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Single entity electrochemistry of collision (SEEC) is an emerging electrochemical method with the great potential
for ultra-sensitive analysis applications. Here, the possibilities and challenges of SEEC in sensing are discussed.
The analytical characteristics of the collision-based detection method, such as sensitivity, detection range, the
limit of detection, signal-to-noise ratio, and selectivity, are examined. Factors affecting these parameters and strat-
egies to improve them are discussed. Potential target analytes in environmental and bioanalytical applications are

overviewed based on the reported up to date literature. Finally, challenges and limitations currently preventing
real-life applications of the method are highlighted.

1. Introduction

The ultimate challenge of modern electroanalytical chemistry is to
reach a single-molecule level of detection. The fascination of the scien-
tific community with prospects of single-molecule methods for funda-
mental understanding of stochastic processes and ultra-sensitive
analysis resulted in the rapid development of single-entity electrochem-
istry of collision (SEEC, also referred to as impact or nanoimpact electro-
chemistry) in the last decade [1]. The collision electrochemistry
approach is based on measuring an electrochemical signal arising when
a single entity (a cell, a particle, or a single molecule) freely moving in
solution collides with an electrode. Since the frequency of collisions is
proportional to the concentration of colliding entities, SEEC can be
applied for quantitative detection of the entities.

The first collision experiments were reported by Heyrovsky and co-
workers in 1995 on suspensions of colloidal semiconducting particles
colliding with a drop mercury electrode [2—5]. While the authors did
not observe signals from individual particles, they have shown that the
voltammograms of a polydisperse nanoparticles suspension could be
obtained as a sum of the voltammetric signals of a series of homodis-
perse nanoparticles. Later Scholz et al. observed signals from collisions
of individual liposomes, which produced current transients upon burst-
ing and spreading on the surface of a mercury electrode. They showed
that the current signals were capacitive in nature and could be used to
determine the number of molecules inside each liposome [6]. Subse-
quently, several more works were published on collisions of hard par-
ticles producing capacitive signals upon contact with an electrode by
Scholz’s and Compton’s groups [7—9]. In 2004 Lemay and co-workers
detected Faradic signals due to adsorption of individual nonconductive
micro- and nanospheres on the surface of an ultramicroelectrode in a
solution of a redox probe [10]. In 2006 Heyrovsky et al. published
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results of collision experiments with metal powder suspensions demon-
strating the possibility to measure Faradaic currents from reactions tak-
ing place on the surface of the individual colliding particles [11]. The
last two works demonstrated a proof-of-principle of SEEC.

While several electrochemical techniques, such as voltammetry and
potentiometry [12,13], have been applied in collision experiments, the
amperometric sensing approach dominates the field. In an amperometric
experiment, the collision of a particle with a potentially-biased micro-
electrode produces a discrete change in the current-time response,
which depending on the experimental conditions, can be observed either
as a spike- or step-like transient (Fig. 1a,b). The spike-like signal is
observed if the particle deactivates on the electrode surface or departs
from the surface after the collision. The staircase response indicates that
the particle sticks to the electrode following the collision. In this case,
particles build up on the electrode surface in subsequent collisions,
either increasing background current in the case of redox-active par-
ticles or decreasing it in blocking experiments with insulating particles.
Changes in the background signal affect signal-to-noise ratio and the sur-
face area of the electrode, all of which complicate data analysis. The
spike-like signal is, therefore, desirable for sensing applications [14].

All SEEC methods based on Faradaic current measurements can be
divided into two broad categories according to the electrochemical pro-
cess utilised for detection: indirect (or mediated) and direct (Fig. 1c,d
and e) [15]. Indirect (mediated) collision electrochemistry is a non-
destructive method based on measuring changes in the current in the
presence of a redox couple in the solution. Current changes occur either
due to amplification or blocking of the Faradaic current by the colliding
nanoparticle (Fig. 1c, d) [10,16,17]. Current increase upon collisions of
NPs can be detected as a result of catalytic or area amplification
(Fig. 1c¢) [16,17]. Catalytic amplification, first demonstrated by Bard
and co-workers in 2007, [17] is observed when a catalytic reaction
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Fig. 1. Schematic drawing of (a) spike- and (b) step-like current responses in SEEC: Schematics of indirect collision electrochemistry based on (c) current amplification
and (d) current blocking experiments. The reaction A—B generates a detectable signal. In catalytic amplification-based experiments, the reaction occurs only on the
surface of NP. In area amplification-based experiments, the reaction can occur on both the NP and UME. In blocking-based experiments, the reaction does not occur on
the NP. The NP blocks are of the UME active towards the reaction. (e) Schematics of direct collision electrochemistry. The colliding NP oxidises upon collision.

occurs only on the nanoparticle in contact with the electrode and not on
the electrode itself at the applied potential. In this setup, the particle
acts as a nanoelectrode, and the electrode only provides electrical con-
tact to the NP. Signal amplification is provided by multiple catalytic
turnovers on the surface of the nanoparticle [17,18]. Area amplification
takes place when a conductive NP collides and attaches to the electrode
surface, increasing the active electrode area for the redox reaction to
happen and, thus, resulting in a current increase. The surface area of the
particle should be comparable with the size of the electrode [16]. In
blocking-based experiments, the microelectrode is dipped in a redox
mediator solution, and the steady-state current of the mediator redox
reaction is monitored. When a nonconductive particle collides with the
electrode, the mediator’s diffusion to the surface is blocked (Fig. 1d),
leading to a decrease in the current.

Direct collision electrochemistry is a destructive technique that relies
on measuring currents from direct oxidation or reduction of the colliding
nanoparticle due to electron transfer between the particle and the elec-
trode (Fig. 1e). The method was first demonstrated in 2011 by Comp-
ton’s group for characterisation of silver nanoparticles (AgNPs)
oxidising on the surface of an ultramicroelectrode (UME) [19]. The col-
liding entity itself should be redox-active at the applied potential for
detection via direct collision electrochemistry. Direct SEEC is mostly
used to detect and characterise metallic nanoparticles but has also been
demonstrated for organic nanoparticles [20]. Analysis of colliding
vesicles and micelles through oxidation or reduction of their redox con-
tent upon bursting on the electrode surface can also be considered as
direct collision electrochemistry [21,22].

In this review, possibilities and challenges associated with applica-
tions of SEEC for sensing are discussed. First, the standard analytical per-
formance of the method characterised by the limit of detection, signal-
to-noise ratio, detection range, sensitivity, and selectivity, and factors
affecting these parameters are examined. For each of the parameters,
limitations of the state-of-the-art collision-based detection approaches
and ways to overcome these limitations are considered. The most prom-
ising examples of SEEC applications in environmental and bioanalytical
sensing are overviewed in the second part.

2. Analytical characteristics of collision-based detection

When colliding entities represent the target analyte and produce a
detectable signal upon collisions with an electrode either through direct
or indirect electrochemistry, the sensing can be realised using a label-
free approach [19,23]. For sensing of analytes not able to bring about an
electrochemical signal, labelling with nanoparticles or enzymes generat-
ing current response when in contact with the electrode is required

[24,25]. Independent of the detection approach used, the standard ana-
lytical characteristics can be extracted from collision experiments as dis-
cussed below.

2.1. Calibration curve

The frequency with which single entities arrive at the electrode sur-
face is determined by mass transfer. In the general case, the mass trans-
fer in an electrochemical experiment occurs through diffusion,
convection, and migration [26,27]:

J = Jaig + Jeonw + Imig = =DV C 4+ Cv + uCE 1)

where J is the flux, C is the concentration, D is the diffusion coefficient,
and yu is the electrophoretic mobility of the entities. E is the electric field,
and v is the electrolyte flow velocity. Stochastic modelling of the mass
transfer equation allows predicting the average frequency of collisions
in the experiment [28]. The average frequency of collision in an opti-
mised system is proportional to the concentration of colliding entities
and can be used for the method calibration. Alternatively, the average
time of first arrival (TFA) can be utilised as an analytical signal for ultra-
low concentrations of analyte in solution [29,30]. TFA is a time from the
beginning of the collision experiment until the moment when the first
signal from a colliding entity is observed.

Let us consider the detection of Co®* ions by the catalytic amplifica-
tion approach reported by Bard’s group as an example (Fig. 2) [30]. In
this example flow of ions to the electrode is governed only by diffusion,
which is a common situation in SEEC experiments. Metal ions diffuse to
the electrode and are electrodeposited on the surface as cobalt oxide.
The oxidation of single ions does not produce a measurable signal since
only few electrons are transferred in the reaction. However, when
enough oxidised atoms nucleate into an active cluster, the electrocata-
lytic reaction occurs on this cluster generating a current response. The
frequency of diffusion-controlled collisions with the electrode (f) can be
approximated as follows [30]:

f =4DCrN, )

where r is the radius of the electrode, and N, is Avogadro’s Number, and
the diffusion coefficient D calculated using the Stokes-Einstein equa-
tion [31]:

_ kBT
6m N entity

©)

where kg is Boltzmann’s constant, T is temperature, 7 is the kinematic
viscosity of the solution, and .y, is the radius of the entity. By plotting
the experimental frequency of collisions (Fig. 2b) at different
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Fig. 2. (a) Schematic of the detection method. (b) Experimentally observed current transients recorded in 62.5 fM cobalt nitrate solution. (¢) Calibration curves
obtained by plotting experimental (solid line) and theoretical (dashed line) frequencies of collisions vs Co2+ concentration in solution. Reprinted with modifications

from [30]. Copyright © 2016, American Chemical Society.

concentrations of Co?™ in the solution, the calibration curve shown in
Fig. 2c is obtained. Comparing the experimental and theoretical fre-
quency of collisions (Eq. (2)) provides additional information allowing
to estimate the average number of metal atoms in the active cluster.

It should be noted that sensitivity defined as the slope of the calibra-
tion curve in conventional ensemble measurements [32], is independent
of the magnitude of each collision’s current response in the case of SEEC
detection method (Eq. (4)):

Slope = 4DNr (4)

This definition of sensitivity implies that the limit of detection (LOD)
is also independent of the magnitude of the current response generated
by each collision and signal-to-noise ratio (S/N). However, each single
collision event should produce a measurable signal to be detected. The
ability to register the individual signal is determined by the magnitude
of the current response and S/N. We believe that the term sensitivity
defined as the slope of the calibration curve can still be applied to char-
acterise SEEC-based assays and provide valuable information on analyti-
cal performance, as long as the sensitivity value is not connected to
LOD. For the simplest case of the diffusion-controlled flux of the analyte
(or the reporting label for the label-based detection method), the slope
of the calibration curve depends on the radius of the detection electrode
and the diffusion coefficient of the analyte/label.

Thus, in general, sensitivity can be increased either by increasing the
size of the electrode or facilitating the mass transfer of the analyte/label
to the electrode surface. Increasing the electrode/electrolyte interface
area leads to higher background currents, which contribute to the shot
noise [29], thus decreasing S/N and eventually preventing reliable
detection of current transients of collisions. Several strategies to increase
the mass transfer to the electrode surface have been reported in the liter-
ature, which are discussed further in detail with regards to LOD in colli-
sion experiments.

While the majority of effort is focused on pushing down the lowest
amount of analyte that can be quantified in SEEC, for some applications
wide linear range is required. The upper limit of the linear range in

SEEC is determined by the ability to resolve two consecutive collisions
as separate events, which depends on the duration of the signal and data
acquisition parameters. Resolution of two closely spaced events
increases when recording data with higher bandwidths. For the high
flux of colliding entities to the electrode surface, closely spaced individ-
ual collisions become merged into single events when filtering at low
frequency [33]. Once two separate collision events could not be distin-
guished, the calibration curve starts to deviate from linearity.

2.2. Signal-to-noise ratio and limit of detection

Signal-to-noise ratio (S/N) ratio in collision experiments is deter-
mined by the current transient responses upon collisions of single enti-
ties and the background noise of the detection electrode. For the direct
detection method, the charge corresponding to each spike due to the full
electrochemical oxidation or reduction of a spherical metallic nanoparti-
cle can be determined as follows [19]:

4nF”prenmv
—_— 5
34 ®)

max —

where Qqx is the maximum transferred charge, n is the number of elec-
trons per the redox reaction of one atom of the particle, p is the mass
density of the entity, A, is the relative atomic mass, and F is the Faraday
constant. However, Eq. (5) is valid only for small NPs, whereas for larger
particles, dissolution happens in consecutive steps, resulting in multiple
current transients [34,35]. Thus, the size of single spikes will be smaller
than predicted by Eq. (5). Typically, the current signals on the order of
hundreds of pA to severeal nA are observed in direct SEEC [19,36].

The maximum size of a current response in detection methods based
on catalytic amplification in the conditions of diffusion-controlled mass
transfer for a single spherical nanoparticle can be estimated as follows
[17,18]:

i = 4n(In2)nFDCr epsiry ©)
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where n is the number of electrons transferred in the catalytic reaction, C
is the concentration, and D is the diffusion coefficient of the redox spe-
cies. The typically observed signals are on the order of tens to hundreds
of pA [17,18]. The response might be much smaller if catalysis controls
the reaction rate, as for example, in enzymatic reactions [37,38].

Noise in SEEC is mainly determined by statistics of counting elec-
trons, i.e., shot noise in the current. Background current contributes to
the shot noise and, consequently, to the measurement error [39]:

62 = qe(ihaxeline + Al)/Al (7)

where o is the variance of the total measured signal, q. is the elementary
charge, ipqseiine is the background current, Ai and At are the size and dura-
tion of the current transient, respectively. Thus, for collision experi-
ments, the viable approach for increasing S/N is to reduce background
currents. Decreasing the detection electrode’s size leads to lower back-
ground currents but increases the lowest detectable concentration per
unit of time. For commonly utilised disk electrodes, the S/N increases
slower than the decrease in the lowest detectable concentration per unit
of time, and overall sensitivity decreases with decreasing the size of the
detection electrode [40]. The detection electrode material affects the
background current and can be optimised to improve the S/N ratio. For
example, Stevenson’s group showed that S/N for detection of PtNPs by
electrocatalytic amplification can be improved on mercury electrodes
compared to gold electrodes due to the lower faradaic background of
mercury electrodes [14,41]. Besides improved S/N, the signal is spike-
shaped on the mercury electrodes compared to the step-shaped response
on gold, which is desirable for sensing applications. Boron-doped dia-
mond electrodes have much lower background currents than commonly
applied detection electrodes and have been successfully applied to
record collisions with improved S/N ratios [42,43].

The limit of detection (LOD) is defined as the lowest concentration
level that can be determined to be statistically different from an analyti-
cal blank [32]. SEEC allows measuring an individual signal from one
entity, so it can reach a single-entity level of detection. However, to reg-
ister one entity driven by diffusion to the electrode surface in typical col-
lision experiment conditions (microdisk electrode, r = 10 um,
D =10"""m?s 1, 10 ml solution volume), 2.5 x 10° s (~80 years) are
required (Eq. (2)), which practically is not achievable. Thus, the practi-
cal LOD in SEEC experiments depends on the ability to detect a signal
from a single entity with statistical significance and is determined by the
signal-to-noise ratio (S/N) and the frequency of collisions of the ana-
lyte/label with the electrode. Thus, it might be more informative to sep-
arately define the lowest detectable concentration per unit of time LDC/
At, [27,40] controlled by the frequency of collisions.

For the diffusion-controlled flux of the analyte/label to the electrode
surface, the collision frequency is determined by the electrode’s size and
the time of the measurements (Fig. 3a) [44]. Fig. 3b shows an estimation
of LDC/At for collision experiments on a micrometre electrode. As can
be seen, it is difficult to achieve detection limits lower than ~fM range
for assays performed in minutes on micrometre-sized detection electro-
des. For particles moving by electrophoretic migration, the LOD of
~0.01 fM can be achieved [29].

Several strategies have been reported in the literature to increase the
frequency of collisions by facilitating the mass transfer to the electrode
surface. Boika and co-workers demonstrated that electrokinetic phenom-
ena, such as dielectrophoresis and electrothermal fluid flow, induced by
applying a high-frequency alternating current, increase mass transfer of
AgNPs to the electrode surface [45]. The ac heating allowed increasing
the collision frequencies by up to three orders of magnitude. A magnetic
field was applied to increase the flow of magnetic nanoparticles to the
electrode surface and control the frequency of collisions [46—50]. Ste-
venson and co-workers demonstrated a 6-times increase in collision fre-
quency of magnetic nanoparticles driven to the electrode surface by the
magnetic field [49]. Crooks and co-workers reported decreased by four
orders of magnitude LDC/At in a microfluidic channel with incorporated
magnets upon collisions of insulating magnetic beads with a gold UME.
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Fig. 3. (a) The average number of collisions per time on a microdisk calculated
for various electrode radii. The nanoparticle concentration and the diffusion
coefficient are ¢* = 1 pM and 107 m? s ~ !, respectively. (b) LOD dependence
on the concentration calculated via TFA for a microdisk radius of 1 ym. The
areas where the standard deviation (SD) is larger than the expected TFA value
are coloured in grey. Reprinted from [44]. Copyright © 2015 Elsevier B.V.

The approach allowed to detect magnetic beads in the concentration of
500 zM in 300 s [48].

Another approach to facilitate mass transfer is to introduce a fluid
flow [50,51]. Stevenson, Crooks et al. showed a decrease of the LDC/At
by eight times for the detection of platinum nanoparticles (PtNPs) on
mercury electrodes in a microfluidic system with the flow-over configu-
ration compared to systems without flow [51]. The authors noted that
the distribution of PtNPs in the flow is irregular, and the frequency of
collisions decreases with increasing the flow rate after passing the opti-
mal flow rate value. In the flow-over configuration systems, the analyte
is not directed to the electrode surface and has to travel to the electrode
by diffusion. This leads to counterintuitive dependence of the collision
frequency on the flow rate at high flow rates: the frequency scales as the
1/3 power of the flow rate [27,52]. The scaling can be improved if the
flow is directed towards the surface of the electrode, as, for example, in
a wall-jet configuration system [36,53,54]. With increasing the flow
rate until moderate flows, collision frequency is enhanced both due to
increased mass transfer and increased kinetic energy of colliding par-
ticles, which allows overcoming repulsive force preventing collision
with the electrode. The decrease of the collision frequency with the
increasing flow rate after passing the maximum was observed in wall-jet
systems and was explained by insufficient time of contact between the
nanoparticle and the electrode at high flow rates [53].

Increasing the electrode area while maintaining high S/N is another
viable approach towards lower LODs [27,36,55]. Compton and co-work-
ers showed the advantage of using microwire electrodes over microdisk
electrodes for the detection of ultralow concentrations [32]. The same
group demonstrated two orders of magnitude lower LOD for direct
detection of AgNPs on the microelectrode array (MEA) in a wall-jet con-
figuration system compared to analysis on a single UME under
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stationary conditions [36]. The LOD enhancement was achieved both
due to higher surface area for collisions and facilitation of mass transfer
by the flow. Lemay et al. argued that the SEEC approach can be applied
for reliable and practical detection of analytes in ultralow concentrations
only on electrode arrays with a large number of individually addressable
electrodes and readout systems [27].

2.3. Selectivity

Selectivity refers to the extent to which the method can be used to
determine particular analytes in mixtures or matrices without interfer-
ences from other components with similar behaviour. The ability to
measure individual entities in mixtures of similar entities with statistical
significance represents a great challenge for SEEC in real-life sensing
applications. Arguably, the most promising approach to improve selec-
tivity of collision experiments is by introducing selective labelling chem-
istries. Additional current amplification that might be inserted through
labelling is desirable for increasing the ability to detect individual enti-
ties. For example, Dick et al. demonstrated selective detection of murine
cytomegalovirus in urine of an infected mouse through collision electro-
chemistry coupled to enzymatic labelling (Fig. 4a) [56]. A sample con-
taining the virus was incubated with an antibody specific for the virion
surface proteins labelled with glucose oxidase (GOx). One virus binds
many labelled antibodies, concentrating GOx molecules on its surface
and providing current amplification. When the virus comes close to the
electrode surface, ferrocene methanol mediated oxidation of glucose by
GOx generates a detectable currents signal. Zhang et al. reported selec-
tive detection of a protein, platelet-derived growth factor, in cerebrospi-
nal fluid of a rat brain by labelling colliding PtNPs with aptamers
specific to platelet-derived growth factor [57]. PtNPs were modified
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with aptamers specific to the targeted protein, which blocked catalytic
hydrazine oxidation on the surface of the colliding NPs. In the presence
of the platelet-derived growth factor, due to interactions with the pro-
tein, aptamers were displaced from the PtNPs surface, regenerating cur-
rent response.

Direct label-free collision electrochemistry can be potentially
adapted for selective detection of metallic nanoparticles in mixtures
[58]. Compton’s group demonstrated a proof-of-principle strategy
for selective detection and quantification of AgNPs and nickel nano-
particles (NiNPs) of unknown concentrations in a mixed solution
(Fig. 4b). The particles were distinguished by performing measure-
ments at two different potentials, corresponding to the direct oxida-
tion of only AgNPs and both AgNPs and NiNPs. The data set at each
potential was fitted by the time-depended function with the concen-
tration, diffusion coefficient of the NPs, and radius of the electrode
as only parameters (Fig. 4c). The diffusion coefficient of the NPs
was determined experimentally using the Stokes-Einstein
equation (Eq. (3)) and the radius of the NPs derived from the charge
per spike distribution (Eq. (5)). The demonstrated approach can be
potentially applied for analysis of more complex mixtures of nano-
particles by utilising electronic tongue-like systems coupled with
pattern recognition methods for data analysis [59,60]. However, use
of direct collision electrochemistry for reliable detection of NPs in
mixtures is complicated by the fact that larger particles are not
always fully converted on the electrode surface in a single collision
event [35,61] and small particles produce signals below the detect-
able current values. Additionally, for polydisperse mixtures of NPs
under diffusion-controlled conditions, the detection is biased
towards smaller nanoparticles since they move faster to the elec-
trode surface [33].
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Fig. 4. (a) Schematic representation of the detection method. The specific interaction of the virus with GOx-labelled antibody is highlighted. Reprinted with modifica-
tions from [56]. Copyright © 2016. National Academy of Sciences. (b) The plot of the average frequency at various applied potentials. Stripping voltammograms for
AgNP-modified and NiNP-modified electrodes are overlaid. (c) The fit of the accumulative number of spikes vs time at varying NiNPs concentrations. Dots show experi-
mental data, solid lines theoretical fitting curves. Reproduced from [58] with permission from The Royal Society of Chemistry.
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3. Potential sensing applications

Several reports on SEEC applications for sensing environmental pol-
lutants and biomolecules at ultralow concentrations have been pub-
lished. In this section, a brief overview of these works is provided.

3.1. Environmental sensing

Metallic nanoparticles are widely used in various industrial applica-
tions, and tones of them are released to the environment yearly. Due to
possible nanotoxicity concerns, reliable methods for detection and char-
acterisation of nanoparticles in the environment are required. Sensing
low concentrations of nanoparticles in environmental samples is one of
the target applications for collision electrochemistry. The reported
detection schemes are primarily based on the direct collision electro-
chemistry approach (Fig. 1e). This approach allows detecting nanopar-
ticles and potentially eliminating them at the point of release by full
electrolysis. Compton and co-workers reported sensing of picomolar
concentrations of AgNPs in potable and seawater samples by direct oxi-
dation at a carbon fibre UME at an applied potential of 0.8 V vs Ag/AgCl
[62,63]. Krause et al. using a similar detection method were able to mea-
sure AgNPs in sub-picomolar concentrations on an MEA (Fig. 5) [64].
The MEA system consisted of 62 individually-addressable platinum
working electrodes, eight ym in diameter each (Fig. 5a). Utilisation of
the MEA and parallel recording allowed to decrease LDC/At. Pumera
and co-workers demonstrated a possibility to use cheap, disposable
screen-printed electrodes with a carbon-based working electrode of
3 mm diameter to detect and quantify AgNPs by direct oxidation at
0.15 V vs Ag/AgCl [65]. However, the method is not applicable for
nanoparticles smaller than 100 nm since the signal generated by smaller
particles is lower than the background noise. Detection of various metal-
based nanoparticles, such as Ni, Au, Cu, CuO, and CeO, NPs by the direct
collision electrochemistry approach, was reported [58,66—69].

Another important potential application of SEEC is detection of
heavy metal contaminations in environmental samples. Bard’s group
developed a sensing strategy to quantify metal ions at the femtomolar
level with a 10 s detection time (Fig. 2) [14,30]. The detection is based
on the electrodeposition of metal ions on the electrode surface, where,
upon reaching the critical number of atoms, they start to generate
detectable current due to catalytic amplification. Sensing of cobalt, irid-
ium, nickel, and iron via catalytic water oxidation and lead via catalytic
methanol oxidation in the femtomolar range has been demonstrated.
Andreescu and co-workers investigated interactions between heavy
metal contaminants, such as As®*, and nanoparticles [70,71]. The detec-
tion was performed through direct oxidation or reduction of As3+
adsorbed on the surface of the NP. For adsorption on CeO, NPs, current
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transients were recorded for the oxidation of As®** to As®* and the
reduction of As®* to As®. For As®*adsorbed on Fe;0, particles, only oxi-
dation signals were observed. In both cases, the amount of the As®*
adsorbed per NP correlated with the concentration of As®>*in the solu-
tion. However, only relatively high concentrations of As®>* in solution,
0.001-10 uM, were used, which can be detected by stripping voltamme-
try [72].

3.2. Bioanalytical applications

One of the promising bioanalytical applications of collision electro-
chemistry is analysis of low DNA and RNA concentrations for diagnostic
purposes. The reported up to date sensing schemes employ labelling of
the target molecules with PtNPs and detection of colliding PtNPs via
electrocatalytic amplification [24,25,73,74]. Bard’s group first demon-
strated that PtNPs modified with single-strand DNA (ssDNA) can be
applied for sensing of the target DNA in a sandwich-type sensor [24].
Crooks and co-workers applied a similar strategy for microRNA detec-
tion [25]. The PtNPs were modified with ssDNA, and after incubation
with the target microRNA, collision experiments were performed before
and after exposure of the conjugates to a duplex-specific nuclease
(DSN). DSN cuts ssDNA hybridised to complementary microRNA, expos-
ing a catalytic surface of the PtNPs and enabling detection of current
transients upon collisions of the exposed PtNPs with a UME. The detec-
tion approach can be adopted for various targets, such as peptides or
proteins, using specific combinations of nucleic acids and enzymes to
identify the analyte. The detection limit of the method, however, is too
high for diagnostic purposes. Bai et al. modified the method lowering
the detection limit by six orders of magnitude down to aM level (Fig. 6a)
[73]. Magnetic nanoparticles were modified with ssDNA, which were
then functionalised with PtNPs. After hybridisation with target micro-
RNA and DSN, conjugates with magnetic nanoparticles were magneti-
cally separated and the remained solution with freed PtNPs was used for
collision experiments. Applicability of the method for analysis of cancer
cells was demonstrated. Andreescu and co-workers extended the detec-
tion strategy proposed by Bard and Crooks to sense ochratoxin B [74].
AgNPs were modified with target-specific ssDNA aptamers blocking
electron transfer between the colliding NP and the electrode. Binding of
the ochratoxin B to the surface resulted in conformational changes of
the aptamer, opening electron transfer to the NP and producing current
transient due to direct oxidation of the NP.

Detection of viruses and bacteria is another attractive target for
SEEC. Reported detection strategies for bacteria are mostly based on
blocking collision electrochemistry (Fig. 1d). The approach was demon-
strated for Escherichia coli (E.coli), Bacillus subtilis, and Shewanella onei-
densis [75—78]. The method is not selective since any nonconductive

1
time [s]

Fig. 5. SEEC in environmental sensing. (a) Light microscope image of the microelectrode array. (b) Example of the parallel recording of AgNPs collisions on three indi-
vidual electrodes of the array. Reprinted with modifications from [64]. Copyright © 2015, American Chemical Society.
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Fig. 6. SEEC in bioanalytical applications. (a) Schematic of the detection scheme for ultrasensitive microRNA detection. Adapted with permission from [73]. Copyright
© 2020, American Chemical Society. (b) Schematic drawing of E.coli detection through the mediated reaction of N,N,N’,N’-tetramethyl-para-phenylene-diamine
(TMDP). Reproduced from [79] with permission from The Royal Society of Chemistry. (c) Schematic drawing of SEEC application for counting red blood cells in

diluted blood. Adapted with permission from [95] and [84] Copyright © 2016 WILEY—

particles present in the solution will produce a signal. Strategies using
intrinsic redox activity of bacterial cells or specific labelling approaches
are desirable for practical applications. Compton’s group demonstrated
detection of E.coli bacteria colliding with the ultramicroelectrode
through the mediated reaction of N,N,N’,N’-tetramethyl-para-phenyl-
ene-diamine (TMDP) (Fig. 6b) [79]. TMDP radical cation is reduced on
the electrode surface, generating TMDP in the diffusion layer, which can
be oxidised back by bacterial cytochrome C oxidases, amplifying the cur-
rent signal. This approach allowed to quantify bacteria in the range of
3 %108 to 1.8 x 10° cells per mL. Mirkin and co-workers applied a simi-
lar approach for sensing of E.coli and Stenotrophomonas maltophilia
through ferricyanide reduction and oxidation of Ru(NHs3)s?", respec-
tively [78]. Moreover, the authors demonstrated the possibility of differ-
entiating positively and negatively charged bacteria by observing
different sticking patterns at various UME potentials. Labelling of E.coli
with AgNPs and detection via direct oxidation of colliding NPs on the
electrode has been reported [80,81]. Boika and co-workers achieved the
limit of quantification of 2.5 fM in 3 min for AgNPs-labelled E.coli
through preconcentration of bacteria by a high frequency alternating
current waveform [81]. Bacteria cells were labelled with AgNPs non-
specifically, and, thus, the method is not selective but can be potentially
modified for selective detection of target bacteria through the introduc-
tion of specific labelling chemistries. Detection of labelled viruses using
SEEC has been shown [23,56,82]. Sepunaru et al. reported measure-
ments of sub-picomolar concentrations of influenza virus non-specifi-
cally labelled with AgNPs [82]. For the practical sensing of viruses,
virus-specific labelling chemistries should be introduced. Dick et al.
achieved selective detection of murine cytomegalovirus with LOD of 30
fM by applying antibodies specific to the virus for enzymatic labelling
(Fig. 4a) [56].

VCH Verlag GmbH & Co. KGaA, Weinheim.

Another exciting target for SEEC is sensing of mammalian cells
[83—-85]. Dick reported a proof-of-principle study demonstrating a possi-
bility to use collision experiments to elucidate electrochemistry of
cancerous cells and monitor the difference between the cancerous and
healthy cells [83]. The redox-active content of individual cancer cells
was monitored during collisions of cells with the electrode in surfactant
presence. The current transient recorded upon collisions of lymphoblas-
tic lymphoma T-cells were two orders of magnitude higher than those of
healthy cells. Compton and co-workers showed that SEEC can be applied
for counting red blood cells in diluted blood (Fig. 6¢) [84]. In the pres-
ence of hydrogen peroxide, current transients attributed to the surface-
induced haemolysis of the cells upon collisions with the electrode were
observed. Collision experiments allowed quantifying red blood cells in
sub-picomolar concentrations, which covers the range of physiological
concentrations.

4. Outlook

SEEC is a promising analytical method with the potential for future
applications in environmental and bioanalytical sensing at ultra-low
concentrations. However, several technical and fundamental challenges
should be addressed before it can be used for analysis of real-life sam-
ples. SEEC is extremely sensitive to experimental conditions, including
electrolyte composition and concentration [86,87], surface chemistry at
the detecting electrode [88,89], and geometry of the cell [90,91]. More-
over, data acquisition parameters and electronics might significantly
affect signals recorded in collision experiments [92,93]. These factors
should be carefully investigated and considered when designing a sens-
ing platform based on collision electrochemistry. Selectivity and stabil-
ity of the signal remain an issue for collision-based detection. While
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selective detection of the target analyte in complex matrixes using SEEC
has been achieved [56,57,73], most sensing strategies reported in the lit-
erature are not selective. Practical application of the label-free direct col-
lision electrochemistry for analysis of particle mixtures is particularly
challenging. Aggregation [94] and only partial dissolution of particles
upon collisions [34,35] seriously limit prospects of the direct detection
method in quantitative analysis. Development of selective labelling
approaches and ways to stabilise NPs can bring SEEC closer to practical
applications. Another challenge that should be tackled is the accurate
detection of analytes in ultralow concentrations within reasonable
times. A large number of individual collision events should be collected
for statistically reliable quantification of the target analyte. Multiplexed
data recording on electrode arrays coupled with advanced statistical
data processing to increase the amount of data collected is desirable for
future high-throughput applications [1,27]. Providing all the issues
resolved, SEEC can facilitate development of the most sensitive electro-
chemical sensors and biosensors ever known.
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