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Impact electrochemistry allows for the investigation of the properties of single entities, ranging from

nanoparticles (NPs) to soft bio-particles. It has introduced a novel dimension in the field of biological ana-
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Introduction

The specific detection of a single entity (e.g., a cell, a nano-
particle [NP], or single molecule) represents the highest level
of sensitivity that can be achieved in electroanalysis." Aiming
for this level of sensitivity is essential for advancing our under-
standing of nature because the study of single entities allows
for the observation of phenomena that may be unnoticeable in
ensemble measurements involving numerous entities.>
Particularly, impact electrochemistry is of great significance
for the determination of a single entity owing to its unique
advantages in single-entity electrochemical analysis.>”” Impact
electrochemistry is based on the measurement of an electro-
chemical signal that occurs when a single entity freely moving
in a solution collides with a potentiostatted electrode surface,
mainly due to faradaic charge transfer. The collision events are
primarily quantified through chronoamperometry (i-¢),%>° as
well as other electrochemical methods such as fast-scan cyclic
voltammetry (CV)" and open circuit potential (OCP) measure-
ments."' These measurements typically involve three different
readout principles occurring in the individual collision events,
namely, the obstruction of a reaction at an electrode,">"’ the
direct electrolysis of colliding particles,'*® and the electro-
chemical reactions catalyzed at the surfaces of the colliding
particles.”” ™ In addition to these, the disturbance of the
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lysis, enhancing researchers’ ability to comprehend biological heterogeneity and offering a new avenue
for developing novel diagnostic devices for quantifying biological analytes. This review aims to summarize
the recent advancements in impact electrochemistry-based biosensing over the past two to three years
and provide insights into the future directions of this field.

double layer when particles collide with the electrode interface
may induce non-faradaic responses.’*>> The detected signals
manifest as sudden, discrete drops or rises of the otherwise
smooth i-t background during the collision events. These are
categorized as transient “spikes” or “staircases”, depending on
the process occurring between the colliding particles and the
electrode surface.”>**

Impact electrochemistry originally served as a powerful
electroanalytical tool for the analysis and characterization of
rigid inorganic nanoparticles, encompassing the acquisition
of the physicochemical properties,”””>” reaction kinetics,**™*?
and reaction mechanisms.*® Recently, impact electrochemistry
has also been increasingly used for nanoparticle synthesis and
screening purposes,** ™ as well as for studying entity-to-entity
interactions®® and the transient electrochemical process at a
confined interface.”>*>*° In addition to rigid nanoparticles,
impact electrochemistry has also found applications in the
detection of soft nanoparticles such as organic nanoparticles®*
emulsion nanodroplet®™® and liposomes.>® Furthermore,
given its potential to reduce the limit of detection (LOD) to the
single entity level and enable in situ detection of analytes one
at a time with fast response and high throughput, impact
electrochemistry has been applied to detect a wide range of
biospecies, including nucleic acids,”’>° proteins,®® bacteria,®*
viruses,® vesicles,®® and cells.®*

Impact electrochemistry-based biosensing mainly relies on
three principles, including the use of labeled electroactive
probes, direct electrolysis of individual bioentities, and
diffusion blocking. So far, several review papers have
addressed impact electrochemistry-based bioanalysis, includ-
ing the detection of single soft bioentities,*” single enzymes®
and single bacteria.®® However, a comprehensive review cover-
ing all biospecies in the recent two to three years has not been
available. In the present article, we focus on the recent
advances in impact electrochemistry-based bioanalysis cate-
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gorized by detection methods. We also highlight the strategies
employed to enhance the performance of the analysis. Finally,
we summarize the challenges in this filed and offer a perspec-
tive on its future direction.

Recent developments in impact
electrochemistry-based biosensing

As most bioanalytes are electrochemically inactive, the use of
electrochemical probes is typically required to transduce
signals during collision events. For single bioentities posses-
sing redox centers, detection can be achieved through direct
electrolysis upon their collisions with the electrode.
Additionally, diffusion blocking is a universal approach appli-
cable to almost all inactive bioanalytes. The following section
will discuss the analysis of various types of bioanalytes based
on the aforementioned detection methods using impact
electrochemistry.

Indirect analysis using redox probes

Indirect analysis of bioanalytes making use of redox probes for
the electrochemical readouts is primarily applicable to pro-
teins and nucleic acids, with silver nanoparticles (AgNPs) and
platinum nanoparticles (PtNPs) being among the most com-
monly used probes. PtNPs exhibit high activity in catalyzing
electrochemical reactions,®”®® while AgNPs can be readily oxi-
dized in appropriate electrolytes,”® enabling rapid signal
extraction during collision events. The obtained transient cur-
rents in the i—t curves contain abundant information, such as
impact frequency, current amplitude, charge, and current life-
time. All of these parameters can be utilized in combination of
various strategies for analyte quantification.

The use of PtNPs as electroactive probes originated from
the electrocatalytic amplification (ECA) of hydrazine oxidation
catalyzed by the surfaces of individual PtNPs upon colliding
with the electrodes, as introduced by the Bard group.”’® This
concept was subsequently applied to DNA/RNA detection by
observing changes in impact frequency before and after the
hybridization of targets to ssDNA-modified PtNPs.”””® This
methodology opens new avenues of designing sensitive biosen-
sing methods utilizing impact electrochemistry. However, the
sensitivity is compromised in practical applications due to low
impact frequency and susceptibility to interference from
complex sample matrices.

To improve the sensitivity levels in real sample detection,
recently, various strategies have been incorporated into the
design of ECA-based biosensors. Wang et al. achieved the
quantification of human immunodeficiency virus DNA
(HIV-DNA) within complex systems by integrating DNA walker
amplification into impact electrochemistry, resulting in a
remarkable threefold increase in impact frequency.”® The limit
of detection (LOD) can reach as low as 4.86 fM, representing a
reduction by 1 to 4 orders of magnitude compared to tra-
ditional modified electrodes.”® Later on, the same authors
combined impact electrochemistry with rolling circle amplifi-
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cation (RCA) and demonstrated the detection of cardiac tropo-
nin I (cTnl) (Fig. 1a).”* The presence of cTnl prompted the
specific formation of magnetic immunocomplexes, initiating
RCA and enzyme digestion reactions that subsequently led to
the release of PtNPs for collision experiments. As a result, the
LOD can then be lowered to 0.57 fg mL™". The successful appli-
cation of this method in clinical samples was also demon-
strated. To further enhance the sensitivity to its limit, Zhang
et al. introduced a one-to-many strategy for the detection of
microRNA-21, a breast cancer marker.”> Their strategies
involved the integration of satellite magnetic NP (MN)-DNA-
PtNP conjugates with duplex-specific nuclease-assisted PtNP
releasing. The resulting small-sized and nearly naked PtNPs
significantly promote the collision frequency and remarkably
lowed the LOD to 47 aM.’® This method even exhibited the
ability to differentiate non-target microRNAs containing
single-nucleotide mismatches.

In addition to the impact frequency, the current lifetime in
the collision events can also serve as signal output mode for
target analysis.>® Leveraging differences in the current rise
time resulting from the collisions of PtNPs of various sizes on
an ultramicroelectrode (UME), Zhang et al. developed a size-
resolved strategy for multiple microRNA detection assays using
two sizes of PtNPs (5 and 15 nm) as detection probes
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Fig.1 (a) Magnetic RCA-assisted immunosensor for cTnl detection
based on impact electrochemistry. Reproduced with permission from
ref. 74. Copyright American Chemical Society, 2022. (b) Schematic of
the size-resolved single entity collision biosensing for the quantification
of microRNA in a single run using 5 nm and 15 nm PtNPs as electro-
chemical probes. Reproduced with permission from ref. 76. Copyright
American Chemical Society, 2021.
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(Fig. 1b).”® 1t is important to highlight that the new signal
output strategy for the first time facilitated the simultaneous
quantitative detection of two microRNAs.

The above work utilizes impact electrochemical methods
with single PtNPs as electroactive probes. The transient
current responses obtained are usually step-like, primarily due
to collision adsorption of PtNPs. This would result in an
increase in background current, making it difficult to dis-
tinguish the step-like transient signals from the background
level, thereby lowering the detection sensitivity.

AgNPs are a type of redox labels employed to report signals
through direct oxidation. Unlike in most impact electro-
chemistry-based bioanalysis using ECA strategies, where only
surface atoms are available for the electrochemical readout,
the direct oxidation of AgNPs utilizes all the atoms of an AgNP
to transduce the signal. Compared with PtNPs of the same
size, the detection sensitivity may be significantly enhanced
when using current (and in most cases, charge) output mode
of AgNPs. The direct electrolysis of AgNPs has been commonly
used for the detection of various analytes, including viruses,””
bacteria,”® and tumor protein markers.”’ The first study
related to this detection principle was conducted by Compton
et al. in 2015, where E. coli was labeled with a certain amount
of AgNPs through electrostatic interaction.”® When individual
E. coli arrived in the electron tunneling region of a UME
surface, the adsorbed AgNPs were oxidized into Ag', generat-
ing current spikes in the i~¢ curve. Later on, the same group
extended this detection approach to the quantification of
single influenza viruses at low concentrations.’® It is note-
worthy that this type of detection lacks selectivity, as it does
not involve a bio-recognition procedure.

Recently, Zhou et al introduced a bio-recognition pro-
cedure into the impact electrochemistry-based detection and
analyzed the changes in oxidative charge and impact frequency
of AgNPs for the detection of cytokeratin 19 fragment
(CYFRA21-1),”® achieving a LOD of 0.1 ng mL™". Following this
work, they devised an aggregation—collision strategy for quanti-
fying alpha-fetoprotein (AFP) (Fig. 2a). This strategy relied on
the aggregation of AgNPs triggered by molecular bio-
recognition between AFP and AgNP-anti-AFP probes. This led
to an increase in AgNP size and a decrease in AgNP concen-
tration, enabling an accurate, self-validated dual-mode
immunoassay through impact analysis of AgNP oxidation.®’
This biosensor enabled a LOD of 5 pg mL™" for AFP analysis
with remarkable specificity.

By combining magnetic separation, liposome encapsulation
release, and DNAzyme-assisted signal amplification, Wang
et al. achieved the detection of the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) through AgNP electrolysis
on polysulfide (Ps)-functionalized Au ultramicroelectrodes
(UMEs).*> The resulting biosensor detected the SARS-CoV-2
spike protein with a LOD of 6.78 fg mL ™" and has successfully
been applied to real sample detection.

The utilization of both the catalytic properties of PtNPs and
the electrolysis of AgNPs has been reported recently. By dis-
tinguishing between two types of current signals from impact
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Fig. 2 (a) Schematic of the AFP biosensing based on impact electro-
chemistry. Reproduced with permission from ref. 81. Copyright
American Chemical Society, 2023. (b) Schematic diagram of signal-
resolved biosensing for multiplex immunoassay for target microRNAs in
a single run. Reproduced with permission from ref. 83. Copyright
American Chemical Society, 2023. (c) Digital lateral flow sensor based
on impact electrochemistry and competitive binding. Reproduced with
permission from ref. 84. Copyright American Chemical Society, 2022.

electrochemistry, namely step-type current transients produced
by PtNPs catalyzed hydrazine oxidation and peak-type current
transients produced by AgNPs oxidation, a multiplex immuno-
assay for target microRNAs (microRNA-21 and Let-7a) have
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been established during single-particle impact electro-
chemistry in a single run (Fig. 2b).** This multiplex immuno-
assay can also be applied for the detection of other DNAs/
RNAs, proteins and various other biomolecules.

To enable point-of-care (POC) settings targeting small ana-
lytes, the lateral flow assay has been integrated into impact
electrochemistry-based sensing. Wolfrum et al. introduced a
digital lateral flow sensor based on direct AgNP electrolysis for
detecting free biotin in a solution (Fig. 2¢).** This detection
took place within a membrane-based microfluidic platform,
where free biotin and biotinylated AgNPs competed for
binding to streptavidin immobilized on embedded latex beads.
Consequently, the concentration of free biotin could be deter-
mined through the electro-oxidative collision of excessive
AgNPs at an array of detection electrodes. This research holds
significant potential for future applications in POC testing of
low concentrations of small analytes, such as neurotransmit-
ters or organophosphates even at low concentrations.

It is important to note that multi-collision events may
take place, adding difficulties in accurate data statistics.
Therefore, before performing impact experiments, a set of
experimental parameters should be designed according to
Poisson approximation,®” including the concentration of the
NP probes, the size of the UME, etc.

85,86

Direct analysis through single-entity electrolysis or redox
mediating

For single bioentities intrinsically possessing redox centers,
direct electrolysis upon collisions can enable the selective
detection of single bio-entities without the need for electroac-
tive probes. Such type of detection is mainly applicable to
cells, including vesicles,®® red blood cells (RBCs),** cancer
cells,®® bacteria,”® and platelets.”® It is worth noting that the
use of redox mediators is often involved in the detection of
single bacteria based on their specific electrochemical activity
with the mediator, which helps enhance detection sensitivity
and selectivity.*"*°

The direct electrolysis of single cells originated from the
work of Ewing et al. to examine the electrochemical response
of catecholamines hormones inside the vesicles,®® followed by
the detection of a series of colliding vesicles or liposomes
through their redox contents.**°*% In 2016, Compton et al.
and Dick et al. reported side by side the impact analysis of
RBCs and cancer cells. Compton’s work focused on the cata-
Iytic activity of RBCs towards hydrogen peroxide,®® while
Dick’s study centered on the specific electroactive content
belonging to cancer cells.?® Recently, similar detections have
been applied to the investigation of the serotonin concen-
tration within a single human platelet, which are well-known
for storing serotonin.”’ As depicted in Fig. 3a, when a single
platelet collides with a UME, the serotonin inside the platelet
is oxidized at the electrode surface, resulting in an anodic
current peak during the collision. The concentration of seroto-
nin can be quantified by integrating the peak current, and the
concentration of platelets can be obtained according to the col-
lision frequency. It is noteworthy that there are some limit-
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Fig. 3 (a) Schematic of single platelet detection based on the oxidation
of the encapsulated serotonin. Reproduced with permission from ref.
91. Copyright American Chemical Society, 2020. (b) Illustration of the
detection of the catalytic current of a single GQH during a collision with
the Au UME and HCR-based detection of microRNA-15. Reproduced
with permission from ref. 94. Copyright American Chemical Society,
2021.

ations of impact electrochemistry for cell detection. Cells
sometimes remain intact during impact, but other times
experience adhesion, preventing the encapsulated redox mole-
cules from being quantified. Therefore, it is essential to
emphasize that the studies based on direct electrolysis prin-
ciple usually rely on cell membrane rupture, which must occur
during collision events to enable the release and detection of
the electroactive content.

The analysis of single microorganisms, primarily bacteria,
using impact electrochemistry is often in combination with
61,9095 The principle is based on the
electron transfer of individual bacteria via the redox mediator,

redox mediating systems.

which is then detected at the potentiostatted microelectrode.
For example, Zhi et al successfully quantified the redox
activity of two bacterial species: the Gram-negative Escherichia
coli and the Gram-positive Bacillus subtilis.”® Following this
work, they further reported a three-mediator combined
method for selective identification of individual Saccharomyces
cerevisiae within a mixed microbial consortium.®' Redox med-
iating was also employed in the detection of individual
G-quadruplex/hemin (GQH) structures through their intrinsic
peroxidase activities for catalyzing the reaction between hydro-
gen peroxide and hydroquinone.’* Since GQH can function as
a DNAzyme for nucleic acid sensing, the authors further
devised a hybridization chain reaction (HCR) strategy to detect

Analyst, 2024, 149, 2498-2506 | 2501
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microRNA-15 (Fig. 3b). In the presence of target microRNA-15,
three DNA strands were hybridized to form a G-quadruplex
subunit, triggering a collision-induced electrochemical signal
from GQH within the i-¢ curve. This biosensor enabled the
sensitive detection of microRNA-15 with a LOD of 50 fM.**

Direct analysis through diffusion blocking

The diffusion-blocking strategy involves impeding an ongoing
electrode reaction on the electrode surface when inert entities
collide with it. It is a widely employed label-free analysis
approach for the direct detection of non-electroactive entities
in impact electrochemistry. This detection principle was
initially proposed by Lemay et al. who conducted both electro-
chemical and optical monitoring of insulating microbeads
composed of different materials.'® Currently, the diffusion-
blocking strategy is extensively utilized in the investigation of
non-electroactive bio-entities, including cells,’® viruses,”” bac-
teria,’® platelets,” and macromolecules such as proteins and
nucleic acids."*°

The detection principle of diffusion blocking suggests that
a notable limitation of this method is its lack of selectivity.
However, this method still proves useful for the biological reac-
tion analysis, such as the detection and analysis of aggregation
levels for the treatment and prevention of infectious diseases.
Hemagglutination assays are essential for blood group typing,
alloantibody screening, and biomarker detection. Li et al
examined the specific agglutination of red blood cells (RBCs)
with and without the presence of antibodies by observing the
RBC collision events on a Pt UME (Fig. 4a).°® In the presence
of antibodies, various degrees of RBC agglutination occurred,
resulting in larger current step magnitudes owing to the
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Fig. 4 (a) Schematic of the detection and characterization of RBC
agglutination. Reproduced with permission from ref. 96. Copyright
Elsevier Science, 2021. (b) Schematic of the detection of single insulating
macromolecules. Reproduced with permission from ref. 100. Copyright
American Chemical Society, 2015.
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increased coverage of RBC clusters on the UME surface.
Analysis of the collision frequency and the average current step
magnitude allows for determining the concentration and
extent of RBCs agglutination. Very recently, the nanopillar
microarray electrode array electrode was fabricated for impact
analysis of individual RBCs. The array electrode can signifi-
cantly improve the diffusion movement of analytes in the elec-
trolyte and the adsorption effect of analytes on the electrode
surface, which achieved RBC detection in real blood samples
at sub-picomolar concentrations, and the detection range
covered physiological concentrations."**

It is worth highlighting the work of Bard et al. published in
2015.'°° While it may not be the most recent study, it rep-
resents a significant contribution to the detection of single
macromolecules, such as single proteins and DNA, through
their collision events. This is likely the simplest technology to
date capable of single-molecule resolution. The key parameter
of the detection is the use of a UME with a radius smaller than
100 nm, allowing for the discrimination of signals from single
molecules against a low background current. With this setup,
discrete adsorption events of antibodies, enzymes, and DNA
can be rendered detectable (Fig. 4b). Though this methodology
is not selective, it may allow for the assessment of the quality
and concentration of a molecular sample using a molecule’s
footprint (ie., current step magnitude and collision fre-
quency). This work conveys a message that extreme electrode
manufacturing is crucial for pushing the limits of detection in
impact electrochemistry.

Conclusion and future prospects

This review article presents a comprehensive summary of the
advancements in biosensing based on impact electro-
chemistry, primarily over the past three years. Significant pro-
gress has been achieved in this field, particularly in enhancing
detection sensitivity. For instance, the LOD for DNA detection
has improved from nanomolar (nM) levels to femtomolar (fM)
or even attomolar (aM) levels, while the LOD for protein detec-
tion has reduced from picomolar (pM) to femtomolar (fM)
levels. Additionally, multiplex assay has been achieved through
the utilization of multi-labeling technique. Furthermore, flow
assays have been developed in conjunction with impact
electrochemistry and are anticipated to be used for POC
testing.

In the future, combining impact electrochemistry with
microfluidics holds significant promise as a strategy for ana-
lyzing small volumes of analytes with low concentrations. This
capability helps to conserve limited sample resources, mini-
mize waste, and achieve higher sensitivity in detection, par-
ticularly in the fields such as clinical diagnostics. Single-mole-
cule analysis represents highest level of sensitivity in detection;
besides, it allows the understanding biological heterogeneity
and revolutionize precision medicine. However, single-mole-
cule analysis remains a challenging task, demanding ongoing
efforts. While it has been achieved through diffusion blocking

This journal is © The Royal Society of Chemistry 2024
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principle, such detection lacks selectivity and places high
demands on electrode fabrication. Therefore, researchers
should collaborate closely with material scientists to design
conjugates that enable the detection of one molecule per
probe (e.g., NPs). This approach, when combined with estab-
lished bio-recognition or chemistry, can also be applied to the
analysis of single small molecules. With the assistance of arti-
ficial intelligence for accurate data processing prediction,
these advances may find potential applications in the fields of
environmental monitoring, medical diagnostics, and pharma-
ceutical analysis.
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