1-propanol; PDT: 1,3-propanedithiol; TMB: 3,3¢,5,5‘-tetramethylbenzidine; PPA: polypyrrole propylic acid; PAP: p-

aminophenol; ALP: alkaline phosphatase; MSA: mercaptosuccinic acid; DNR: daunorubicin.
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To obtain multidimensional data from the eSPR system, the chemical functionalization
of the biosensing platforms is a critical step for developing combined optical and
electrochemical (bio)sensors [30]. SAM approach is by far the most used for effective
immobilization of bioreceptors at the SPR platforms [51-54, 56, 57, 59]. These ultrathin
films (from 1.4 to 2.1 nm) can be easily attached to the chip surface through SH-Au
covalent bond and allow accurate and sensitive monitoring of electrochemical processes
occurring at the electric double layer. Mixed monolayers composed by thiolated
oligonucleotides probes and short hydrophilic SAMs as lateral spacers (MCH, ME, etc.)
[51-54] can provide stable platforms for detection of nucleic acids while short-chain
alkanethiols having terminal carboxylic acid groups (such as MPA, MSA) can be used
for covalent immobilization (by EDC/NHS reaction) of capture antibodies [56, 57, 59]
for detection of large biomolecules. In addition, the in situ electrosynthesis of thin
conducting polymers (such as PABA, PAP, among others) [55, 58] as support for covalent
immobilization of antibodies can be a straightforward approach to build the sensing
platforms taking advantage of eSPR monitoring for easy optimization of polymer
thickness.

Relatively to voltammetric methods, the use of alternating current voltammetry (ACV)
[52, 53] or the application of a constant electrochemical potential [54-57] to the
bioanalytical systems provided a simple mean for SPR optical signals enhancement
induced by the redox processes occurring at the sensor surface. Moreover, the integration
of SWV [51, 59] or CV [58, 61] technique with SPR allowed to obtain electrochemical
and optical responses independently. For the electrochemical readout, the recorded redox
signals can be generated from (i) redox reporters (MB, ferrocene) [51-53, 56] conjugated
to oligonucleotides or proteins, (ii) oxidation of common substrates (TMB) [57] or
reaction sub-products (PAP) [58] catalyzed by enzymes (HPR, ALP, etc.), or (iii) from
commonly used biocompatible redox probes, namely the ferrocyanide/ferricyanide redox
couple [54, 59].

Common strategies for SPR sensors regeneration, such as the use of acid/basic solutions
[51, 52, 59], or solutions containing surfactants [57] or high concentration of chaotropic

agents [53], can also be employed for eSPR biosensors reusability.
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3. Detection of Proteins

Early work on synchronized electrical and optical readout relied on the fruitful
combination of CV electrochemical technique with SPR for the in situ study of redox
proteins adsorbed to gold surfaces previously modified with alkanethiol SAMs [41, 42].
Meanwhile, the hyphenation of SPR with EIS technique was extensively used to study
molecular binding interactions between proteins [62-64]. For example, simultaneous
label-free SPR-EIS measurements were used for the development of a flow injection
analysis (FIA) sandwich immunoassay to detect interferon-y (IFN-y) [63]. In this study,
EIS was successfully used to monitor the binding of IFN-y to surface immobilized MD-
2 capture antibody while poor SPR response was observed due to small amount of mass
bound. By opposition, IFN-y subsequent binding to liposome, coupled to a secondary
antibody, resulted in enhanced SPR resonance angle shift without increasing the
impedance signal. A possible explanation to this phenomenon suggested by authors was
that the binding event to liposomes occurs far from the electric double-layer (depth of
tens of nanometers) but within the generated SPR evanescent field (depth of hundreds of
nanometers). Also, the results highlighted the usefulness of FIA systems for eSPR
Immunosensing investigations. In another study, plasmonic-based EIS measurements
were able to detect and follow the kinetic of direct binging of solution anti-1gG to surface
immobilized 1gG [64]. The authors concluded that, in contrast to conventional SPR
monitoring, the plasmonic-based impedance response was less affected by bulk RI
changes and NSB effects. Although complementarity of impedance and SPR is already
an established technology for investigation of affinity binding processes [65, 66], the
studies reported so far lacks of application of developed methodologies for biosensing of
large molecules. The long measurement times required, the nonspecific impedance
changes and the complicated (and sometimes problematic) data interpretation can explain
the limited use of EIS technique as analytical tool [67, 68].

3.1. Immunoglobulin G detection

SPR immunoassays performed under constant electrochemical potential emerged in the
literature perhaps as the simplest approach for eSPR detection of proteins [55, 56, 69, 70].
Such methodology exclusively records the SPR angles changes (and sometimes current)
when an external potential is applied to the bioanalytical system. Immunosensors
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operating label-free were developed for the eSPR detection of IgG [55, 69]. To build the
biosensing platforms the capture antibody was immobilized on electrosynthesized PABA
[55], and GO/PEDOT/PSS [69] polymer films on gold surface. The surface heterogeneity
and disorder resulting from the electrochemical polymerization enhanced the binding of
IgG and relatively low detection levels were achieved (LOD between 0.35 — 1 ug mL™?),
allowing detecting 1gG at physiological levels. The same detection concept was used for
detecting adrenaline making use of its specific reaction with electropolymerized PABA
[71]. Furthermore, the combination of electrochemical techniques with transmission
surface plasmon resonance (TSPR) [72] was used for investigation of poly(pyrrole-3-
carboxylic acid) properties and detection of human IgG at concentration levels lower than
conventional eSPR technique (~ 1 ng mL™).

Recently, in 2017, the covalent coupling of probe biomolecules glucose oxidase (GOD)
and anti-human 1gG on electropolymerized carboxylated conducting polymers was
employed for the simultaneous electrochemical and optical detection of glucose and
human IgG, respectively [70]. After injection of a mixture of glucose and 1gG into the
dual sensor, the eSPR monitoring at ~+0.7 V showed that the SPR response was sensitive
to the binding of 1gG whereas the recorded amperometric measurements selectively
responded to glucose. However, the described approaches lack of applications of
developed eSPR biosensors in close-to-real conditions (urine, serum and blood samples)
for analytical validation the technology for clinical purposes. After potential application
to the bioanalytical system, the NSB of matrix proteins to the sensor surface can be rather
problematic and compromise the biosensor performance.

In contrast to previous methods described, a more appealing eSPR approach for detection
of large biomolecules emerged in the literature between 2007 and 2008 [57, 58] and
consisted in simultaneously and independently measure the SPR optical signal and the
electrical current from voltammetry at the same immunosensing spot. The detection
concept used enzymes, namely horseradish peroxidase (HRP) and alkaline phosphatase
(ALP), conjugated to antibodies, that generates the redox signals or produced in situ the
redox reporters (in the presence of a substrate) for the electrochemical readout.

Phillips et al. [57] developed a very innovative methodology based on the use of a
temporary supported lipid membranes as a new route to suppress background signals from
NSB of serum matrix proteins towards the trace detection of target proteins. The
phospholipid membrane disruption after treatment with surfactant removed adsorbed
matrix proteins from the gold sensing platforms before detection, leaving intact the

16



immunocomplexes at the short-chain SAM surface (see Fig. 3A). The overall membrane
cloaking method concept was employed to develop an amperometric immunoassay for
detection of HRP-conjugated IgG in undiluted serum samples. To do so, the potential at
the developed eSPR flow cell was set at +0.175 V and the currents from TMB substrate
oxidation recorded (Fig. 3B). From the calibration plot of the immunosensing assay,
detection of low concentrations levels of IgG (5-10 fM) was achieved. Besides, the
restoring of electron transfer at the electrode surface after membrane removal with Triton-
X allowed surface regeneration previously to each measurement avoiding the need of a
reference channel. This was not possible after (irreversible) surface blocking with BSA.
Thus, the SPR monitoring of the cloaking process combined with complementary
sensitive electrochemical readout showed to be very promising for routine biomolecules
analysis in complex biofluids (such as undiluted blood serum), having a great potential
for PoC disease diagnosis.

Pioneer work performed by Dong et al. [58] reported for the first time an eSPR sandwich
immunosensor for detection of 1gG where the redox label was generated in situ as a
product of enzyme catalytic activity (see Fig. 3C). After IgG interaction with target
antibody, the introduction of a secondary antibody, conjugated with ALP enzyme,
amplified the SPR response and allowed the amperometric detection of enzymatically
generated p-aminophenol (PAP) from p-aminophenol phosphate (PAPP). Polypyrrole
propylic acid (PPA) polymer on gold surface was used as support for covalent
immobilization of probe antibody. The polymer film was prepared by CV
electropolymerization, a straightforward approach that allowed the easy monitoring of
the polymer thickness (d = 14 nm) for optimized sensor architecture and performance.
The binding of secondary antibodies induced a SPR angle variation proportional to the
amount of surface antibody-antigen complexes. Moreover, the enzymatically generated
PAP was detected by CV technique. The redox peaks observed in the voltammograms,
depicted in Fig. 3D, corresponded to the reversible oxidation of PAP to p-quinone imine
(PQI). From data collected data, a logarithm dependence of the IgG concentration and the
peak current (Fig. 3E, 3F) was obtained. To fully assess the performance of the combined
optical and electrochemical method, the detection sensitivity of the two sensing
approaches was compared. The results obtained indicated that lower LODs can be
achieved using electrochemical readout relatively to SPR detection (~602.6 ng mL™),
since electrochemical signals can be continuously amplified in time by the enzyme (for

example, LOD1stcv cycle: ~676.1 ng mL™%; LOD2nd cv cycle: ~589.3 ng mL™L).
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Fig. 3. A) Schematic representation of the membrane cloaking method used for target I1gG
protein detection directly in undiluted serum; B) Amperometric response to in situ TMB
oxidation in the absence (control, curve a) and presence (curve b) of HPR conjugates at
the detection platforms; C) Schematic representation of the in situ eSPR immunosensor
for 1gG detection based on secondary antibodies conjugated with ALP; D) CVs of
enzymatically generated PAP obtained for the several concentrations of 1gG tested (1 to
5 ug mL™?); E-F) Electrochemical calibration curves obtained in E) linear reference frame
and in F) semi-logarithmic reference frame. Adapted from [57] and [58] with permission

from American Chemical Society and Elsevier, respectively.

3.2. Virus detection

Meanwhile, in 2019, Qatamin et al. [56] reported the detection of hemagglutinin (HA)
protein from the H5N1 avian influenza A virus by sandwich immunoassay using a MB-
labeled secondary antibody that displayed an enhanced reversible change in RI due to
MB oxidation-reduction state transition after applying a modulated electric potential.

Maximum SPR optical signal intensity was observed at ~ -0.17 V (formal potential of
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MB). The high detection sensitivity (LOD of 300 pM) and selectivity of the eSPR
immunosensor indicated that it can be a promising alternative to biosensing approaches

currently being used in viral disease diagnostic (PCR, ELISA, etc.).

3.3. Cancer hiomarker detection

Very recently, in 2021, Ribeiro et al. [59] developed an eSPR approach for the label-free
and sensitive screening of breast cancer biomarker CA 15-3 in biological samples. The
bioreceptors immobilization chemistries at the SPR gold substrates were fully developed
taking into account the need to optimize both electron transfer and surface plasmon
processes. Thus, ultrathin films (with an overall thickness of 1.4 + 0.4 nm) were prepared
taking advantage of short-chain carboxyl acid-terminated SAM employed
(mercaptosuccinic acid, MSA) instead of commonly used 11-MUA, in order to avoid
surface blocking to electron transfer process.

The overall fully automated detection scheme is schematically represented in Fig. 4A and
consisted in recording the SPR response of the binding event between CA 15-3 (in
solution) and surface immobilized bioreceptors (Fig. 4B, left), followed by
electrochemical readout in the presence of the ferrocyanide/ferrocyanide redox couple
(Fig. 4B, right).

Fast and sensitive SWV measurements were performed after the SPR monitoring in order
to enhance the detection sensitivity of the eSPR approach. Thus, the eSPR approach does
not needed either, secondary antibodies or labels, on amplification tags surface to enhance
optical signals, which usually makes detection expensive, complex and time-consuming.
The SWV voltammogram collected after the immunocomplex formation are shown in
Fig. 4D and a decrease of redox peak currents with the increasing antigen concentration
was observed due to increasing surface blocking to the diffusional redox probe at the
electrode surface. After recording the optical and electrochemical responses
independently, both calibration curves were obtained (Fig. 4C and inset of Fig. 4D). The
LOD obtained by the electrochemical readout for detection of CA 15-3 was much lower
(about ~210 times) than the obtained by SPR sensing, emphasizing previous conclusions
reported, that electrochemical techniques can be a suitable label-free amplification
strategy to enhance sensitivity of SPR biosensors for quantification of low levels of

analyte. In addition, a protocol was implemented to reduce NSB to the sensor surface for
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improved detection of the circulating protein biomarker in human serum samples,
allowing the application of the eSPR biosensor under clinical and diagnosis context.
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Fig. 4. A) Scheme of the fully automated eSPR detection procedure for screening cancer
biomarker CA 15-3; B) Direct SPR monitoring of the binding event for the CA 15-3
concentrations tested (left) followed by electrochemical control (SWV)-SPR
measurements in the presence of redox probe (right); C) Non-linear (inset) and linear
calibration curves obtained by direct SPR; D) SWV voltammograms recorded after the
immunocomplex formation. Inset: Calibration curve obtained by electrochemical readout.
Adapted from [59] with permission from American Chemical Society.
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4. Detection of Nucleic Acids

Preliminary eSPR hybridization studies were performed by Georgiadis and collaborators
[73, 74], in 2001, reporting the effect of applied potential (electrostatic charging) on
nucleic acid probe immobilization on gold [73] and its interaction
(hybridization/electrostatic denaturation) with unlabeled DNA target oligonucleotides
[74]. After that, combining SPR and EIS allowed the detection of oligonucleotides
hybridization on nanoscale SiOx layers on gold (Au/SiOx) [75, 76]. The Faradaic
impedance spectra, collected in the presence of the ferrocyanide/ferricyanide redox
couple, was used to discriminate kinetics of DNA hybridization (and dehybridization)
with non-complementary strands. Although SPR data provided a means to validate the
results obtained by EIS [75, 76], oligonucleotide quantification by eSPR was not
attempted.

The first eSPR DNA biosensor emerged in 2005. Liu et al. [51] developed a sensitive
method by tagging target protein with ferrocene (Fc) as a means for synchronized
electrochemical and optical amplified detection of DNA hybridization. The overall
detection procedure is schematically represented in Fig. 5A. After the hybridization event,
the specific binding of biotin (at target DNA strands) to streptavidin-ferrocene conjugates
provided the amplification of both, SPR and electrochemical, signals. SPR Kkinetic
experiments (Fig. 5B) showed that the injection of protein conjugates upon the
hybridization of nonspecifically bound DNA (BT15, control) induced a small increase on
SPR reflectivity while the hybridization with target fully complementary DNA (BT2)
biotinylated sequences resulted in a strong increase of reflectivity. Furthermore, protein
conjugation with electroactive Fc allowed simultaneous electrochemical monitoring of
the binding event. SWV was selected as electrochemical technique, and the
voltammograms recorded for each concentration tested (Fig. 5C) revealed that the Fc
redox signal increased with the increasing amount of target DNA bound to the sensor
surface. From the calibration plot (Fig. 5D), a linear concentration range, between 10 and
200 pM, and a LOD of 10 pM (2 fmol) were obtained. In addition to the high sensitivity
(and reproducibility), the developed eSPR DNA biosensor showed high selectivity since
discrimination at single-base mismatch level was achieved. The research group used the
same detection strategy to perform combined electrochemical and surface plasmon field-
enhanced fluorescence spectroscopy (SPFS) studies concerning short DNA structure
transformation [77].
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Fig. 5. A) DNA hybridization detection strategy based on the formation of an
electroactive streptavidin layer for optical and electrochemical signal amplification.
Thiolated peptide nucleic acid probes (HS-PNA) at the electrode surface were used for
effective hybridization with target sequences and MCH was used lateral spacer that
optimized film organization; B) SPR curves recorded (a) after injection of BT15 (non-
complementary biotinylated target; reference; C = 1 uM), followed by injection of
ferrocene-streptavidin conjugates (C = 200 nM); (b) surface wash with buffer solution;
(c) injection of BT2 (target sequence; C = 500 nM); (d) after surface wash, followed by
injection of electroactive conjugates; (e) same as (b); (f) after injection 50 mM NaOH for
surface regeneration; (g—k) repetition of steps (b—e); C) SWV voltammograms collected
at the Au/PNA surface after hybridization event with BT2 (fully complementary
biotinylated target and after binding of ferrocene-streptavidin conjugates. From (a) to (f):
0 to 200 pM. Curve g represents the voltammogram obtained for BT15
(noncomplementary target, control); D) Graphical representation of the relationship lpeak

vs. Cer2. Adapted from [51] with permission from American Chemical Society.
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On/off bioelectrochemical switches were considered to be very innovative platforms for
electrochemical biosensing in complex media [78] and the structure-switching
technology was adapted to the eSPR sensing method [52, 53, 79]. In 2014, the eSPR
technique allowed optimal nucleic acid probe selection, between one stem-loop DNA
probe (SLP) and two linear DNA probes (LP and 3xLP), all modified with methylene
blue (MB) organic dye as terminal group (electroactive reporter) and containing a
sequence complementary to target 25-base DNA. ACV was used to monitor the MB redox
activity (maximal at ~—0.27 V) after duplexes formation at the sensor surface. Best results
were achieved by the longer linear DNA probe (3%LP), however, a poor LOD (of 20 nM)

was achieved by the developed sensor [52].

4.1. Bacteria detection

Meanwhile, in 2015, Dallaire et al. [53] developed an eSPR biosensor for detection of
pathogenic oligonucleotides directly by the use of a thiol-immobilized DNA stem-loop
structure possessing MB as redox label. Upon hybridization with pathogenic DNA
sequences, the stem-loop structure disrupts hindering the electron transfer process (see
Fig. 6A). The employed structure-switching electrochemical process was converted into
a measurable plasmonic response, taking into account the different R1 of reduced (MBred)
and oxidized (MBox) states of MB (ARlIredox) and the distinct electron transfer rates at
“ON” or “OFF” configurations (ARIredoxon >> ARlredoxorr). From detection studies
performed in buffer solution, the LOD of the switch-based eSPR sensor was estimated to
be 5 nM and 10 nM for Mycobacterium Tuberculosis (Target_1) and Escherichia coli.
(Target_2), respectively. Then, the eSPR sensor was directly applied for detection of
DNA strands from Escherichia coli. in whole blood samples. The ACV voltammograms
(Fig. 6B) and the real-time hybridization dynamics recorded by impedance method (Fig.
6C) during incubation confirmed the high selectivity of the electrochemical structure-
switching plasmonic sensing in complicated matrices, highlighting that eSPR is able to
resist better to NSB than conventional SPR, a crucial advance for biosensing applications
in clinical context.

Taking advantage of the eSPR technology to map the redox potential amplitude with high
spatial resolution, the developed eSPR sensor was also applied for the simultaneous
detection of oligonucleotides from drug-resistant tuberculosis and Escherichia coli., in

complex samples, using the experimental setup represented in Fig. 6D. The DNA probes
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for each pathogen were placed on separated spots of the same working electrode but in
compact with the same sample solution. The real time response for the successive
injection of target DNA sequences (Fig. 6E) showed that fast and reliable multiplexed
detection was successfully achieved by the switch-based eSPR approach. However,
although the overall concept was successfully demonstrated by the research group,
showing very promising results even in complicated matrices (whole blood), however, it
is important to further improve this technology since the LOD achieved by the sensing
approach (in the nM range) can compromise its application under diagnosis context,

where detection sensitivity at fM level is often needed.
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Fig. 6. A) Schematic representation of the sensing mechanism based on the MB
nanoswitches. MB electron transfer is maximal for the “ON” state and minimal for the
“OFF” state as the immobilized probe suffers conformational change; B) Normalized
eSPR voltammograms obtained for detection of Escherichia coli. DNA strands in PBS
and blood. Electrochemical measurements were recorded before (blank) and after surface
incubation with target oligonucleotide for hybridization. Maximum eSPR signal at ~-275
mV (Vredox Of MB); C) Real-time eSPR response to the hybridization event between
immobilized probe and target oligonucleotide; D) Set-up used for eSPR multiplexed
detection of drug-resistant tuberculosis (Target_1) and Escherichia coli. (Target_2); E)
Responses obtained after addition of Target_1 and Target_2 sequences (C = 100 nM) to

the sample media. Adapted from [53] with permission from Elsevier.
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4.2. Cancer biomarker detection

Recently, in 2020, an eSPR approach operating label-free was developed by Ribeiro et
al. [54] for the simple and sensitive detection of breast cancer biomarker miRNA-145.
The preparation of the sensing surfaces was achieved by covalent attachment of thiolated
RNA probes to the sensing surface using 2-mercaptoethanol (ME) as lateral spacer to
reduce steric hindrance. Fully automated in situ preparation of sensor platforms and
detection procedures for the miRNA-145 quantification were carried out by the robotic
autosampler, increasing reproducibility and avoiding contamination and/or operator’s
errors. The overall detection scheme is represented in Fig. 7A. By controlling the
electrode potential, it was possible to induce the accumulation of the redox probe
molecules at the electrode surface after the hybridization event which resulted in
enhanced optical response as consequence of the electrochemical process. As
hybridization proceeds, the electrostatic repulsion between negatively charged redox
probes and the strongly negatively charged sensor surface increasingly hindered the
diffusion-controlled redox process thereby decreasing the overall angle variation. The
real-time data collected from the automated detection scheme is displayed in Fig. 7B for
the several concentrations of mMiRNA-145 biomarker tested. Furthermore, the SPR optical
changes obtained under hybridization equilibrium and the following eSPR monitoring
upon application of the electrochemical potentials (E1 = +0.5 V; E2 = -0.3 V) were
represented as function of the analyte concentration, as shown in Fig. 7C and 7D,
respectively. As can be seen, direct SPR only provides reliable response to concentration
values above 10 nM. However, the control of applied electrochemical potentials to the
redox system clearly influenced the plasmon resonances providing a simple and label-
free amplification strategy thereby improving the sensitivity of the hybridization assay
from nM to femtomolar concentration levels (LOD =0.56 fM), allowing the application
of the eSPR biosensor for clinical purposes. In addition, the developed eSPR biosensor
showed high selectivity since it was able to discriminate sequences having single-base
and two-base mismatch. Successful eSPR quantification of miRNA-145 in human serum

was reported in this work.
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Fig. 7. A) Sensing approach used for the amplified eSPR detection of mMiRNA-145. After
monitoring target miRNA hybridization in real-time (first detection step) signal
amplification was achieved by potential-assisted deposition of a biocompatible redox
probe on the sensor chip (second detection step); B) Real-time direct SPR response to the
hybridization event (left) followed by combined electrochemical control (vs. Ag/AgCl)
SPR measurement (right) in the presence of ferrocyanide/ferricyanide redox couple (C =
5 mM); C)-D) Calibration curves obtained for miRNA-145 by (C) direct SPR and (D)
eSPR readout. Adapted from [35] with permission from Elsevier.
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5. Detection of small molecules

Detection of small molecules can be rather challenging using conventional SPR approach
since small differences in the Rl imposes limited sensitivity. However, eSPR method can
easily overcome this limitation as long as the target analyte is redox active for direct
electrochemical detection using common voltammetric techniques. This simple and
straightforward biosensing strategy has already found some relevant applications in
clinical context [61, 80] that can expand knowledge to provide new sensing solutions.
Another popular approach for eSPR detection of small molecules rely on enzyme based
biosensors integrating conductive polymers acting as wiring matrixes for the
electrochemical activation of redox enzymes. Early work demonstrated changes of the
optical dielectric properties of several polymers, such as poly(aniline) [81, 82]
poly(aniline)/poly(acrylic acid) [83] and poly(pyrrole) [84], by reactions catalyzed by
enzymes, mostly HRP and glucose oxidase (GOXx), enabling to indirectly determine the
substrate concentration quantitatively.

Baba et al. [85] reported the development of a eSPR glucose biosensor based on a
multilayer thin film composed of N-alkylaminated poly(pyrrole)/GOx. Layer-by-layer
(LbL) electrostatic assembly was used for simple and stable immobilization of GOx and
signal enhancement was mediated by doping-dedoping events on the poly(pyrrole) (see
Fig. 8A). Importantly, the eSPR biosensor was able to operate at potentials lower than
+0.3 V, a crucial advantage to avoid oxidation of (nonenzymatic) glucose, generated
H202 or coexisting species in biofluids (AA, UA, acetaminophen). Best sensitivity (of 0.3
uA/10 mM) was achieved by using the polymer film in doped state before sensing. This
work however lacks of long-term stability studies and application of eSPR device for
glucose analysis in blood and/or urine.

An ingenious eSPR approach for detecting H202 and glucose involved the use of a
horseradish peroxidase-osmium redox polymer (Os-gel-HRP) operating without the need
of electrochemical instrumentation [60, 86-88]. The combined measurement of electric
current and SPR optical signals on a gold nanohole array, incorporated into a microfluidic
channel (see Fig. 8B), was used for H202 measurement [60]. The array was previously
modified with a Os-gel-HRP film that was responsible for the electrochemical processes
occurring at the gold nanohole. The immobilized HRP consumes the H202 (catalytic
reduction into water) and subsequently returns to its native form by accepting an
additional electron from osmium complex. The SPR dip shift due to the Os complex redox
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state change decreased with the increasing analyte concentration (Fig. 8C). The relative
dip shift was linearly proportional to H202 concentration in the range from 10 to 250 pM,
after which saturation occurred (Fig. 8D). The overall eSPR detection concept,
successfully demonstrated for H202 quantification, can be further extended to a higher
number of chemical species by immobilizing one or more oxidase enzymes (GOD,
glutamate oxidase, etc.) on the gold nanoarray.

In another work, Nakamoto et al. [86] took advantage of the great features of the Os-gel-
HRP redox polymer to developed a one-chip SPR biosensor (containing two circular gold
thin films) for simultaneous PoC detection of two biomolecules with very different
molecular sizes in human urine, the disease biomarker transferrin (MW = 75 kDa) and a
calibration marker, creatinine (MW = 113 g mol™). Transferrin was detected by simple
immunoreaction with surface immobilized antibody (direct SPR) while creatinine was
converted by a tri-enzyme layer to H202, being detected by eSPR approach using the
above mentioned Os-gel-HRP film. For successful detection of creatinine, several
enzymes were employed to remove interferences (such as AA and UA) from urine
samples. The biosensor was capable of detecting transferrin (from 20 ng/mL to 10 pg/mL)
and creatinine (from 10 uM to 10 mM) at clinically relevant levels in real human urine

with improved accuracy by calibrating the transferrin concentration with the creatinine.
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Fig. 8. A) Schematic diagram of the multilayer composite electrode cascade of events for
sensing of glucose using glucose oxidase (GOXx). B) Detection chip (left), including SEM
image of gold nanohole array (inset) and schematic representation of the eSPR apparatus
(right). Films A, B and C corresponds to CE, WE and RE, respectively; C) Dip variation
after injection of increasing concentrations of H202 onto the gold nanohole array,
previously modified with Os-gel-HRP; D) Calibration curve obtained for H202. Adapted

from references [85] and [60] and with permission from American Chemical Society.
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6. Living-cell Analysis

SPR can provide real-time, non-invasive and label-free evaluation and monitoring of
living cells, a very appealing not only for research purposes in live sciences but also for
several medical practices [89]. In this topic, the combination of electrochemical methods
with SPR [61] and SPR imaging (SPRI) [48, 90] has the unique advantage of multi-
parametric cell analysis.

A very inspiring eSPR application was developed by Wu et al. [61] for the real-time
evaluation of treatment efficiency of live cancer cells directly adsorbed over SPR
substrates. The measurement of electroactive daunorubicin (DNR) by CV technique was
used for assessment of drug uptake into living cells and SPR method allowed to monitor
signal variation induced by detachment of apoptotic cells from the chip surface, after
incubation with the anticancer drug (see Fig. 9A). SPR signals induced by CV oxidation
and reduction of extracellular DNR (at ~ —0.6 V) were found to be linearly related to cell
survival rates (Fig. 9B). Thus, the innovative eSPR methodology was able to provide
reliable and label-free information about treatment effectiveness and cytotoxicity of
bioactive drugs in real-time, a unique advantage over commonly used colorimetric
methods.

In another work, Zhang et al. [90] developed an electrochemical SPR imaging (eSPRI)
method to obtain direct information about the changes of dielectric properties and the
redox character of the cells. CV technique was used in their work. The authors observed
that cell oxidation effect recorded in CV measurements correlated well with optical signal
changes found by SPR detection.

Furthermore, recent literature highlights the great potential of plasmonic imaging of
electrochemical impedance (P-EIM) [43, 66] for several applications, including the

analysis of single cells and intracellular events.
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showing the optical signal variation when CV measurements were collected. Control
experiment were conducted and show the SPR signal increase due to the cell growth and
attachment to the SPR platforms; B) SPR signals collected as a function of DNR

concentration and cells exposure time. Adapted from reference [61] with permission from
American Chemical Society.
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7. Limitations and optimization

For implementation of eSPR technology in routine clinical practice, the eSPR biosensors
need to overcome the challenges of biomarkers detection in complex biological samples,
such as serum. Concerns related to nonspecific binding (NSB) of serum components
(mostly proteins, such as albumin) to biosensing surfaces have been clearly identified for
SPR biosensors (leading to false/negative results, data misinterpretation, etc.) [13, 91]
and several antifouling materials, based on PEG/OEG, peptides, polysaccharides (e.g.
hyaluronic acid), polyacrylates, among others, have been developed to improve optical
biosensing in blood-based media [91-93]. However, most of these strategies, some of
them commercially available [91], are of limited use for eSPR method since the electron
transfer process is inhibited due to the high thickness of antifouling layers, compromising
electrochemical detection. Thus, for the successful implementation of eSPR detection it
is fundamental that surface modification procedures used can efficiently attach
bioreceptors to the plasmonic platforms, and resist to NSB of unwanted biomolecules
coming from biofluids (by using antifouling compounds [93, 94], for example), while
providing a measurable reversible electron transfer kinetics of the label through the film
to the electrode [17, 21, 95].

Common procedures for preparation of optimized eSPR biosensing surfaces rely on gold
functionalization with (i) electrosynthesized polymeric films [55, 58] and (ii) SAMs, in
particular short-chain thiols [56, 59]. The in situ electrochemical polymerization of
functional monomers (PABA, PPA, etc.) allows the easy modulation of the polymer film
thickness with respect to electron transfer [27] while short-chain SAMs tend to form
monolayers with considerable amount of defects being very attractive for investigation of
redox reactions [96]. Besides, SAMs of short carboxyl-terminated thiols, such as MPA
and cysteine, were recently used as alternative linker molecules (replacing the widely
used MUA [94, 97, 98]) in SPR biosensors, and proved to be effective in reducing NSB
of proteins composing biological fluids [99-102].

Although no eSPR biosensors based on polymeric films was yet applied for analysis in
clinical samples, some have succeeded using SAM approach for biomarkers analysis in
serum [54, 59] and whole blood media [53] (see Table 1). Other surface treatments and
strategies were used to further resist to serum proteins adsorption, such as de-activation
the SAM head group (-COOH) with ethanolamine [59], co-immobilization of hydrophilic
SAMs [54], surface block with blank serum [59], use of NSB binding buffers [59], sample
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dilution [54, 59] or applying a “membrane clocking” method prior to detection [57]. Still,
more work reporting eSPR biosensors application to real clinical samples is currently
needed, aiming not only to address detection in serum, but also in other biofluids. The
application of eSPR technology to urine and saliva samples remains unexplored. The
design of new eSPR sensors working directly in crude biofluids with minimal sample
preparation should be envisioned. For validation, the eSPR biosensors application in real
clinical samples from patients is needed [13].

To further improve eSPR biosensing in biofluids, new SAM-based surface chemistries
and polymeric functionalizable antifouling coatings that recently emerged in the literature
can be of potential interest for successful eSPR biosensing in biofluids, namely:

(i) monolayers composed of mixed SAMs of MPA:MUA [103] and/or the use of ethylene
glycol-based thiols (~ 2.5 nm) [104-106]. The optimized surface design uses the longer
thiol for effective immobilization of biomolecules at the gold surface through -COOH
terminal groups (via EDC/NHS coupling) and the hydrophilic shorter SAM is used to
limit the occurrence of NSB [103, 106];

(ii) dopamine polymer, poly(dopamine), used over recent years as antifouling coating for
several biomedical applications, including biosensing [107-110].

The use of synthetic bioreceptors, such as aptamers and molecularly imprinted polymers
(MIPs), may also contribute to increase the assay selectively and stability in complicated
matrices [13, 16, 21]. Thiol-terminated aptamers [111] and MIPs [112, 113] already
showed their potential for eSPR biosensing of drugs and herbicides and the concept can
be further extended for detection of small molecules and proteins acting as biomarkers.
Furthermore, redox-labeled MIP NPs (nanoMIPs) [114] were recently developed with the
purpose of combining specific recognition and reporting functions that can be measured
by electrochemical techniques. The ingenious detection concept, already validated for
electrochemical sensing, can be, in principle, adapted for eSPR biosensing as well.

To provide precision diagnosis it is fundamental to move from single to multiplex
biomarkers screening [115, 116]. Although electrochemical [117] and SPR [118] methods
already started the journey towards the simultaneous multi-biomarker detection in the
same biofluid sample, no eSPR multiplex approach was reported so far. To achieve this
level of technology, new eSPR cells and SPR gold substrates (containing electric
insulated working electrode areas) [119] need to be intentionally designed (or adapted) to
allow the user to perform multiple-electrode measurements. Bi-potentiostats are currently

commercially available to collect the simultaneous electrochemical measurements
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independently at corresponding SPR channels. The continuous developments in SPR and
electrochemical fields may contribute in near future for the development of eSPR
multiplex devices in order to became a valuable tool for personalized medicine, enabling

label-free, low-cost and accurate screening of multiple biomarkers in parallel.

8. Conclusions and perspectives

Although not yet widely spread, information gathered (and summarized in Table 1),
revealed that eSPR method is a very versatile analytical tool since a widespread number
of clinically relevant analytes were detected so far, namely nucleic acids, disease
biomarkers, pathogens, virus and small chemical species, such as drugs and H20:.

To develop combined electrochemical and plasmonics biosensors, the
biofunctionalization strategy is a key factor for experimentalists to increase the bioassay
performance. SAM approach is by far the most used for effective immobilization of
bioreceptors at the SPR platforms. In addition, the in situ electrosynthesis of thin
conducting polymers (such as PABA, PAP, among others) as support for covalent
immobilization of antibodies can be a straightforward approach to build the sensing
platforms taking advantage of eSPR monitoring for easy optimization of polymer
thickness. Furthermore, SPR devices having robotic autosampler can offer the unique
advantages of rapid, easy, fully automated and reproducible in situ procedures to build
the artificial architecture assembled to the sensor surface.

For the electrochemical readout, the recorded redox signals can be generated from (i)
redox reporters (MB, ferrocene) conjugated to oligonucleotides or proteins, (ii) oxidation
of common substrates (TMB) or reaction sub-products (PAP) catalyzed by enzymes
(HPR, ALP, etc.), or (iii) from commonly used biocompatible redox probes, namely the
ferrocyanide/ferricyanide redox couple. Relatively to voltammetric methods, the use of
ACV or the application of a constant electrochemical potential to the bioanalytical
systems provided a simple mean for SPR optical signals enhancement induced by the
redox processes occurring at the sensor surface. Moreover, the integration of SWV or CV
technique with SPR allowed to obtain electrochemical and optical responses
independently.

Parallel studies showed that the electrochemical readout was far more sensitive than
optical detection, thus, acting as simple and cost-effective (and many times label-free)

amplification strategy for the very sensitive detection of low physiological concentration
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levels of analyte in biofluids. Although the reported studies (see Table 1) succeed to show
the great potential of eSPR as analytical tool, the application of developed biosensors in
complex samples (serum, whole blood) was scarce and remains challenging due to lack
of sensitivity of devices and/or due to NSB of serum proteins to detection platforms. Still,
some strategies were successful implemented to block NSB of serum proteins to SPR
chips, such as the use of NSB hindering buffers, surface treatment with blank serum or
apply a “membrane clocking” method prior to detection.

For further improvement of eSPR technology, both, SPR and electrochemistry, may
contribute with new tools to enhance the sensitivity, selectivity and accuracy of
biosensors, operating label-free in biological samples (plasma, serum, blood). In this
context, the use of new antifouling materials, such as ethylene glycol-based
thiols/poly(dopamine)-based materials, can be attempted to minimize NSB to SPR
substrates. Also, the incorporation of electrocatalytic nanomaterials on the sensor surfaces
should provide enhanced electrochemical response to redox reactions of reporting
molecules while electrochemical techniques can be further optimized to achieve faster
detection with improved sensitivity (such as pulse techniques). Moreover, the
introduction of novel (bio)receptors can maximize detection performance in biofluids in
a cost-competitive manner. The use of aptamers, peptide nucleic acids (PNAs) and MIPs
for screening oligonucleotides and proteins, was not fully explored in this context.
Another demand for the eSPR approach is to envisage the simultaneous detection of
multiple biomolecules in a single assay to improve diagnostic precision and efficiency
and reduce detection costs. This can be easily achieved by taking advantage of eSPR
approach to map redox processes with high spatial resolution in combination with
promising microfluidics technology for improved throughput and simplified operation in
manufactured eSPR cells.

Although conventional SPR systems (Biacore, BioNavis, Reichert, etc.) are being
commercialized worldwide and many research laboratories routinely uses them to study
biomolecular interactions or for analytical purposes, the implementation of eSPR
approach has not yet reached an expressive application. In our opinion, the eSPR setup is
technically very simple since it only requires the integration of an external potentiostat to
control the potential applied to the cuvette. Furthermore, we consider the eSPR approach
to be very innovative and brings new and important contributions to the SPR field for
detection of clinically relevant (bio)molecules in order to rapidly report several health
hazards with high sensitivity (to identify disease at the early stages) in a simple, cost-
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competitive and reproducible manner, offering great advantages relatively to
conventional immunoassays (mainly ELISA methods) routinely used for screening
disease biomarkers in hospital labs. Based on the above mentioned evidences, we think
that current technology deserves the attention of scientific community as a biosensing
methodology with a great potential to reach a widespread commercialization level and
intensive use in medical diagnosis, environmental monitoring and food quality fields.
Moreover, the simplicity and robustness of electrochemical and optical approaches
should allow, in a near future, the development of compact and miniaturized devices that

can become a new standard in PoC testing.
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e Label-free detection by combining electrochemical techniques with SPR (eSPR);
e Simple and autonomous performing of the eSPR measurements;
e Application of the detection methodology in clinical diagnosis context;

e Detection of disease biomarkers at clinically relevant levels in biological samples.
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