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Scanning electrochemical microscopy (SECM) is very useful, non-invasive tool for the analysis of surfaces pre-
modified with biomolecules or by whole cells. This review focuses on the application of SECM technique for the
analysis of surfaces pre-modified with enzymes (horseradish peroxidase, alkaline phosphatase and glucose
oxidase) or labelled with antibody-enzyme conjugates. The working principles and operating modes of SECM are
outlined. The applicability of feedback, generation-collection and redox competition modes of SECM on surfaces
modified by enzymes or labelled with antibody-enzyme conjugates is discussed. SECM is important in the de-

velopment of miniaturized bioanalytical systems with enzymes, since it can provide information about the local
enzyme activity. Technical challenges and advantages of SECM, experimental parameters, used enzymes and
redox mediators, immunoassay formats and analytical parameters of enzymatic SECM sensors and im-

munosensors are reviewed.

1. Introduction

Scanning electrochemical microscopy (SECM) concept was in-
troduced by A. J. Bard in 1989 (Bard et al., 1989) as a technique, which
enables the visualization of local electrochemical activity of various
surfaces. The SECM is based on electrochemical measurements per-
formed by an ultramicroelectrode (UME), which can perform 3D scans
of a space close to the surface of interest, which could contain catalytic,
redox or other electrochemically active sites. In such experiments the
UME is usually connected as a working electrode in an electrochemical
setup, and the current, which is measured by the UME, depends on the
local concentration of electroactive species and applied potential. The
main advantage of SECM is that this technique can be applied for in-situ
studies without any damage to the system of interest. It is very im-
portant in the development of enzymatic (Nogala et al., 2010) and af-
finity (Conzuelo et al., 2016; Ning et al., 2018) biosensors. In addition,
the SECM can be used for high-resolution imaging of local chemical
reactions (Wittstock et al., 2007; Teranishi, 2011; Huang et al., 2018)
and topography of enzyme-based interfaces formed in immunoassays
(Yasukawa et al., 2007), on the surface of biosensors or biochips (Zhao
and Wittstock, 2005). SECM does not require the pre-treatment of
biological sample, as it should be done if fluorescence or scanning
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electron microscopy are used for imaging (Roberts et al., 2007; Aranda
et al., 2018; Lou et al.,, 2018). In addition, fluorescence technique
creates artefacts from the background. SECM is a valuable technique
because the mathematical models can be fitted to the results, obtained
by the SECM and thus reaction kinetics can be evaluated (Sun et al.,
2018; Ivanauskas et al., 2016). SECM can be used for: (i) the imaging of
electrochemical processes at liquid/solid, liquid/gas and liquid/liquid
interfaces (Lin et al., 2018; Kai et al., 2018; Barker et al., 1999), (ii) the
characterisation and quantification of catalytic reactions and processes
for enzymes immobilised on surfaces of different conductivity
(Izquierdo et al., 2018; Morkvenaite-Vilkonciene et al., 2014), (iii) or
for enzymes used as labels in the visualization of antigen and antibody
interactions (Yang et al., 2018; Conzuelo et al., 2016). SECM was suc-
cessfully applied as a complementary technique to others well known
surface characterization techniques, such as atomic force microscopy
(AFM), scanning tunnelling microscopy and surface plasmon resonance
imaging. The bifunctional SECM-AFM probes were simultaneously used
for the mapping of enzyme activity and imaging of immobilized enzyme
spots with nanometric resolution (Kranz et al., 2004). Great improve-
ment in lateral resolution can be achieved combining SECM with
scanning tunnelling microscopy (Treutler and Wittstock, 2003). By
combining SECM with surface plasmon resonance imaging it is possible
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Fig. 1. Scheme of typical SECM experiments. WE (UME) — working ultra-
microelectrode, RE - reference electrode, CE — counter electrode, WE 2 — sub-
strate as a second working electrode. All electrodes are connected to the bi-
potentiostat.

to control surface patterning processes and get new information about
the formation of micropatterns (Szunerits et al., 2004).

This review firstly focuses on the working principle and operating
modes of SECM, secondly — on the application of SECM technique for
the characterisation and quantification of local enzymatic activity of
horseradish peroxidase (HRP), glucose oxidase (GOx) and alkaline
phosphatase (ALP) immobilised on the surfaces and finally, on the en-
zymes used as labels during specific antigen and antibody interactions.

2. SECM working principle and operating modes

The main part of the SECM is the ultramicroelectrode (UME), with a
diameter in the micrometer range, and it is usually used as a working
electrode in an electrochemical cell. The UME can be moved in three
directions and the current is registered as a function of the coordinates.
The experimental SECM scheme is shown in Fig. 1. Here a four-elec-
trode electrochemical cell is shown with the UME as a moving working
electrode, reference and counter electrodes, and the substrate as a
second working electrode. All electrodes are connected to the bi-po-
tentiostat. The control and movement of the UME and also current re-
gistration at the same time are controlled and recorded by a specialized
software. The steady-state diffusion-controlled current is related to the
mediator's concentration (Bard and Mirkin, 2001):

it 0 = 4nFDCa (¢})

where n is the number of electrons, which are involved in the reaction
on the surface of the UME, F is the Faraday constant (9.65 x 104 C/
mol), D is the diffusion coefficient, C is the concentration of the med-
iator, and a is the radius of the UME.

All SECM experiments can be carried out at constant height and at
constant distance modes. In constant height mode the UME is moved
only laterally in the x and y directions, while in constant distance mode
the UME can be moved in x-y-z directions but remain at the same
vertical distance from the sample. In this mode the UME current de-
pends on the distance between the UME and the surface of interest and
on the reactivity of the compounds immobilized on the surface. To
determine the most suitable distance for the appropriate resolution of
SECM in constant height mode measurement, the current vs distance
dependence could be measured in feedback mode by approaching the
UME to the surface of interest. The distance between the UME and the
sample could be calculated from the SECM theory, where ir/ir, .. (ratio
of UME current and steady-state current far from an electrochemically
active surface) can be related to d/a (the ratio of distance between the
sample and the UME radius). However, this approach is not accurate
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and can lead to the tip crashing or damaging the sample. These lim-
itations can be resolved by using a shear-force based constant-distance
control (Ludwig et al., 1995): the microelectrode vibrates at its re-
sonance frequency with typical amplitudes of only a few nanometres
with the use of a piezo-pusher (Hengstenberg et al., 2000). Simulta-
neously, a laser beam is focused onto the very end of the vibrating
electrode and the resulting Fresnel diffraction pattern is projected onto
a split photodiode. The amplitude and phase information about the
vibrating tip is obtained by the amplification of the differences in sig-
nals from the split photodiode with respect to the agitation signal used
by a lock-in amplifier. With the decreasing tip-to-sample distance, in-
creasing the shear forces between the tip and the sample's surface leads
to a damping of the vibration amplitude and to a phase shift, which can
be used to continuously keep a predefined damping value related to a
constant distance of about 50 + 100 nm by means of a software-con-
trolled feedback loop (Hengstenberg et al., 2000). Another method of
the shear-force detection is accomplished by mechanically attaching a
set of two piezoelectric plates to the scanning probe (Ballesteros
Katemann et al., 2003). One of the plates is used to excite the SECM tip
causing it to resonate, and the other acts as a piezoelectric detector of
the amplitude of the tip oscillation. Increasing the shear forces in close
proximity to the sample's surface lead to a damping of the vibration
amplitude and a phase shift, effects that are registered by connecting
the detecting piezoelectric plate to a dual-phase analogue lock-in am-
plifier (Ballesteros Katemann et al., 2003). Also, a shear force-based
method is able to work at various tip-to-sample distances. It can hence
detect complete diffusion profiles in the surroundings of sources or
sinks of redox-active species (Nebel et al., 2010). In particular, coupling
SECM with scanning probe techniques, such as atomic force microscopy
(AFM) (Macpherson et al., 1996) and scanning ion conductance mi-
croscopy (SICM) (Comstock et al., 2010), shear force (Ballesteros
Katemann et al., 2003; James et al., 1998; Ludwig et al., 1995) and
impedance-based techniques (Alpuche-Aviles and Wipf, 2001), led to
efficient strategies to control the tip-to-sample separation. In the com-
bined technique of AFM-SECM, the AFM tip is used as a working
electrode and as the force sensor at the same time (Eckhard et al., 2007;
Shin et al., 2008). This technique allows to achieve the best resolution
and to measure different properties of the surface.

2.1. Feedback modes

SECM feedback modes can be distinguished into two parts: negative
feedback and positive feedback. Far from the surface, the current de-
pends only on the concentration and diffusion of the redox species
(Fig. 2). If the current decreases when the UME approaches the surface
of interest, the resulting curve is of negative feedback behaviour
(Fig. 2A). It happens if a surface is an insulator. If the current increases
when the UME approaches the surface, the resulting curve is of a po-
sitive feedback behaviour (Fig. 2B) and can be achieved approaching a
conducting surface. When the UME approaches biological objects, ne-
gative feedback can only be achieved if no redox reaction occurs. Then
the current depends only on the distance from the surface.

In positive FB-SECM mode the current increases when the UME
approaches a conducting surface of interest. Moreover, the registered
current at positive FB mode could increase even when the conducting
surface, which is evaluated by SECM, is not connected to the po-
tentiostat (Bard et al., 1992). In this case the redox compounds, which
are generated on the UME participate in an opposite oxidation-reduc-
tion reaction on the conducting surface, creating a regenerative “posi-
tive” feedback loop (Bard et al., 1992). Due to this reaction, the con-
centration of compounds, which are utilized by the UME, increases
close to the conducting surface. However, such reversible redox process
can be observed only when the UME is close (at the distance equal to
1-2 radii of the UME) to the conducting surface.
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Fig. 2. A — Negative feedback (hindered diffusion)
B mode when the UME is approaching the insulating

surface; B — Positive feedback mode when the UME is

approaching a conducting surface. Negative feed-

back curve was calculated by Cornut and Lefrou

equation (Cornut and Lefrou, 2007) using RG = 10;
\ positive feedback curve was calculated by Cornut
1 and Lefrou equation (Cornut and Lefrou, 2008) using
RG=10and A =1.

o 1 2 3 4 5 o
d/a

1.0 \ 500 -

o) Mre Mre

L 0.6 ™ W 5 3001

== AN /

- 04' Mred \'_ 200-

= Mee
0.2- " 100 / N~
/ Conductor
0.0 A 0-
' \ 1

2.2. Generation-collection modes

The GC-SECM mode is characterized by a relatively high sensitivity
compared to other modes of the SECM. Therefore, GC-SECM mode is
suitable for the detection of small quantities of electro-active species,
which are diffusing out from immobilized biological objects. In addi-
tion, the UME at GC-SECM mode is used as a passive sensor, which has
minimal distortions to the surface of investigation. In GC-SECM mode,
the UME is only registering currents, which are caused by the reaction
products (Gyurcsanyi et al., 2004; Shiku et al., 2001; Wittstock, 2001).
Usually the UME passively detects the redox compounds, which are
generated at the surface of interest. The problem is that the reaction in
the sample occurs continuously, independently of the presence/absence
of the UME. There are two SECM generation-collection modes: Sub-
strate generation/Tip collection (SG/TC) (Fig. 3A) and Tip generation/
Substrate collection (TG/SC) (Fig. 3B).

In the SG/TC mode, the solution initially contains redox species,
which are not yet detectable. If these redox species were oxidized/re-
duced by the sample, then the oxidized/reduced forms would be de-
tected by the UME. In the TG/SC mode, the UME is generating elec-
troactive species, which could be detected on a conducting surface of
interest, which in such investigation should be switched as one of the
electrodes of a particular electrochemical circuit. If the redox species
are detected on the UME, and at the same time consumed in the reac-
tion near the surface of interest, such type of mode is called ‘Redox
competition’ mode (RC-SECM) (Fig. 3C).

2.3. Redox competition mode
The RC-SECM mode, which was developed by Schumann's group

(Eckhard et al., 2006), could be used for evaluating the oxygen re-
duction reaction (Fig. 3 C). The advantage of this mode is that the

A B

o

enzymes can be investigated in solution without redox mediators, since
only oxygen reduction current is registered. The monitoring of cata-
bolism by measuring oxygen consumption is a commonly used tech-
nique, and the redox competition mode of SECM can be applied for this
purpose (Nebel et al. 2013a, 2013b). These experiments were per-
formed in bipotentiostatic mode, when the surface of interest was
connected to the potentiostat and particular potential was applied. For
the evaluation of conducting surfaces modified by enzymes, the oxygen
consumption rate can be registered. In this case, the dissolved oxygen is
consumed in two competing reactions: one is occurring on the UME and
another one - on the surface modified by an enzyme (e.g. GOx), which
is utilizing O as an electron acceptor (Morkvenaite-Vilkonciene et al.,
2014). In RC-SECM mode the consumption rate on the UME is much
slower than that on the surface of interest. Therefore, in this mode the
‘competition’ is doubtful, and in most cases using this mode it is pos-
sible to measure the rate of consumption of redox active species on the
surface. The advantage of this mode is that the redox mediator can be
not even present in the solution, for example, to measure oxygen con-
sumption by enzymes, which utilize oxygen. The approach curves in
this mode will be characterized by a ‘negative feedback’ behaviour,
therefore, the comparison of the results with the approach curve, ob-
served measuring insulating surface is needed. To determine kinetics of
the enzyme from RC-SECM mode measurements, a good way is to plot
current vs substrate concentration dependencies at different distances
and then apply Michaelis-Menten kinetics (Morkvenaite-Vilkonciene
et al. 2017b). Apparent Michaelis constant of superposition of redox
and diffusion processes can be calculated and it depends on the distance
between the UME and the surface of interest (Morkvenaite-Vilkonciene
et al., 2014). However, the ‘real’ Michaelis constant value can be de-
termined only at distances, where hindered diffusion does not occur.
The mathematical models can be applied in order to calculate oxygen
consumption rate and diffusion coefficients from experimental results
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Fig. 3. Generation-collection mode of SECM: A - species, generated by the substrate electrode, are collected by the UME; B — UME generated species are collected by
the substrate electrode. Redox competition mode of SECM: C — species are detected on the UME, and at the same time are consumed on the substrate electrode.



1. Morkvenaite-Vilkonciene, et al.

obtained using RC-SECM mode (Ivanauskas et al., 2016). Additionally,
mathematical models can be used for the evaluation of UME geometry
influence on registered signal (Astrauskas et al., 2019).

The selection of the best SECM mode depends on the object of in-
terest, the properties, which will be investigated, and on the measuring
conditions, which are necessary to achieve the goal.

3. Application of SECM in enzymatic sensors and immunosensors

3.1. Enzymes

Many articles have been published about the research of enzyme-
modified surfaces using SECM-based techniques. The most popular and
widely used enzymes in biosensor related field of research are oxidor-
eductases (Wittstock, 2001). For the detection of these enzymes GC-
SECM mode is commonly used. GC-SECM mode is more favourable than
FB-SECM mode due to higher registered current and possibility to in-
vestigate at higher distances from the surface. Measurements can be
done at distances higher than 10 UME radii without the risk to damage
the immobilized enzyme or to break the electrode. Although in GC-
SECM mode the reaction on the surface of interest becomes steady-state
only after a certain period of time after the addition of the substrate into
an electrolyte. It should be noted that in order to get more reliable
measurement results it is necessary to wait until the current stabilizes
before each SECM measurement.

In order to determine the enzymatic kinetics in GC-SECM mode, the
only way is to increase the concentration of the substrate and to mea-
sure the current. Further calculations from the registered current de-
pendences on the substrate concentration are performed. The easiest
way to determine enzymatic kinetics is by vertical approaching to the
immobilized enzyme using FB-SECM or RC-SECM modes, e.g. to mea-
sure current vs distance dependencies and apply mathematical models
for kinetic calculations (Burchardt et al., 2009; Cornut et al., 2009;
Ivanauskas et al., 2016). Mathematical models have been created for
SECM-based evaluation of enzymatic redox reactions in the presence of
redox mediators. The selection of appropriate mediator is one of the
most important issues in enzymatic, antigen-antibody interactions and
other studies using the SECM. Therefore, in this review the imaging and
the evaluation of enzymatic reactions kinetics at optimal experimental
conditions are discussed separately for HRP, ALP and GOx enzymes.

The immobilization of enzymes is a very important issue in the
development of biosensors. Proper immobilization of enzyme molecules
can retain and sometimes even enhance the activity of enzymes and
improve operational stability (Mohamad et al., 2015). Usually for the
research by SECM enzymes are immobilized on the surface in small
spots with a diameter of about 100-200 um. To form such small spots
different techniques can be exploited. The protein's amino acids can be
involved in the binding of the enzyme to the support through various
types of interactions, for example, hydrogen bonds, ionic binding, hy-
drophobic interactions, van der Waals forces, affinity binding or the
formation of covalent bonds (Brena et al., 2013). Covalent linkage via
cross-linking with polymers ensures strong binding of the enzyme to the
electrode's surface, but the denaturation of the enzyme might occur if
excess of cross-linking agent is used (Khan and Wernet, 1997). Im-
mobilisation of enzymes through weak, non-specific forces and inter-
actions is a simple method, however these enzymes can still detach
from the surface even under gentle conditions (Zhou et al., 2002).
SECM is able to detect changes in the electrochemical reaction kinetics
(Zhou et al., 2002) and, at the same time, changes in the enzyme's
activity, depending on the used immobilization method. To ensure that
the changes in the electrical current are caused by the reaction cata-
lysed by the enzyme (but not by the reaction between the substrate and
the redox mediator), cyclic voltammograms have to be registered with
the redox mediator in presence and absence of the substrate and in the
absence of the enzyme (Zhou et al., 2002). The obtained results should
be similar independent of the presence or absence of the substrate in the
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solution. It means that the reaction of the substrate and the mediator is
very slow and the changes in the registered current close to the en-
zyme's surface will be detected due to the enzyme-catalysed reaction.

3.1.1. Horseradish peroxidase

The first attempt to investigate the HRP applicability in SECM in-
vestigations was made in 1993 (Horrocks et al., 1993). The UME
modified by HRP and a redox polymer was used for the determination
of hydrogen peroxide concentration, which was formed during GOx
catalysed enzymatic oxidation of glucose. Amperometric registration of
HRP activity can be carried out by using a variety of different redox
mediators, such as ferrocene and its derivatives, quinone and redox
dyes (Laschi et al., 2009; Li et al., 2008; Loaiza et al., 2008). The HRP
catalysed enzymatic reaction at —0.2V vs Ag/AgCl in the presence of
1 mM H,O0, in the solution was investigated by a carbon macroelectrode
using three different redox mediators: 1.0 mM ferrocene methanol
(FcMeOH), 1.0 mM ferrocene carboxylic acid (FeCOOH), and 1.0 mM
hydroquinone (H,Q) (Laschi et al., 2009). About a 3 times higher
current was registered using 1.0 mM H,Q in comparison to the other
two (FcMeOH and FeCOOH) redox mediators. Therefore, this redox
mediator is a promising candidate in the SECM research. Different
redox mediator forms can be used depending on the selected SECM
mode (Fig. 4). The reactions on the UME and HRP stay the same in both
previously mentioned modes (Eq. (2) and (3)), but in GC-SECM mode
the H,Q is added to the solution, while in FB-SECM mode the BQ is
added to the solution. In the GC-SECM mode after introducing H,Q, the
molecule is oxidized to BQ on the enzyme-modified surface in the
presence of H,0,, thus, BQ is generated on the enzyme modified surface
during measurements (Fig. 4A). The UME is sensitive towards different
concentrations of produced BQ at the potential —400 mV vs Ag/
AgCl/3m ka (Conzuelo et al., 2014). In FB-SECM mode the BQ is added
in the electrolyte and H,Q is produced after the reduction of BQ on the
UME at —400 mV vs Ag/AgCl/3m ka (Fig. 4B). The reversible reaction
(oxidation of H»Q to BQ) will take place on the enzyme modified sur-
face in the presence of H,O, (Zhou et al., 2002). In this case, the
background current generated by the presence of BQ in the solution has
increased at close distance to the surface. By comparing these two
SECM modes, it is evident that in GC-SECM mode the enzyme-catalysed
reaction in the presence of H,O, occurs all the time, while in FB-SECM
mode this reaction starts only when the UME is close to the enzyme's
surface and after H»Q is produced. Therefore, the imaging in FB-SECM
mode should be performed at a distance, which is several times closer to
the enzyme modified surface, rather than in GC-SECM mode. For ex-
ample, the distance for HRP imaging by FB-SECM was performed at
5um distance, while in GC-SECM mode this distance could be 15 pum

A

-400 mV
B -400 mV
sz :}Q
H.Q BQ
H,0, H.0
~~( HRP /’ _ HRP >

SN

S

| Insulator | | Insulator |

Reduction reaction =~ = Oxidation reaction
— Diffusion of mediator === Diffusion of reaction product

Fig. 4. Schematic representation of HRP detection using H,Q/BQ as redox
mediators using GC-SECM mode (A) or FB-SECM mode (B).
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Table 1
Scanning electrochemical microscopy in the development of enzymatic sensors using different enzymes.
Sample Concentration of Concentration of redox SECM mode/  Potential of Scanning
substrate (H,05) mediators probe/ UME probe vs parameters
diameter Ag/AgCl
Horseradish peroxidase
HRP/hydrogel on glass slide 1 mM 1 mM BQ FB-SECM F02D0.4 V Approach (Zhou et al. 2002)
carbon fibre curves
Polycarbonate filter membrane pores (14 7um Imaging at 5

um) filled with the HRP/hydrogel
Biotin-labelled HRP bound to avidin
immobilised on glass slide

Streptavidin—-HRP captured by double- 1 mM 1 mM H,Q GC-SECM F02D0.3 V
stranded DNA modified gold via Pt
biotin—streptavidin interaction 10 pm
Streptavidin-HRP-labelled SiO, 1 mM 1 mM H,Q GC-SECM F02D0.4 V
nanoparticles linked to the Pt
“sandwich” structure of DNA on the 10 pm
gold through streptavidin-biotin
interaction
HRP immobilised on amino-modified glass 1, 0.6, 0.4 or 0.2 mM 1mM H,Q GC-SECM F02D0.4 V
slide using glutaraldehyde Pt
crosslinking -
Avidin-HRP bound to polymer formed on 1 mM 2 mM GC-SECM F02D0.05V
gold and modified with biotin or poly FcMeOH Pt
(propylene glycol) 9 pum
HRP bound to amino functionalised gold 0.5 mM 2mM GC-SECM ov
surface FcMeOH Pt
25um

um distance

Imaging at 15
um distance

Approach
curves
Imaging at 15
um distance

Approach
curves
Imaging at 50
um distance
Imaging at 10
um distance

Imaging at 10
um distance

(Zhang et al. 2010)

(Fan et al. 2013)

(Roberts et al. 2011)

(Glidle et al. 2003)

(Wilhelm and Wittstock

2003)

Alkaline phosphatase

Sample Concentration of Concentration of redox SECM mode/  Potential of Scanning
substrate (4- mediators probe/ UME probe vs parameters
aminophenyl diameter Ag/AgCl
phosphate)
ALP in the mouse embryonic stem cells 4.7 mM - GC-SECM +0.30 V Imaging at 20 (Arai et al. 2013)
PAPP Pt pum distance
10 pym
ALP in the human breast cancer cells 5 mM PAPP - GC-SECM +0.30 V Imaging at 30  (Torisawa et al. 2006)
Pt pum distance
10 pm

Glucose oxidase

Sample Concentration of Concentration of redox SECM mode/  Potential of Scanning
substrate (glucose) mediators probe/ UME probe vs parameters
diameter Ag/AgCl
1. GOx covalently bounded to Nylon; 50 mM 0.05- 2 mM FcCOOH FB-SECM F02D Approach (Pierce et al. 1992)
2. GOx in hydrogel membranes; 0.05- 2 mM K4[Fe(CN)gl carbon F02D curves
3. GOx immobilized in Langmuir- 0.02- 2 mM 8 um FO2D
Blodgett (LB) films H,Q
Streptavidin-coated magnetic beads 50 mM 1mM FB-SECM +0.4V Imaging at 25 (Wijayawardhana et al.
modified by biotinylated GOx dimethylaminomethyl Pt um distance 2000b)
ferrocene 10 um
GOx immobilised on amino-functionalised 50 mM - GC-SECM +0.4V* - (Wittstock and
gold surface Pt Schuhmann 1997)
50pm
GOx immobilised on amino-functionalised 50 uM — 1 mM - GC-SECM +0.8V Imaging at 30 (Kasai et al. 2002)
glass slide using glutaraldehyde carbon um distance
crosslinking 20 pm
GOx solution immobilised with 0.2-4 mM - GC-SECM +0.6V Approach (Csoka et al. 2003)
Cellophane membrane or GOx Pt curves
entrapped in poly-acrylamide gel 25um
membrane RC-SECM -0.6V Approach
Pt curves
25um
SATA-GOx conjugate on gold 50 mM - GC-SECM +0.75V Imaging at 40 (Wilhelm and Wittstock
Pt um distance 2003)
25um
Biotin-GOx/avidin/biotin-polypyrrole on 9.9 mM - GC-SECM +0.6 V Imaging at 10 (Evans et al. 2005)
platinum substrate Pt um distance
25um

(continued on next page)
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Table 1 (continued)
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Sample Concentration of Concentration of redox SECM mode/  Potential of Scanning Ref.
substrate (H,05) mediators probe/ UME probe vs parameters
diameter Ag/AgCl
Multilayer films of GOx and poly(dimethyl 10-100 mM 0.045-0.9 mM FB-SECM +0.3V Approach (Burchardt and Wittstock
diallyl ammonium chloride) FcMeOH Pt curves 2008)
25um
GOx spotted on the polyethylene substrate 25 mM - GC-SECM +0.05V Imaging at 20 (Li and Yu 2008)
and cross-linked with glutaraldehyde Pt um distance
10 ym
GOx grafted in covalently attached and 30 mM 1 mM FcMeOH FB-SECM +05V Approach (Pellissier et al. 2008)
cross-linked hydrogel deposited on Au curves
premodified glassy carbon electrode 9 ym
GOx in a polymer hydrogel matrix on the 100 mM - RC-SECM —0.6 V *** Imaging at (Guadagnini et al. 2009)
top of PB-modified glassy carbon Pt 10-18 ym
electrode** 25 pym distance
A droplet of GOx-polymer solution on 100 mM - GC-SECM +0.65V Imaging at 50 (Lei et al. 2009)
premodified hydrophobic glass slide Pt um distance
250 pm
GOx immobilised on amino-functionalized 506 U/mL MUT and, 0.2 mM FcMeOH - +0.05V Approach (Gdor et al. 2013)
glass slide 100 mM sucrose**** Pt-INV curves
25 um
GOx entrapped within the polymer spot on 33 mM - GC-SECM Imaging at 10 (Schafer et al. 2013)
glass slide 100 mM Pt um distance
10um +0.65V
25um +0.7V
GOx immobilised on poly(methyl 0-30 mM - RC-SECM -06V Approach (Morkvenaite-Vilkonciene
methacrylate) surface using 10 mM GC-SECM +0.6V curves et al. 2014)
glutaraldehyde Imaging at 40
um distance
100 mM - Localized EIS ov Approach (Morkvenaite-Vilkonciene
Pt curves et al. 2015)
10pum
0-82.6 mM - RC-SECM -0.75V Approach (Morkvenaite-Vilkonciene
Pt curves et al. 2017b)
200 pm

PAPP - p-aminophenylphosphate monosodium salt; FcCOOH - ferrocenecarboxylic acid; FeMeOH - ferrocenemethanol; * vs. calomel reference electrode (SCE); SATA
— S-acetylthioglycolic acid N-hydroxy succinimidyl ester; ** Prussian Blue modified UME; *** four-electrode electrochemical cell with a Pt microelectrode (diameter
25 um) and the modified GC plate as the working electrodes (probe and substrate, respectively); **** sucrose is cleaved to glucose and fructose by enzyme invertase
(INV) and enzyme mutarotase (MUT) present in the solution transform a- to B-glucose; Pt~-INV-Pt microelectrode modified by enzyme invertase.

(Zhang et al., 2010) or more.
3.2. Hydroquinone/benzoquinone redox mediators’ system

Reaction on the UME:
BQ + 2H' + 2¢ - H,Q 2)

Reaction, catalyzed by HRP

H,0, + H, Q HBP 2H, O+ BQ 3)

3.2.1. Alkaline phosphatase

Alkaline phosphatase is an enzyme, which is expressed in many
living organisms including humans. ALP detection by SECM was per-
formed in GC-SECM mode using substrate 4-aminophenyl phosphate
monosodium salt (PAPP) (Table 1). ALP is a biomarker of bone for-
mation (Kuo and Chen, 2017), alveolar type II cell differentiation
(Edelson et al., 1988), and orthodontic tooth movement using self-li-
gating brackets systems (Abdul Wahab et al., 2014). This enzyme has
been used as a label in different immunoassays and for the development
of electrochemical biosensors and immunosensors. ALP catalyses hy-
drolysis of the redox-inactive PAPP to the redox-active 4-aminophenol
(PAP), which shows good electrochemical properties: such as i) low
oxidation potential (+300 mV vs. Ag/AgCl), ii) negligible electrode
fouling, and iii) reversible electrochemical behaviour (Tang et al.,
1988). Reaction, catalyzed by ALP:

ALP

PAPP "= PAP

Reaction on the UME:

+03V
=S

PAP QI + 2H* + 2¢

where QI is quinone imine.

Only the GC-SECM mode has been used for the imaging of ALP
because PAP, a redox-active product of enzymatic reaction, is registered
and the reversible reaction of PAP to PAPP does not occur on the UME,
which is the necessary condition for FB-SECM mode (Wittstock et al.,
1995). Application of this mode leads to low lateral resolution of ob-
tained image, but the sensitivity is much higher than that in FB-SECM
mode. Another advantage is that imaging using the GC-SECM mode is
performed at relatively high distances from the surface compared with
the FB-SECM, hence it is possible to reduce the probability to crash the
UME tip or to damage the sample.

3.3. Glucose oxidase

Glucose oxidase is the enzyme, which is mostly used in enzymatic
biosensors. The first application of SECM in order to determine the
electrochemical activity of GOx was performed in 1992 (Pierce et al.,
1992). In this research authors used three redox mediators: FcCOOH,
potassium ferrocyanide (K4[Fe(CN)g]), and H,Q at low concentrations
(0.02-2.0 mM) and performed vertical approaching of the UME towards
the surface of interest, which was modified by the immobilized enzyme
at concentrations from 0 to 50 % wt.

Later, SECM was used to make microscopic enzymatically active
GOx spots on self-assembled monolayer (SAM) of alkanethiolates
formed on gold. GOx was imaged without redox mediators in GC-SECM
mode. The electrochemical enzymatic glucose sensor, designed using
GOx as a recognition element, had the ability to detect low glucose
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Table 2
Scanning electrochemical microscopy in the development of immunosensors.
Capture antibody support/ Immunoassay format/ Redox mediator or substrate SECM Tip-substrate  Limit of detection/ Ref.
immobilisation method labelled antibody or of enzyme/ potential mode/tip/ distance/ limit of quantification/
antigen diameter scan rate linear range
Monoclonal goat anti-digoxin Direct detection bound 4 mM PAPP GC-SECM/ 10-20 - (Wittstock et al. 1995)
antibody covalently immobilised digoxin-ALP +0.28 V vs Ag/AgCl/3M Pt FO6Dm -
on glass substrate KCl 30 pm 7.9 FO6Dm/s -
Anti-CEA antibody adsorbed on Direct sandwich anti- 1.0 mM FcMeOH™* or FB-SECM or - FO7E10* CEA (Shiku et al. 1996)
silanised glass substrate CEA-HRP antibody 1.0 mM FcMeOH GC-SECM 9.8 FO6Dm/s  molecules in a single
+0.05 V vs Ag/AgCl Pt 20 FO6Dm radius spot
15 pm -
Anti-HCG and anti-HPL antibodies Direct sandwich/ 1.0 mM FcMeOH GC-SECM - 0.1 IU/mL of HCG (Shiku et al. 1997)
adsorbed on the microfabricated  anti-HCG-HRP and anti- +0.4 V or +0.05 V vs Ag/ Pt 9.8 FO6Dm/s 3 ng/mL of HPL
silanised glass substrate HPL-HRP antibodies AgCl/KClgae 15 pm -
sample volume 10 uL
Anti-leukocidin antibody Direct sandwich/ 1.0 mM FcMeOH GC-SECM 10 or 5.25 pg/mL leucocidin (Kasai et al. 2000)
immobilised via affinity biotin labelled anti- +0.05 V vs Ag/AgCl carbon 50 FO6Dm -
interaction with protein A-coated leukocidin antibody/ 20 ym 48.8 FO6Dm/ -
on glass substrate (antibody chip) avidin labelled HRP s
Anti-AFP, anti-CEA, anti-NSE, anti- Direct sandwich/ 1.0 mM H,Q GC-SECM/ 10 FO6Dm 0.40 ng/mL of AFP, (Ning et al. 2018)
Cyfra21-1 antibodies anti-AFP-HRP, anti-CEA- —0.4 V vs Ag/AgCl/3M KCl Pt 5 F06Dm/s 0.42 ng/mL of CEA,
immobilised on biochip HRP, anti-NSE-HRP, 25 um 0.67 ng/mL of
anti-Cyfra21-1-HRP Cyfra21-1,
antibodies 0.69 ng/mL of NSE
5 ng/mL — 1 pg/mL for
target proteins
Biotinylated anti-mouse IgG antibody Direct sandwich/ 4 mM PAPP GC-SECM/ 70 FO6Dm 0.25 ng or (Wijayawardhana et al.
immobilised via affinity anti-mouse IgG +0.29 V vs Ag/AgCl Pt 8 FO6Dm/s 1.4 FOB4 10™° M of 2000a)
interaction on streptavidin antibody-ALP 10 pm mouse IgG
coated magnetic beads 6.4F0B4 10! M of
mouse IgG
Anti-PG1 and anti-PG2 antibodies Direct sandwich/ 1.0 mM FcMeOH GC-SECM/ 50 FO6Dm 1.6 ng/mL PG1 and (Yasukawa et al. 2007)
adsorbed on hydrophobic glass anti-PG1-HRP and anti-  +0.05 V vs Ag/AgCl/KClsy carbon 24.4 or 48.8 PG2
substrate PG2-HRP antibodies 10 um F06Dm/s -
12.8-50.5 ng/mL for
PG1
12.8-40.4 ng/mL for
PG2
Anti- sulfapyridine antibody Direct competitive 1.0 mM H,Q GC-SECM/ 15 um 0.13 ng/mL (Conzuelo et al. 2014)
immobilised via affinity sulfapyridine-HRP —0.4 Vvs Ag/AgCl/3M KCl carbon fiber 20 FO6Dm/s  sulfapyridine in milk
interaction with protein G antigen 5-8 um -
present on glassy carbon plate 0.5-56 ng/mL
Direct competitive 5 mM hexacyanoferrate(III) GC-SECM/ 100 pm - (Conzuelo et al. 2016)
sulfapyridine-HRP +0.6 V vs Ag/AgCl/3M KCl carbon fiber 5 FO6Dm/s -
antigen and in situ 5-8 pm -
deposition of AgNPs
Anti-CD10 antibody adsorbed on a Direct sandwich 1 mM hexacyanoferrate(III) GC-SECM - 4.38 FOB4 107'2 M of (Song et al. 2012)
gold electrode gold nanoparticles as and hexacyanoferrate(II) Pt - CD10 antigen
carrier for the detecting - 10 pm -
anti-CD10 antibody and 1.0 FOB4 107" -
HRP 6.0F0B4 107" M
Anti-IL-1F062 antibody adsorbed on Direct sandwich 1 mM FcMeOH - - (Kasai et al. 2006)
premodified hydrophobic glass anti-IL-1F062-HRP +0.05 V vs Ag/AgCl Au 50 ym -
slide 200 pm - quantitative
Pt 10 um evaluation of IL-1F062
10 pm 24.4 ym/s at 10-350 pg/mL
Microscopic agglomerates of Direct detection 4 mM PPAP GC-SECM 45 um - (Wijayawardhana et al.
paramagnetic beads modified anti-mouse IgG-ALP +0.29 V vs Ag/AgCl Pt 8 FO6Dm/s - 2000b)
with anti-mouse antibodies 10 um -

PAPP - 4-aminophenyl phosphate; FcMeOH - ferrocenemethanol; H>Q — hydroquinone; PEG1 - pepsinogen 1; PEG2 - pepsinogen 2; AFP — alpha-fetoprotein; CEA —
carcinoembryonic antigen; NSE — neuron-soecific enolase; Cyfra21-1 - cytokeratin-19-fragment; IL - interleukin.

concentrations (from 50 uM to 1 mM) by measuring an H,O, oxidation
current by the UME (Kasai et al., 2002). SECM can also be used in
biosensor-related researches when H,0O, is produced and/or O, is
consumed during enzymatic reactions, both are determined by chan-
ging the potential applied to the UME (Csoka et al., 2003; Morkvenaite-

Vilkonciene et al., 2014). SECM is also suitable for the investigation of
multienzyme layers, which are based on GOx and HRP immobilized on
the solid substrate surface (Wilhelm and Wittstock, 2003). It was de-
monstrated that SECM is suitable for fabrication, functionalization and
characterization of biologically active microspots (Evans et al., 2005)
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Fig. 5. Schematic representation of HRP-labelled antibody detection in GC-
SECM mode.

and for reagentless determination of GOx (Li and Yu, 2008). This
modification increases the sensitivity and spatial resolution when H,O,
is measured. SECM was combined with electrogenerated chemilumi-
nescence (ECL) for advanced mapping of GOx. Hydrogen peroxide
formed during the GOx-catalyzed reaction interacts with oxidized lu-
minol that was simultaneously electrochemically generated at UME
positioned in close proximity to GOx-modified surface (Lei et al., 2009).
It was demonstrated that GOx also can be imaged in RC-SECM mode by
measuring oxygen consumption during the enzyme-catalyzed reaction
(Guadagnini et al., 2009; Morkvenaite-Vilkonciene et al. 2017b). In this
case, the current is lower at the enzyme-modified surface area com-
pared to the background current.

To evaluate enzymatic reaction kinetics, mathematical models,
which were developed for approach curves measured by the FB-SECM
mode are used (Burchardt and Wittstock, 2008; Gdor et al., 2013;
Pellissier et al., 2008; Pierce et al., 1992). There is no possibility to
create a mathematical model for enzymatic kinetics evaluation in GC-
SECM mode, since the enzyme-catalyzed reaction starts immediately
after glucose addition to the solution and the registered current changes
in time. In FB-SECM mode the current is registered when the UME is at
very close distance to the enzyme. In this case, the solution has to be
deoxygenated. These mathematical models are suitable only in solu-
tions with redox mediators, which have the ability to regenerate on the
surface modified with the enzyme. The RC-SECM mode could be used
for the determination of enzyme-catalysed reaction kinetics in solution
without redox mediators (Ivanauskas et al., 2016). Here, the current
registered using RC-SECM mode at a long distance from the enzyme
modified surface changed with glucose concentration in the solution.
Mathematical model shows that this phenomenon is observed when the
diffusion coefficient of the oxygen becomes lower due to the high
viscosity of the glucose solution so it becomes more difficult for the
oxygen to reach the UME. Another research employed magnetic beads
coated by streptavidin after reaction with biotinylated GOx for imaging
with SECM by using FB-SECM mode (Wijayawardhana et al., 2000b). It
was observed that the superior lateral resolution can be achieved,
however, the sensitivity was limited due to high background current.
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3.4. Antigen and antibody complexes

The possibilities and advantages of SECM in the imaging of enzyme-
modified surfaces using electrochemical and enzymatic reactions can be
successfully adapted for the detection of antigen and antibody inter-
action at localized surface areas. SECM is a better technique than
spectroscopy and ellipsometry, which can be used for determination/
evaluation of proteins on the surface but do not indicate or map their
exact location (Wittstock et al., 1995). The common electrochemical
methods applied for analyte determination using immunosensors have
some disadvantages, since: i) the immobilization of biomolecules, spe-
cific interaction between the antigen and the antibody, washing steps
and electrochemical detection occur on the same surface (electrode); ii)
it is difficult to reuse electrochemical immunosensors due to the loss of
activity of antigens or antibodies after the immobilization on a metal
surface or due to partial regeneration of surface after electrochemical
analyte determination, whereas for a single-use such a system is too
expensive (Ramanaviciene et al., 2012); iii) the biomolecules on the
electrode's surface slow down the diffusion of redox species and the
charge transfer (the electrode might be ‘blocked’ by the immobilized
and specifically interacting biomolecules), thus electrochemical de-
termination of antigen binding might be complicated (Wijayawardhana
et al., 2000a). Therefore, more practical ways for immunosensor de-
velopment could be the application of inexpensive glass or plastic
substrates for the immobilization of biomolecules and the UME as a
sensor for the determination of antigen and antibody interaction, which
could be reusable many times. SECM is a technique, which can be used
for the determination of antigen and antibody based immune com-
plexes, which are formed at localized surface areas, when one of the
interacting biomolecules is immobilized on any kind of surface: trans-
parent, reflecting, conducting or non-conducting. In this case, there is
no problem with charge transfer, because antibodies or antigens are
immobilized on a surface, which does not act as a signal transducer.

Imaging of immobilized antibody layers with SECM was performed
for the first time in 1995 (Wittstock et al., 1995). The oxidised capture
anti-digoxin antibody was covalently immobilized on the silanised and
activated glass and visualized by SECM after the saturation of the an-
tigen binding sites present in antibody structures with an ALP-antigen
conjugate. The enzyme, which was attached to the surface, catalysed a
hydrolysis-based conversion of the redox-inactive PAPP into the redox-
active PAP, which was determined amperometrically by GC-SECM.
However, the most commonly used immunoassay format is the direct
sandwich immunoassay, where detecting antibody-HRP conjugates are
applied. The common principle of GC-SECM mode used for the detec-
tion of an analyte after the interaction with antibody-HRP conjugates is
shown in Fig. 5. Here the ‘generator’ is the enzyme, which is attached to
the antibody, and the ‘collector’ is the UME. A reduced form of the
mediator (Meq) is added to the solution, and afterwards the redox
mediator is oxidised by the enzymes and detected with the UME. En-
zymatic reaction takes place only at that areas, where the analyte was
bound to the capture antibody and detected using antibody labelled
with enzyme.

A direct sandwich immunoassay format was applied for carci-
noembryonic antigen (CEA) detection by two SECM modes: FB-SECM
and GC-SECM (Shiku et al., 1997). The capture anti-CEA antibodies
were microspotted on a silanised glass substrate. CEA present in the
solution was attached to the surface via affinity interactions with the
capture antibody and later detected using an anti-CEA-HRP antibody.
The HRP, which was present on the surface, catalysed the oxidation of
the redox mediator FcMeOH by H,0,. The oxidized form of the redox
mediator, which is produced in HRP-catalyzed enzymatic reaction, was
detected by the SECM when the UME was located in close proximity to
the anti-CEA-HRP-modified surface. The same immunoassay format and
conditions were used for a dual immunoassay of human chorionic go-
nadotropin (HCG) and human placental lactogen (HPL) detection by
SECM at a microfabricated glass substrate (Shiku et al., 1997). SECM
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was successfully applied for the determination of leucocidin (a toxic
protein produced by methicillin-resistant Staphylococcus aureus) by an
antibody chip, which uses a direct sandwich immunoassay format and
detecting anti-leucocidin-HRP antibodies. Capture anti-leucocidin an-
tibodies were site-directed immobilised on protein A-coated glass sub-
strate. The reduction current of the oxidized form of FcMeOH de-
termined by the SECM depended on the concentration of leucocidin
bound to anti-leucocidin antibodies (Kasai et al., 2000). A cellular chip
based on the direct sandwich immunoassay format combined with a
collagen gel embedded cell culture technique for the detection and vi-
sualization of cytokines by SECM was developed (Kasai et al., 2006).
Simultaneous detection of four tumour markers by protein microarrays
was successfully performed using GC-SECM and the redox mediator
H,Q (Fig. 5) (Ning et al., 2018). SECM was applied for a dual and
sensitive pepsinogen 1(PEG 1) and pepsinogen 2 (PEG 2) determination
using the direct sandwich immunoassay format, detecting antibody
labelled with HRP and the redox mediator FcMeOH (Yasukawa et al.,
2007).

A direct competitive immunoassay format was used for qualitative
and quantitative determination of antibiotic sulfapyridine in milk. In
this case antibiotic and its labelled analogue antibiotic-HRP conjugate
competed for the antigen binding sites present in capture antibody
structure. A site-directed immobilisation of the capture antibody via
protein G, a competitive immunoassay format and GC-SECM mode in-
volving the reduction of BQ formed during enzymatic reaction ensured
a low limit of detection of the antibiotic (Conzuelo et al., 2014). The
main advantage of competitive immunoassay is the generation of a
higher analytical signal in the presence of lower concentrations of
analyte due to the larger quantity of bound antibiotic-HRP conjugates.
Some challenging bioanalytical problems, such as sensitivity, specifi-
city, reproducibility, reaction volume and the duration of analysis can
be resolved using micro- and nano-particles. Various SECM modes have
a potential for the improvement of electrochemical immunoassay
characteristics (Ronkainen-Matsuno et al., 2002). Thus, the same (di-
rect competitive) immunoassay format was tested after HRP (antibiotic-
HRP conjugate bound to capture antibody) catalysed in-situ deposition
of silver nanoparticles (AgNPs). A competition between the UME and
the modified carbon plate for the oxidation of ferrocyanide ensured a
high contrast in the visualization of deposited AgNPs at the bound
antibiotic-HRP sites. A new SECM application strategy for the de-
termination of antigen after enzyme catalysed AgNPs deposition was
proved (Conzuelo et al., 2016). Gold nanoparticles as carriers for de-
tecting antibodies and HRP were applied for the enhancement of direct
sandwich immunoassay sensitivity for CD10 antigen determination.
GC-SECM was used not only for quantitative determination of antigen
but also for topographic imaging of antigen and antibody binding event
(Song et al., 2012). Magnetic beads were successfully used for the
miniaturization of sandwich immunoassay for a mouse-IgG determi-
nation by SECM. In this research enzyme ALP that is conjugated to the
detecting antibodies, which recognise captured mouse-IgG, catalysed
the hydrolysis of PAPP to PAP (redox active product of enzymatic re-
action). The activity of ALP over the bead and the anodic current re-
gistered by SECM depend on the concentration of the analyte, which is
bound to the immobilized antibodies (Wijayawardhana et al., 2000a).

Despite the fact that usually antibodies labelled with enzymes are
used for the determination of antigens bound to the capture antibodies
and for the imaging by SECM, there are just few publications about the
application of SECM in a label-free immunoassay as a potential alter-
native to fluorescence-based analytical techniques (Holmes et al.,
2011). Dotter arrays were fabricated on screen-printed carbon elec-
trodes and biotinylated antibodies were immobilised on neutravidin
pre-modified arrays. The binding of antigen was accompanied by an
increase of the current registered by SECM using the redox mediator
FcCOOH. Such a tendency was explained by an interaction between
proteins and redox mediators and increased the localised flux of de-
tectable form of redox mediator. A wide range of different molecular
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weight antigens (prostate specific antigen (33 kDa), N-terminal cross-
linked telopeptide of type I collagen (3 kDa), ciprofloxacin (331 Da))
were tested in SECM-based formats for selective and quantitative
binding to dotted immune-arrays (Holmes et al., 2012).

Voltage-switching mode of SECM has been successfully applied for
the topographical and electrochemical nanoscale-imaging of living cells
(Takahashi et al., 2012). A membrane-bound proteins, such as the
epidermal growth factor receptor (EGFR) (one of the key membrane
proteins associated with cancer), can be electrochemically determined
on a single living cell surface by SECM after the labelling with antibody-
ALP conjugate (Takahashi et al., 2009). The same EGFR labelling
principle was successfully applied for the investigation of receptor-
mediated endocytosis. A marked decrease of current was registered by
SECM due to EGF-triggered endocytosis of EGFR (Takahashi et al.,
2011).

Usually in immunoassays that are based on antigen and antibody
interaction a small volume of biomolecule-containing solution is pre-
ferred. Therefore, in such case SECM is a powerful tool, because it can
detect proteins immobilized or attached to the surface after specific
interaction with proteins immobilised as small spots. A big challenge is
to deposit such small drops of solution with biomolecules on the sur-
face. This problem might be solved applying magnetic beads modified
by ALP-labelled antibodies. A small 30-100 pm diameter spots formed
by attracting these modified particles with a magnet were successfully
imaged by SECM in the GC-SECM mode (Wijayawardhana et al. 2000a,
2000b).

4. Conclusions and future trends

SECM is a powerful tool for the investigation of biologically-mod-
ified surfaces. Correct selection of an appropriate SECM mode for a
particular experiment is a very important issue. Two different SECM
modes used for the investigation of the same surface could provide
more reliable information. The application of traditional generation-
collection mode for the evaluation of enzymes immobilized on the
surface or enzyme-labelled antibodies attached to the pre-modified
surface via affinity interaction is still relatively rare. In this research
direction evaluation of new effective redox mediators could provide a
break-through in imaging of enzyme-labelled antibodies and the de-
termination of antigens attached to capture antibodies or to membrane-
bound receptors after their interaction with antibody-enzyme con-
jugates. It is expected that in the future SECM will be applied for the
evaluation of many biological systems, using new SECM-based ap-
proaches and combined techniques.

In the near future the combination of SECM with a fast Fourier
transform (FFT) based electrochemical impedance spectroscopy (EIS)
seems an extremely powerful combination (FFT-SEIM) of an advanced
electrochemical technique, because it can be applied in the presence
(Morkvenaite-Vilkonciene et al., 2017a) and in the absence of redox
mediators and enables very fast collection of valuable FFT-SEIM.
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