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A B S T R A C T   

A new method for the rapid and economic fabrication of dual soft microelectrodes for Soft-Probe-Scanning 
electrochemical microscopy (Soft-Probe-SECM) and their use for the simultaneous local detection of locally 
generated species is presented. The process is based on encapsulating electrode wires, such as Pt, Au and carbon 
fiber, by UV-photo-polymerization of a dielectric material leading to two microdisc electrodes, which are indi
vidually addressable. Probe stability is realized by using a flexible plastic support. The thickness of the dielectric 
material that controls the distance between the microelectrodes and the substrate surface during lateral scans 
over a substrate in contact mode is highly controllable by the probe fabrication parameters. The thickness of the 
dielectric material of the soft probes fabricated here varies between 27 µm and 35 µm, while the two micro
electrodes inter-distance varies between 180 µm and 250 µm. The dual soft probes combine Pt, Au and C 
microdiscs of different radii (12.5 µm for Pt and Au and 4 µm for C). The flexible selection of the electrode 
materials enables the fabrication of dual soft probes with electrode materials suitable to detect electro-active 
analytes of interest at solid/solution interfaces. The dual soft probes can be used in double amperometric, 
double potentiometric or mixed potentiometric-amperometric modes. As a proof-of concept of the latter mode, a 
dual platinum black/Pt (PtB/Pt)–iridium oxide/Au (IrOx/Au) soft probe is used to image in real time the 
chemically induced dissolution of inkjet printed silver patterns in 0.2 mM HNO3, generating locally reactive 
nitrogen species (RNS) and simultaneously changing the pH. RNS amounts are measured at 0.8 V (vs. Ag/AgCl, 
KCl, reference electrode) at the PtB/Pt microelectrode, while the corresponding pH changes are obtained from 
open circuit potential measurements with the IrOx/Au microelectrode.   

1. Introduction 

The most common probes used in scanning electrochemical micro
scopy (SECM) are amperometric microelectrodes that are typically 
produced by sealing a metal wire of micrometer or sub-micrometer di
ameters in glass capillaries and, subsequently, exposing their cross- 
section ends, which include both the active metal surface and the sur
rounding insulator [1,2]. These kinds of probes, often also called SECM 
tips, allow monitoring the characteristics of a single species above a 
surface and, often, the corresponding signals are convoluted with the 
topographic characteristics of the surface under investigation. Comple
mentary information on topography and local chemical characteristics 
of a sample surface, which is being addressed in the SECM community 

since ever, could be achieved by combining SECM with other scanning 
probe techniques, such as, for instance, atomic force microscopy (AFM) 
[3,4] and scanning ion conductance microscopy (SICM) [5–7]. Simul
taneous information and imaging substrate properties can be gathered 
using multiple SECM probes, in which one electrode is used for the 
determination of tip-to-substrate distances (related to the surface 
topography) and the others for monitoring chemical properties [8,9]. 
Approaches to establish tip-to-substrate-distance control include verti
cal tip-position modulation methods, in which the probe can be verti
cally vibrated. The vibration is damped in close proximity to the sample 
surface, thus allowing to control the probe-substrate distance [10]. 
Non-electrochemical distance information can also be obtained by 
shear-force measurements [11]. The local reactivity of the substrate can 
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be resolved from the topography without hybridization of SECM with 
other techniques by using soft microelectrodes [9,12-19]. These probes 
are flexible and operated in a peculiar contact mode, in which they slide 
on the target substrate keeping a nearly constant working distance. This 
allows deconvoluting the topographic contribution from the desired 
reactivity signal. The increasing implementation of soft probes by 
various groups demonstrates the increasing popularity of 
Soft-Probe-SECM. Current soft probes show key advantages when 
micrometric resolution for substrate reactivity imaging is required and 
topographic substrate features are in the range of tens of micrometers. 
The current generation of soft probes cannot resolve nanometric fea
tures, which is the target of several electrochemical imaging techniques 
currently in the focus for nanocatalysis or single cell analysis [20–22]. 
Starting from the works of Girault, Wittstock and co-workers, several 
approaches for soft probe fabrication have been realized. The first and 
still most established version of soft probes is made of conductive carbon 
paste that is inserted into microchannels, which were fabricated by laser 
ablation into thin plastic foils [12]. After curing of the carbon paste, the 
solid carbon trace is covered and sealed using a thin polymer film, such 
as Parylene C [23]. Despite their wide range of applications, carbon 
paste-based soft probes can be disadvantageous, for instance when 
certain analytes, such as hydrogen peroxide, shall be detected, which 
suffers from slow electrode kinetics at carbon. One option is to deposit 
electrocatalysts on the soft carbon microelectrode [24]. As alternative 
soft probes, a freestanding platinum wire was insulated with Parylene C 
and used as soft SECM probe [25]. However, such probe deforms easily 
when being polished or mechanically cut as required to obtain a clean 
electrode surface, and has demonstrated less stable contact mode scan
ning due to its high flexibility. In another approach, a wide Pt foil was 
fixed with epoxy on a plastic sheet and then insulated from the other side 
with adhesive tape [13]. Using band microelectrodes as SECM probes 
requires however at least two perpendicular scanning directions and 
mathematical procedures to convert the signals into SECM images. 
Nanometer-thin gold microelectrodes were prepared by Aerosol Jet 
printing [26] or gold wire sealing between two adhesive tapes [17]. Soft 
probes are extremely suited for investigating large and irregular samples 
(e.g., curved, or soft surfaces). Linear arrays of soft microelectrodes have 
been fabricated to increase the areas that can be investigated reducing 
the experimental times sufficiently, which could be interesting for in
dustrial applications as well as for biological samples. Indeed, soft 
probes have been employed to investigate biological samples, such as 
tissues and cells, as diagnostic tools for a variety of illnesses [14,15,17, 
27,28]. The complexity of the structure and morphology of biological 
samples typically complicates SECM procedures (e.g., to guarantee the 
essential constant tip-to-sample-distance) and the interpretation of the 
data and soft probes represent one possibility to study such systems in a 
straightforward manner [9,15]. 

In cancer prevention and control, an important role is played, among 
other parameters, by pH and the concentration of reactive nitrogen 
species (RNS) (i.e., NO, NO2

− , ONO2
− ). Owing to intensive respiratory, 

CO2 and acidic metabolites production from glycolysis and citric acid 
cycle, cancer cells are exposed to larger proton fluxes compared to 
normal cells. This causes a significant pH decrease in the extracellular 
medium [29–31]. The determination of pH levels is useful for exploring 
the general characteristics of a cancer, in order to improve diagnostics. 
Moreover, intracellular exchange of H+ ions determines the ionization 
state of proteins and, consequently, their activity through key processes 
for cancer proliferation and metastasis. Therefore, the therapeutic po
tential of disturbing these sequences by targeting H+-equivalent trans
porters is enormous, since the decrease of proton export from membrane 
induces apoptosis in cancer cells [30]. On the other hand, anomalous 
concentration of nitric oxide (NO) and of NO-related species has been 
detected in various types of cancer [32–38]. Data from many clinical and 
experimental studies have demonstrated that the role of NO in the 
carcinogenic process depends on its concentration. Nitric oxide is 
released from vascular endothelial cells. Therefore, cancer research and 

oncological practice would benefit from in-tumor (in situ) monitoring of 
NO concentration. From the above considerations, it appears that the 
development of a sensor system for the simultaneous detection of pH 
and NO active specie on tissues would be of great interest. Dual probes 
for SECM measurements have been proposed in the classical solid, thus 
non-flexible design within glass bodies, such as fluorinated epoxy dia
crylate/Pt-IrOx/Pt [39], Pt-solid state calcium ion-selective electrode 
[40] and Pt-IrOx/Pt [41] for simultaneous amperometric and potentio
metric uses. Single micro- and nanoelectrodes as SECM probes for 
sensing nitrogen species have been reported [42–44], but to the best of 
our knowledge not yet for flexible SECM probes. 

This paper reports on the development of a dual soft probe, able to 
detect, at substrate/solution interfaces, both pH and RNS simulta
neously with high spatial resolution. The economic and rapid fabrication 
of the dual soft SECM probes containing different electrode materials, 
such as platinum, gold and carbon, and electrode surface modifications 
by e.g. platinum black (PtB) and iridium oxides (IrOx) is presented. The 
application of dual amperometric-potentiometric soft probes will be 
demonstrated for the detection of local variations of RNS at a PtB/Pt 
microelectrode and pH at a IrOx/Au microelectrode. As a proof-of- 
concept, the dissolution of inkjet-printed silver patterns in dilute nitric 
acid, causing a local pH change and the formation of RNS, is followed by 
SECM imaging using the dual potentiometric-amperometric soft probe. 

2. Experimental section 

2.1. Materials 

All the reagents were of analytical grade and, if not differently stated, 
they were used as received. Potassium nitrate (KNO3), phosphate buff
ered saline (PBS, tablets), potassium carbonate (K2CO3), ferroceneme
thanol (FcMeOH), hexachloroplatinic acid (H2PtCl6), potassium 
hexachloroiridate (K3[IrCl6]), oxalic acid (C2H2O4), hydrogen peroxide 
(H2O2) and nitric acid (HNO3) were from Sigma Aldrich. Polyethylene 
terephthalate (PET) foils were obtained from Folex. UV curable dielec
tric ink EMD 6200 was obtained from Sun Chemical and silver nano
particle ink Silverjet DGP-40LT-15C (w/w 30–35%) from Sigma Aldrich. 
Platinum wire (diameter 25 µm), gold wire (diameter 25 µm) and carbon 
fiber (diameter 8 µm) were from Goodfellow. Polyimide (PI, Kapton) 
scotch tape was from Hopelight. Nitrogen was from Siad (≥ 99.99% 
pure) and was employed to purge the solutions when required. 

2.2. Modification of Pt and Au microelectrodes of the dual soft probes 

A custom-built aluminum cage containing four UV lamps (30 W, 
Philips) was used for UV photo-polymerization of the UV curable 
dielectric ink. PtB/Pt soft probes were prepared by electrodeposition of 
platinum black onto the smooth platinum microdisc of the dual soft 
probe in a 50% H2PtCl6 aqueous solution, as reported elsewhere [45]. 
The electrodeposition of platinum was carried out in a two-electrode cell 
configuration under potentiostatic conditions at − 0.6 V vs. a Pt wire 
pseudo-reference electrode using a CompactStat potentiostat from Ivium 
Technologies. The amount of deposited PtB was controlled from the 
current/potential profiles recorded during the plating step [45]. The 
electrodeposition of hydrated iridium oxide (IrOx) was performed onto 
the smooth gold microelectrode (IrOx/Au) of the dual soft probes, using 
a two-step procedure [46,47] described in detail in the Supporting In
formation SI-1. The deposition solution was prepared by dissolving 0.4 
mmol of K3IrCl6 in 25 mL of water and 0.5 mL of a 30% (w/w) H2O2 
solution were then added for producing Ir(IV) species. After stirring for 
30 min, 5.5 mM of C2H2O4 were added for the formation of the [Ir 
(COO)2(OH)4]2 complex. The solution was then made basic to pH 10.5 
using K2CO3. The solution color changed from pale yellow to blue after 
four days indicating the complex formation. The first electrodeposition 
step was then carried out by applying a potential of 0.8 V vs. Ag/AgCl 
(sat. KCl) for 600 s, forming potentially IrOx. In the second 
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electrodeposition step, the IrOx-coated gold microelectrode was cycled 
consecutively for at least five cycles over the potential window from 0 to 
0.8 V at 100 mV/s either to increase the amount of IrOx deposited or to 
form the mixed Ir(IV)/Ir(III) oxides system. 

2.3. Characterization methods of the dual soft SECM probes 

Microscopic characterization was done by using a Keyence VK 8700 
Laser Scanning Microscope (LSM) or by taking photographs. Unless 
otherwise stated, all electrochemical characterizations of electrodes and 
SECM measurements were performed in a three electrode cell arrange
ment using a customized scanning electrochemical microscope running 
under SECMx software (University of Oldenburg, Germany), comprising 
a CompactStat with peripheral port expander (Ivium Technologies), a 
Märzhäuser three-axes positioning system and an electronic sample tilt 
table (Zaber Technologies). Soft SECM probes were used as working 

electrodes, a Ag/AgCl (1 M KCl) electrode as reference electrode (RE) 
and a Pt wire as counter electrode (CE). All potentials herein are referred 
to the RE. For SECM measurements, the soft probes were mounted with a 
pre-defined angle with respect to the sample surface normal using a 
custom-built soft probe holder [48]. The probe angle i) avoided direct 
contact between the active parts of the soft microelectrode (i.e., the Au, 
Pt or carbon surface) and the surface of the substrate underneath, and ii) 
enabled stable “brushing” of the probe over the substrate surface during 
SECM probe scans over the substrate surface in contact mode. The 
analysis of SECM approach curves (vertical probe movements towards 
and away from the substrate) or horizontal scans for SECM line scans 
and SECM 2D imaging were carried out using MIRA software (University 
of Oldenburg, Germany). 

Fig. 1. Manufacturing procedure of dual soft probes for SECM as developed in this work. a) Schematic representation of individual fabrication steps as indicated by 
numbers 1 to 6. b) Optical micrographs of an as-fabricated dual Pt-Au soft probe for SECM. The radii, a, of the Pt and Au wires were 12.5 µm. 
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2.4. Inkjet printing of Ag patterns 

Test samples were prepared by inkjet printing of Ag patterns on PET 
foil according to our previously developed protocols. A Ceradrop X-Serie 
CeraPrinter (Ceradrop) was used with a Q-Class Sapphire QS-256 
printhead (Fujifilm Dimatix) containing 256 individually addressable 
nozzles with 80 pL nominal droplet volume. The design of Ag patterns 
(dot array and parallel bands) was created using the software CeraSlice 
(Ceradrop). Printing parameters, such as the waveform for actuation of 
the piezoelectric actuator of the printhead, droplet ejection frequency, 
distance between printhead and substrate, substrate temperature, 
droplets per inch, were optimized for stable droplet ejection and high- 
resolution Ag patterning. The substrate temperature during printing 
was set to 60 ◦C facilitating ink solvent evaporation and limiting ink 
spreading on the substrate. Immediately after printing, the Ag ink was 
cured using a high intensity light pulse from a xenon flash lamp using a 
PulseForge 1300 photonic curing system (NovaCentrix). After photonic 
curing, the substrates were used for electrochemical measurements 
without any further treatments. 

3. Results and discussion 

3.1. Preparation of dual soft probes 

Soft dual SECM probes were prepared using a facile multi-step pro
cess developed herein (Fig. 1a), which thus differs significantly from the 
conventional soft probe fabrication procedure that has been established 
over recent years by us. The newly created process is highly flexible in 
terms of material selection and probe geometries (e.g., thickness of the 
insulation layer that determines the effective working distance) as pre
sented in detail in the following. A thin plastic foil, such as PET, of 
micrometric thickness (e.g., 180 µm) was used as soft probe support with 
a lateral dimension of 5 cm (length) × 1 cm (width). Two wires of the 
desired microelectrode materials, in this work two among Pt, Au and C, 
were placed with a desired lateral distance between each other of >100 
µm on the PET foil. At one side, the two wires were fixed on the PET by 
using PI scotch tape (step 1). On the other side, the two wires were 
cleaned by rinsing with isopropanol and left to dry at room temperature 
for about 10 min. Thereafter, a precisely defined volume between 2 µL 
and 4 µL of UV curable dielectric ink EMD 6200 were dropped on the 
uncovered wire-PET assembly (step 2). Thereafter, a non-adhesive PET 
cover foil in the shape of a rectangle of ~1 cm2 area was temporarily 
released over the wire-PET assembly with deposited dielectric ink. 
Letting the cover foil being adsorbed by the UV curable ink and by the 
resulting capillary actions, the UV ink spread in a controlled manner 
over the PET support surface covering a rectangular surface area of 
about 1 cm2 (step 3). The UV curable ink was then cured for 5 min using 
the UV lamp becoming a transparent solid (step 4). Afterwards, the non- 
adhesive PET cover foil was removed (step 5) leaving the dielectric solid 
with embedded wires well-adhered on the PET support. The dielectric 
layers were homogeneous and smooth with an even thickness ranging 
between 27 µm and 35 µm, depending on the volume of UV curable ink 
that was initially placed on the PET foil (i.e., 2 µL – 4 µL) and the size of 
the PET cover foil spreading the ink over the support. Obviously, the 
dielectric material should fully cover the electrode wires for the com
plete insulation of their lateral parts. Electric connection pads, for 
realizing the electrical connections with clamps necessary to make 
electrochemical measurements, were created beyond the PI scotch tape 
by depositing conventional silver epoxy, which was cured in an oven at 
80 ◦C for about 3 h. The cross-section of the tip of the probe was created 
with a razor blade cut (step 6) in order to release two disk-shaped active 
microelectrodes for electrochemical measurements. Microscopic images 
of an as-fabricated Pt-Au dual soft probe are shown in Fig. 1b, displaying 
in particular the top views on the embedded Pt and Au wires as well as 
the side view on the cross-section. The entire probe can be cut into a V- 
shape to reduce the lateral extension of the tip and facilitate complete 

contact of the probe with the substrate during contact mode scanning. 
The inter-electrode distance was typically varied between 180 µm and 
250 µm, which avoided significant overlapping of the diffusion layers of 
the two microelectrodes [23]. This is important when both microelec
trodes are used simultaneously in amperometric mode when the 
response of one microelectrode could be affected by the flux of 
electro-active species created at the adjacent microelectrode. Instead, no 
problem arises when the two microelectrodes are employed in mixed 
amperometric and potentiometric mode. 

3.2. Dual soft probes with different microelectrode active materials 

The dual soft probe fabrication process developed herein is in 
particular flexible in terms of the selection of the electrode material as 
demonstrated in the following examples of three soft dual SECM probes: 
a dual Pt-Au soft probe (Fig. 2a), a dual Pt-Pt soft probe (Fig. 2b) and a 
dual Pt-C soft probe (Fig. 2c). The top-view micrographs (recorded by 
looking through the transparent dielectric layer encapsulating the 
electrode wires) demonstrate that the electrode wires have generally 
been placed rather parallel to each other. The exact distances between 
the two micro-discs exposed by mechanical cutting of the probe cross- 
section will depend on the location of cutting along the encapsulated 
wires and can be accurately measured by inspection of the cross-section 
using optical microscopy. The cyclic voltammograms (CVs), using a 
standard electro-active species, such as FcMeOH, demonstrate reason
able shapes for the dual soft SECM probes that were entirely made of 
flexible materials and cut with a scalpel blade. Identical diameters for Pt 
and Au, i.e., 25 µm, result in nearly identical plateau currents for the 
diffusion-controlled oxidation of FcMeOH (average (3.92 ± 0.15) nA) 
for the Pt and Au microelectrodes while the currents for the C-based 
microelectrode are reasonably lower (average (1.15 ± 0.07) nA) due to 
the smaller disk diameter of 8 µm. A diagnostic analysis of the CVs 
confirms the electrochemical characteristics that are, in general, com
parable to those found with glass encapsulation (SI-2). Currents larger 
than those predicted by theory for microdiscs embedded in an infinite 
insulating plane are due to the fact that parts of the microdiscs (i.e., 
those embedded in the dielectric material, opposite to the PET, Fig. 1b, 
cross-sectional view), are subject to diffusion from behind the plane of 
the electrodes [49,50] (SI-2). In addition, minor variations in the cur
rents of theoretically identical electrodes as shown in Fig. 2b for two Pt 
microelectrodes might be caused by the probe cutting leading poten
tially to a small deformation from a perfect disk into a slightly elliptic 
shape or a partially recessed/extruded Pt disk. In our previous works, it 
has been demonstrated how the responses of individual microelectrodes 
(MEs) of linear arrays of MEs during SECM operations can be calibrated 
for SECM imaging, which relates to the current responses as well as the 
relative positions of the individual microelectrodes to each other [51, 
52]. 

3.3. Control of the probe geometry to reduce the effective working 
distance during SECM imaging 

During SECM operations, soft probes are tilted in respect to the 
surface normal of the substrate surface. This is mainly done for two 
reasons: i.) to stabilize the probe position during lateral SECM scans in 
contact mode (which is realized in a brushing like manner) and ii.) to 
avoid that the active part of the microelectrode could get in physical 
contact with the substrate, which could cause electrode and substrate 
contamination known as “fouling”. The latter situation would be ach
ieved in the case that the probe is perpendiculary oriented (i.e., the 
probe body is parallel to the surface normal of the substrate) and 
vertically approached to the substrate surface. Fig. 3a shows too ex
amples of a thin and thick dielectric layer in respect to each other. 
During SECM operations in contact mode, the dielectic layer contacts 
the substrate surface (Fig. 3b). The thickness of the insulation layer, 
thdielectric (the reference level is the surface of the PET support), 

G. Bonazza et al.                                                                                                                                                                                                                               



Electrochimica Acta 462 (2023) 142752

5

represents therefore an important geometric characteristic of the soft 
probes as it affects the effective working distance d between the 
microdisc and the substrate surface. As thicker is the dielectric layer, the 
larger will be the working distance and the less will be the SECM signal 
resolution. The exact working distance will further depend on the probe 
angle α, which is determined by the tilt of the soft probe (SI-3). As it can 
be seen from the cross-sectional views in Fig. 3a, the electrode wires are 
completely surrounded by the dielectric material and do not contact the 
PET support so that the thickness of the insulation layer between 
microdisc and substrate, i.e., thL, will be equal or inferior to (thdielectric – 
2a), where a is the radius of the microdisc electrode. Hence, thL should 
be measured by using standard optical microscopy. Complete encapsu
lation of the metal wires by the dielectric material has shown the 
advantage of shielding completely the side walls of the electrode wires. 
The soft SECM probes were then electrochemically characterized by CV 
in an aqueous solution containing 1 mM FcMeOH (electroactive species) 
and 0.1 M KNO3 (supporting electrolyte) (Fig. 3c, SI-2). As discussed 
above (and in more detail in SI-2), it is very well known, the thickness of 
the insulating sheath of a disk-shaped microelectrode affects the flux of 

the electro-active species by diffusion from the solution bulk to the 
active electrode surface [49,50]. Thick insulating sheaths block more 
efficiently the diffusion of the electro-active species from behind the 
probe. Therefore, the thinner is the insulating sheath, the larger will be 
the contribution of diffusion from behind the soft probe increasing the 
net diffusion of electro-active species and thus increasing also the 
recorded diffusion-controlled current at the microelectrode. In fact, as it 
can be seen in the CVs in Fig. 3c the plateau currents of the CVs for the 
oxidation of FcMeOH depends inversily on thdielectric. With thdielectric =

35 µm, the plateau current is close to the theoretical value for an infi
nitely large insulating sheath, i.e., 3.76 nA, while the current for thdi

electric = 27 µm was 9% larger (SI-2). 
The soft probes with different thicknesses of the dielectric layer were 

then tested for standard Soft-Probe-SECM operations (Fig. 4). FcMeOH 
was used as redox mediator using the SECM feedback mode as an 
example of the most frequently used SECM modes. First, feedback mode 
approach curves were recorded, which are characterized by the vertical 
movement of the soft probe from the solution bulk down towards the 
substrate until the tip of the soft probe physically touches the substrate 

Fig. 2. Optical micrographs and CVs of Three Dual Soft SECM Probes with different electrode material combinations. a) Dual Pt-Au soft probe. b) Dual Pt-Pt soft 
probe. c) Dual Pt-C soft probe. Experimental conditions for CV: 1 mM FcMeOH in 0.1 M KNO3, potential scan rate 20 mV/s. 
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surface and starts sliding “forward” over the substrate (probe translation 
details in SI-3). Second, SECM imaging in contact mode was carried out, 
which is the lateral scanning of the probe over the substrate surface in a 
brushing like manner (SI-3). Once a line scan has been completed, the 
soft probe is lifted into the solution not being any more in contact with 
the substrate and relocated onto the substrate surface at the desired 
coordinate for the subsequent line scan. Because the soft probe is in 
physical contact with the substrate, in theory, it could cause mechanical 
stress that could delaminate the thin polymer films of the soft probe. 
Therefore, SECM imaging with stable probe responses is also a proof of 

the mechanical stability of the soft probes as fabricated herein. Feedback 
mode approach curves, recorded over an insulator and conductor, with 
three soft probes with different thdielectric are shown in Figs. 4a,b, 
respectively. FcMeOH was oxidized to FcMeOH+ at the soft probe and 
reduced back to FcMeOH at a large conductive surface when being 
positioned in close proximity to the soft probe. The recorded feedback 
currents, normalized by the steady-state diffusion-controlled plateau 
current for FcMeOH oxidation (here with an applied probe potential EP 
= 0.3 V) when the soft probe is positioned in the solution bulk (Ibulk), are 
plotted as a function of the height of the probe hP rather than the 
working distance d, as it has been established for soft SECM probes [23]. 
All soft probes have in common that after physical contact with the 
substrate and while being slid “forward” the effective working distance 
remains nearly constant. This is valid for hP values equal or inferior to 0, 
where the recorded probe current in the approach curve creates a 
plateau (Fig. 4a,b). The feedback mode approach curves over the insu
lator show a decrease in current due to the physical blocking of the 
diffusion of FcMeOH by the inert substrate that gets closer to the soft 
probe. The contrary is observed over the surface of a conductor, at which 
FcMeOH gets regenerated by the reduction of FcMeOH+ creating thus an 
additional flux of FcMeOH to the soft probe tip, which gets more effi
cient the closer the soft probe and the conductive substrate are posi
tioned relative to each other. As it can be seen clearly for the approach 
curves, a thinner dielectric layer decreases the effective working dis
tance at hP ≤ 0 and enhances the discrimination between currents 
caused by hindered diffusion and redox mediator regeneration. There
fore, thinner dielectric layers are preferred as they increase the SECM 
signal resolution (difference in current over conductor and insulator). As 
it is known from SECM approach curves over insulators and conductors 
using conventional solid disc-shaped microelectrodes, the change in 
current during an approach curve in close vicinity to the substrate is 
much more pronounced compared to the insulator due to the increasing 
effect of redox mediator recycling [53]. This can be seen in the approach 
curves of the soft probes herein (recorded current as a function of the 
probe distance hP, not working distance d) where thinner dielectric 
layers changed the current over distance response close to the substrate 
surface more effectively over the conductor. 

Thereafter, SECM imaging of Ag patterns was performed (Fig. 4c) to 
evaluate the general SECM scanning resolution and in particular the 
mechanical stability of the soft probes fabricated in the way described 
vide supra under repetitive contact mode operations. The probe trans
lation rate that was selected in this work was relatively slow (i.e., 20 µm/ 
s) in order to not disturb the diffusion layer by possible convection, even 
though it has been reported that scanning speeds with soft contact mode 
probes can generally be faster than for traditional SECM [16]. Slower 
probe translation rates didn’t show any change in the response sug
gesting stable diffusion. For SECM imaging, the soft probe is brushed 
unidirectionally over the surface. A lift-off routine has been imple
mented into the software to retract the probe into the solution bulk 
during reverse scanning and positioning to the start coordinate of the 
subsequent line scan. This operation is carried out in order to avoid 
probe bending when inverting the scanning direction, a procedure that 
can create strong mechanical forces to the tip of the probe, as well as to 
the sample surface. As it can be seen, the dielectric layer was stable 
during all operations, excluding delamination and abrasion of the 
dielectric ink. The Ag bands were clearly resolved as result of redox 
mediator regeneration. SECM imaging of the Ag dot array revealed one 
particular characteristic. Each dot of the array was created by printing 
one single droplet of Ag ink. Inkjet printing of single droplets and sub
sequent thermal curing for solvent evaporation, material solidification 
and adhesion to the substrate leads often to the well-known coffee ring 
effect. Different evaporation rates of the solvent across the deposited ink 
droplet accumulates the major part of Ag nanoparticles at the rim of the 
droplet, depleting the center. This phenomenon is well-known in the 
literature and leads to the coffee ring effect [54]. The optical images in 
Fig 4c (left) clearly show this effect, in particular by the progressive 

Fig. 3. a) Optical micrographs of an as-fabricated dual Pt-Au soft probe for 
SECM. The radii a of the metal wires were 12.5 µm. b) Schematic representation 
of the characteristic geometric soft probe parameters thdielectric, thL, a, d and α. 
c) Cyclic voltammogram recorded in the bulk solution using three different Pt 
soft probes with identical radius (a = 12.5 µm) but three different thL values, i. 
e., 27 µm (black curve), 29 µm (blue curve) and 35 µm (red). Experimental 
conditions: potential scan rate 20 mV/s, measurement solution 1 mM FcMeOH 
in 0.1 M KNO3. 
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color change from yellow to white. Consequently, the local conductivity 
and thus the ability to regenerate the redox mediator in the center of the 
Ag spot is lower than that at the rim. This can be clearly seen in the 
feedback mode SECM images (Fig. 4c, right) where the lower redox 
mediator regeneration rate is seen as a “hole” in the center of the Ag 
spots. Therefore, the dual soft probe clearly demonstrated its applica
bility for conventional Soft-Probe-SECM measurements. The SECM im
ages were constructed from interpolated data. Line scan analyses with 
non-interpolated data, demonstrating response stability during scan
ning, will be shown in the following section. Both probes image areas 
that are separated by the lateral distance between the two microelec
trodes, generally ~200 µm. As we have shown in previous works, 
knowing the distance between two probes enables merging of two im
ages into a single image using data analysis software [51,52]. Alterna
tively, one probe can be used to create a first image and then the second 
probe after lateral displacement can be used to create subsequently a 
second image of the same area. Differences in the responses of the two 
microelectrodes caused for instance by variations of thdielectric would be 
calibrated as we have previously shown for linear arrays of eight mi
croelectrodes [51,52]. 

Since in SECM imaging the dual soft probes are brushed various 
times over the substrate, modification of the dielectric layer (or 
contamination of the microdisc surfaces) can theoretically occur, but 
will depend on the substrate surface that is being investigated. If such 
effect would occur, repeated measurements made in the same area of the 
substrate as done during SECM imaging would produce much different 
responses, which were not observed. In this work, to ascertain the sta
bility of the dual soft probes, especially the thdielectric, and their further 

use, CVs were recorded in bulk solution containing the redox mediator 
before and after series of SECM imaging measurements to understand 
the condition of the electrodes. SECM responses shown in this work were 
not affected by problems due to thdielectric stability or other problems, 
such as chemical contamination of the active micoelectrode surfaces. 

3.4. Dual soft probes for SECM imaging in simultaneous amperometric 
and potentiometric mode 

As a proof-of-concept, a dual soft SECM probe was applied for im
aging simultaneously local pH changes and the correlated local forma
tion of RNS during the corrosion of Ag patterns in an acidic 
environment. The dual soft probes employed here integrated Pt and Au 
microelectrodes, whose surfaces were modified to impart the desired 
sensing abilities. In particular, the Pt microdisc was coated with a layer 
of PtB (PtB/Pt microelectrode, see experimental section) for the 
amperometric detection of RNS. The gold microdisc was coated with a 
layer of IrOx (Au/IrOx, see experimental section and SI-5) for the 
potentiometric monitoring of pH (SI-6). This configuration, combining 
amperometric and potentiometric detection methods, avoided mutual 
perturbation of the local chemical environment, as the potentiometric 
part acted as a passive probe [2]. The Pt and Au modified microdisc 
electrodes of the dual soft probe were characterized as illustrated in 
detail in SI-4, SI-5 and SI-6. 

The Au microdisc was coated with hydrated IrOx to exploit its 
sensitivity towards pH changes. In fact, the potential of the Ir(IV)/Ir(III) 
redox couple depends on the activity of protons and hence on the so
lution pH, according to the following redox process [46,55,56]: 

Fig. 4. Soft-Probe-SECM of the soft 
probes prepared herein using approach 
curves and imaging (probe currents 
were normalized by the probe bulk 
current). Approach curves over glass 
(a, insulator) and glassy carbon (b, 
conductor) using a Pt soft probe with 
different thdielectric: 27 µm (black), 29 
µm (blue) and 35 µm (red). c) Optical 
images (left) and feedback mode SECM 
images (rigth, interpolated data 
points) of inkjet printed Ag patterns on 
PET foil using a dual Au-Pt soft probe. 
Experimental conditions: 1 mM 
FcMeOH in 0.1 M KNO3, EP = 0.3 V, 
probe translation step sizes: 1 µm for 
approach curves and 10 µm for SECM 
images, lateral probe translation rates: 
5 µm/s for SECM approach curves and 
20 µm/s for SECM images.   
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2
[
IrO2(OH)2− x(2 + x)H2O

](2− x)−
+ (3 − 2x)H+ + 2e− ⇌

[
Ir2O3(OH)3− x(3 + x)H2O

](3− x)−
+ 2H2O

(1) 

The hydrated IrOx–based pH sensor can display super-Nernstian pH 
response, i.e., the slope of the pH response as a function of pH enhances 
the theoretical value of − 59 mV/pH reaching up to − 90 mV/pH at room 
temperature [46]. Herein, the sensitivity of the soft IrOx/Au 

microelectrode towards pH was − 61 mV/pH, which was within the 
range of other reported IrOx electrodes [57–59]. The response time of 
the sensor was within 1–1.5 s (Fig S6a, inset), short enough to ensure the 
achievement of the equilibrium potential while scanning the soft probe. 
In addition, the measured open circuit potential (E) displayed enough 
long-term stability (Fig. S6), which is an important aspect for SECM 
imaging. 

Fig. 5. Simultaneous real time mapping of silver corrosion using a soft dual amperometric-potentiometric SECM probe of PtB/Pt and IrOx/Au, respectively. a) 
Schematic representation of the detection principle. b) RNS profiles as amperomeric line scans (baseline-corrected) by applying different potentials EP at the PtB/Pt 
microelectrode. c) Simultaneous amperometric (EP = 0.8 V) and potentiometric line scans over a corroding Ag line on PET (non interpolated data points). d) Data 
from (c) with Ibc converted into nRNS and E converted into pH values according to the calibration shown in SI-6. e) Amperometric SECM image for RNS profiling (not 
baseline-corrected, interpolated data points), EP = 0.8 V. f) Potentiometric SECM image for pH profiling. Probe translation speed 5 µm/s. Measurement solution 0.2 
mM HNO3 and 0.1 M KNO3. 
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The simultaneous SECM monitoring of RNS and pH was established 
above an inkjet-printed Ag band of 150 µm width on PET, submerged in 
0.2 mM HNO3. Under these conditions, Ag corrosion sets in spontane
ously according to Eq. (2) [60,61], dissolving Ag and forming nitric 
oxide (⋅NO): 

3Ag + 4HNO3→3Ag+ + 3NO−
3 + 2H2O + ⋅NO (2) 

In the presence of oxygen, other RNS can be formed, such as NO2
− , 

according to the reaction pathways shown in Eqs. (3)–(7) [62]. 
⋅NO + O2⇌ONOO⋅ (3)  

ONOO⋅ + ⋅NO→ONOONO (4)  

ONOONO→2⋅NO2 (5)  

⋅NO2 +
⋅NO⇌N2O3 (6)  

N2O3 + H2O→2NO−
2 + 2H+ (7) 

Reactions (4)–(6) are very fast resulting in species with very short 
lifetimes [62]. Therefore, the species, which are most likely being 
detected with the approach and resolution time of the method employed 
herein, are ⋅ONOO, ⋅NO, NO2

− . These species can be oxidized at different 
potentials, varying from 0.45 to 0.85 V vs. Ag/AgCl (NaCl), and their 
stability depends on pH [42,43,63]. In particular, ⋅ONOO, and ⋅NO are 
oxidized at potentials ≤ 0.6 V and NO2

− is oxidized at potentials above 
0.6 V, reaching a steady-state limiting current at about 0.8 V [42]. 

The overall spontaneous Ag corrosion involves a change of both pH 
and RNS amount, which can be monitored by SECM when scanning 
perpendicularly across a Ag microband (Fig. 5). The detection concept is 
schematically shown in Fig. 5a. However, it must be noted that the dual 
sensing is done by a local separation of about 100 µm to 180 µm, 
depending on the probe dimensions, due to the separate locations of the 
two microelectrodes (vide supra). 

The optimal potential to reveal RNS under the experimental condi
tions employed herein was verified by recording amperometric line 
scans over a corroding silver band in dilute HNO3 solution by applying at 
the PtB/Pt different potentials, i.e., between 0.4 V and 0.85 V. As evident 
from Fig. 5b, which shows background corrected currents Ibc (back
ground currents were generally around 300 pA) up to 0.6 V, it is sug
gested that, under the employed conditions, ⋅ONOO, ⋅NO contribute to 
the overall current to a negligible extent. Instead, by increasing the 
potentials above 0.6 V, the current signals increased over the center of 
the Ag, reaching a maximum current at 0.8 V (Fig. 5b). This suggests that 
the main specie responsible of the electrode process is NO2

− . The above 
current against distance profile, recorded at 5 µm/s was essentially the 
same also at a higher translation speed (i.e., 10 µm/s, Fig. S7). From the 
current and the scan speed of the soft probe, the integral involved in the I 
vs. x profile (i.e., the charge Q, as x is also related to time, depending on 
the translation speed) could be evaluated, and from the Faraday law the 
number of moles of RNS could be obtained. A similar approach was 
employed to establish fluxes of RNS above a macrophage culture [64]. 

The open circuit potential at the IrOx/Au soft probe changed during 
the line scan according to the local H+ activity variation over the 
corroding Ag line as shown as an example in Fig. 5c (red line). In 
particular, pH increased from the border to the center of the Ag band, 
indicating a locally higher decrease of H+, due to the overall reaction, 
Eq. (2), overwhelming the local H+ production, due to reaction, Eq. (7). 

Based on the above results, for the dual SECM operations, the plat
inized Pt microelectrode was kept at +0.80 V, where RNS oxidation 
provided the highest currents [43,63,65] (Fig 5c, black line), while the 
IrOx/Au microelectrode was kept at open circuit and reflected the 
change of H+ activity. The simultaneous monitoring of the amount of 
RNS and pH (i.e., after converting E values from Fig. 5C to pH, using the 
E vs. pH plot in Fig. S6b), was then tested in 0.2 mM nitric acid and 
Fig. 5d shows the estimated amounts of RNS (as nRNS in fmol) and pH 

changes. As evident, nRNS and pH vary, as expected, giving maximum 
values almost in the same location. Which means that where the RNS 
formation, through reactions (2)–(7), is the largest, pH is the highest. It 
can be noticed that the responses over lateral distance profiles of the two 
species do not overlap perfectly in Fig. 5d. This might have been caused 
by small geometric variations of the two chemically modified micro
electrodes (i.e., exact working distance, geometries of the microelec
trode modifying films of PtB and IrOx, etc.). To exclude any artifacts in 
the above measurements, control experiments were performed with the 
dual modified soft probes above a pristine Ag band immersed in 0.1 M 
KNO3, where corrosion of Ag should be negligible or would proceed to a 
much slower extent (SI-8). Background currents, with a slight drift to
wards higher values, were essentially recorded across the Ag band, 
whereas E decreased while passing from the insulating PET to the Ag 
band. The open circuit potential variation corresponded to an increase of 
0.2 pH units. These findings are conceivably due to slow corrosion of the 
Ag due to oxygen and formation of small amounts of reactive oxygen 
species (ROS) that are, conceivably, responsible of the small current 
drift, as they also can be oxidized at the potential applied at the PtB/Pt 
[37,42]. The formation of ROS involves consumption of protons and pH 
rise, which can be monitored by the IrOx/Au microelectrode. Instead, 
RNS, which could be generated from NO3

− of the supporting electrolyte, 
are below the detection limit of the PtB/Pt-based RNS sensor. 

Finally, full 2D images for the simultaneous RNS and E (i.e., pH) 
monitoring were recorded as displayed in Fig 5e and 5f, respectively, 
which further highlights the suitability for the two parameters moni
toring using the dual soft probes proposed here. 

4. Conclusion 

To conclude, dual soft microelectrodes as probes for Soft-Probe- 
Scanning electrochemical microscopy (Soft-Probe-SECM) have been 
presented. The soft probes were fabricated herein following a novel 
procedure, which, at variance of the previous already available ap
proaches, allows obtaining multiple, independently connected probes 
made of different materials. A key step of the fabrication is the encap
sulation of electrode wires of micrometric diameters into a dielectric 
flexible polymer that is formed by UV-photopolymerization of a UV 
curable ink within just five minutes of light exposure. A high control of 
the thickness of the dielectric layer was reached by controlling the ink 
volume and using an ink-spreading plastic cover foil, which is tempo
rarily placed on the assembly and transparent to wavelengths required 
for the photopolymerization. During SECM operations in contact-mode, 
such as line scans and surface reactivity imaging, the dual soft probes 
offered a remarkable mechanical and chemical stability, which was 
especially seen by the feedback mode images obtained over inkjet 
printed silver patterns. In order to create selective dual probes, the 
surfaces of the electrodes of a dual Au-Pt soft probe were electrochem
ically modified with a layer of iridium oxides and platinum black, 
respectively, to fabricate a potentiometric pH microsensor and an 
amperometric RNS microsensor within the same probe. As a proof-of- 
concept on the usefulness of the dual probes developed here, they 
were used to detect locally proton activity and fluxes of reactive nitrogen 
species over a corroding Ag pattern. These kinds of dual probes are 
foreseen for their application to investigate in particular large and 
irregular biological specimens, including cancer tissue and biofilms 
where local events with micrometric resolution are of interest. We 
foresee in particular applications for studying engineered and printed 
3D cell models (i.e., live cell aggregates, tissues and organs) that get 
more and more into the focus of current research and being increasingly 
investigated by electrochemical methods [66]. Soft flexible microelec
trodes are ideal to be scanned on the surfaces of such specimens as they 
are ideally suited to investigate delicate, gel-like surfaces. 

Finally, we would like to comment on general advantages and lim
itations of the dual soft probes presented herein. The dual soft probes 
can be easily fabricated, using simple and low cost materials. The surface 
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of the microdiscs can be renewed simply by cutting the bottom of the tip 
using a sharp blade, in particular in case of possible electrode fouling, 
which is a general electrochemical phenomenon and therefore not 
limited to the soft dual SECM probes. On the other hand, because of the 
inter-electrode distance of a few hundred micrometers, the simultaneous 
detection of two electrochemical events in exactly the same location is 
hindered, as the second microelectrode has to be translated over the 
same coordinates with a delay. In addition, as for many other disposable, 
micro-fabricated electrode systems fabricated using inks, sensor stability 
in aggressive organic solvents can be limited and should be evaluated 
before use. 
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[12] F. Cortés-Salazar, M. Träuble, F. Li, J.M. Busnel, A.L. Gassner, M. Hojeij, 
G. Wittstock, H.H. Girault, Soft stylus probes for scanning electrochemical 
microscopy, Anal. Chem. 81 (2009) 6889–6896. 

[13] G.D. O’Neil, H.W. Kuo, D.N. Lomax, J. Wright, D.V. Esposito, Scanning Line Probe 
Microscopy: beyond the Point Probe, Anal. Chem. 90 (2018) 11531–11537. 

[14] S. Darvishi, H. Pick, T.E. Lin, Y. Zhu, X. Li, P.C. Ho, H.H. Girault, A. Lesch, Tape- 
Stripping Electrochemical Detection of Melanoma, Anal. Chem. 91 (2019) 
12900–12908. 

[15] S. Darvishi, H. Pick, E. Oveisi, H.H. Girault, A. Lesch, Soft-probe-scanning 
electrochemical microscopy reveals electrochemical surface reactivity of E. coli 
biofilms, Sens. Actuat. B Chem. 334 (2021). 

[16] A.E. Dorfi, J. Yan, J. Wright, D.V. Esposito, Compressed Sensing Image 
Reconstruction of Scanning Electrochemical Microscopy Measurements Carried out 
at Ultrahigh Scan Speeds Using Continuous Line Probes, Anal. Chem. 93 (2021) 
12574–12581. 

[17] Y.H. Lin, C.N. Tsai, P.F. Chen, Y.T. Lin, S. Darvishi, H.H. Girault, T.Y. Lin, M. 
Y. Liao, T.E. Lin, AI-Assisted Fusion of Scanning Electrochemical Microscopy 
Images Using Novel Soft Probe, ACS Measure. Sci. Au 2 (2022) 576–583. 

[18] H. Chen, X. Kong, D. Wang, M. Zhang, Flexible Disk Ultramicroelectrode for High- 
Resolution and Substrate-Tolerable Scanning Electrochemical Microscopy Imaging, 
Anal. Chem. 94 (2022) 17320–17327. 

[19] T.E. Lin, Y. Zhu, Y.T. Hsu, F.Y. Liu, Y.P. Lin, C.M. Cheng, In situ detection of 
multitarget impurities on contact lens by electrochemical scanning probe, Sens. 
Actuat. B Chem. 374 (2023). 

[20] T. Kai, C.G. Zoski, A.J. Bard, Scanning electrochemical microscopy at the 
nanometer level, Chem. Commun. 54 (2018) 1934–1947. 

[21] X. Wang, G. Askarova, M.V. Mirkin, Electrochemical microscopy at the nanoscale, 
Front. Nanosci. (2021) 129–202. 

[22] J.F. Lemineur, H. Wang, W. Wang, F. Kanoufi, Emerging Optical Microscopy 
Techniques for Electrochemistry, Annu. Rev. Anal. Chem. (2022) 57–82. 

[23] F. Cortés-Salazar, D. Momotenko, A. Lesch, G. Wittstock, H.H. Girault, Soft 
microelectrode linear array for scanning electrochemical microscopy, Anal. Chem. 
82 (2010) 10037–10044. 

[24] M.M. Pribil, F. Cortés-Salazar, E.A. Andreyev, A. Lesch, E.E. Karyakina, O. 
G. Voronin, H.H. Girault, A.A. Karyakin, Rapid optimization of a lactate biosensor 
design using soft probes scanning electrochemical microscopy, J. Electroanal. 
Chem. 731 (2014) 112–118. 

[25] F. Cortés-Salazar, H. Deng, P. Peljo, C.M. Pereira, K. Kontturi, H.H. Girault, 
Parylene C coated microelectrodes for scanning electrochemical microscopy, 
Electrochim. Acta 110 (2013) 22–29. 

[26] A. Lesch, D. Momotenko, F. Cortés-Salazar, I. Wirth, U.M. Tefashe, F. Meiners, 
B. Vaske, H.H. Girault, G. Wittstock, Fabrication of soft gold microelectrode arrays 
as probes for scanning electrochemical microscopy, J. Electroanal. Chem. 666 
(2012) 52–61. 

[27] T.E. Lin, A. Bondarenko, A. Lesch, H. Pick, F. Cortés-Salazar, H.H. Girault, 
Monitoring Tyrosinase Expression in Non-metastatic and Metastatic Melanoma 
Tissues by Scanning Electrochemical Microscopy, Angew. Chem. Int. Ed. 55 (2016) 
3813–3816. 

[28] T.E. Lin, Y.J. Lu, C.L. Sun, H. Pick, J.P. Chen, A. Lesch, H.H. Girault, Soft 
Electrochemical Probes for Mapping the Distribution of Biomarkers and Injected 
Nanomaterials in Animal and Human Tissues, Angew. Chem. Int. Ed. 56 (2017) 
16498–16502. 

[29] A. Hulikova, R.D. Vaughan-Jones, P. Swietach, Dual role of CO2/HCO3- buffer in 
the regulation of intracellular pH of three-dimensional tumor growths, J. Biol. 
Chem. 286 (2011) 13815–13826. 

[30] M. Damaghi, J.W. Wojtkowiak, R.J. Gillies, pH sensing and regulation in cancer, 
Front. Physiol. 4 (2013), 370. 

[31] F. Manig, K. Kuhne, C. von Neubeck, U. Schwarzenbolz, Z. Yu, B.M. Kessler, 
J. Pietzsch, L.A. Kunz-Schughart, The why and how of amino acid analytics in 
cancer diagnostics and therapy, J. Biotechnol. 242 (2017) 30–54. 

[32] L.L. Thomsen, F.G. Lawton, R.G. Knowles, J.E. Beesley, V. Riveros-Moreno, 
S. Moncada, Nitric Oxide Synthase Activity in Human Gynecological Cancer, 
Cancer Res. 54 (1994) 1352–1354. 

[33] C.S. Cobbs, J.E. Brenman, K.D. Aldape, D.S. Bredt, M.A. Israel, Expression of Nitric 
Oxide Synthase in Human Central Nervous System Tumors, Cancer Res. 55 (1995) 
727–730. 

[34] G.L. Semenza, Hypoxia, clonal selection, and the role of HIF-1 in tumor 
progression, Crit. Rev. Biochem. Mol. Biol. 35 (2000) 71–103. 

[35] S. Korde Choudhari, M. Chaudhary, S. Bagde, A.R. Gadbail, V. Joshi, Nitric oxide 
and cancer: a review, World J. Surg. Oncol. 11 (2013), 118. 
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