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Abstract

This review discloses the technological advances involving enzyme-based amper-
ometric biosensors engaging challenging limits of detection as low as a single
molecule. At first, we summarise the most recent findings concerning electrode
modification toward the enhancement of the enzyme loading accomplished
mainly through the deposition of nanomaterials. The increase of the electron
transfer (ET) rate is mostly based on the enzyme site-specific immobilization
through the analysis of the enzyme structure/sequence and protein bioengineer-
ing is overviewed. However, both approaches are not appropriate to develop
enzyme-based amperometric biosensors able to reach reliable analytical detec-
tions below micro-/nano-molar. The last part is devoted to single-molecule elec-
trochemistry that has been widely exploited as a near-field approach in the last
decades as a proof-of-concept for the detection of single ET events. Organic elec-
trochemical transistors operated as Faradaic current amplifiers do not detect
below micro-/nano-molar. We here propose an alternative approach based on
the combination of an electrochemical cell with a bipolar junction transistor in
the extended base configuration, drawing some conclusions and future perspec-
tives on the detection of single ET events at a large electrode for the development
of Point-of-Care devices.

KEYWORDS
bipolar junction transistor, enzymatic recycling, modified electrodes, redox enzymes,
single-molecule electrochemistry
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1 | INTRODUCTION

Enzyme-based amperometric biosensors have been at the
forefront of electrochemical technologies in the last six
decades considering the evolution from the classical elec-
trochemical cell to screen printed electrodes for in situ
measurements till nowadays wearable and e-textile amper-
ometric biosensors toward the continuous and remote
healthcare.['! The electron transfer (ET) mechanism can
be classified as follows, ®] (Figure 1): (i) first generation
where O, is working as a primary electron acceptor toward
substrate oxidation, hence the consumption of O, with
Clark’s electrode or the production of H,0, with a solid
electrode (e.g., carbon-based electrode, Prussian blue mod-
ified electrode, etc.) can be used,!”8] the second generation
where a free-diffusing or immobilized mediator is shut-
tling electrons directly from the active center of the enzyme
or re-oxidizing the enzymatic cofactor (e.g., pyrroloquino-
line quinone oxidizing nicotinamide adenine dinucleotide
back to NAD),[%! and the third generation where elec-
trons can be directly transferred from the active center to
the electrode.['21]

Despite the definition, not all enzymes are able to per-
form direct ET (DET) to the electrode most probably due
to their large dimensions (above ~18 A), active redox cen-
ter (prosthetic group) deeply buried in the enzyme scaf-
fold, and a high degree of glycosylation.['>!°! The ET rate
decreasing, due to enzyme dimensions larger than the
Marcus ET maximum distance and deeply buried pros-
thetic groups, can be mathematically demonstrated by
recalling the ET theory from Marcus.l'”-?!] In biological
systems, the distance between the electrons donor (D)-
acceptor (A) affects the ET rate. Accordingly, ET can be
calculated as follows:

where 8 corresponds to the decay or attenuation factor
(about 10 nm™ for proteins), AG® and A correspond to
the free Gibbs energy and reorganization energy accom-
panying the ET process, dy and d are the Van der Waals
distance and the actual distance between the redox-active
site and the electrode, while R and T have their usual
meanings.[zz] Hence, the ET rate constant can be approx-
imated as e ', exponentially depending on the distance
between D and A (as reactants). However, the ET rate
constant depends also on intrinsic (4) and thermody-
namic (AG®) factors as well as from the mutual orienta-
tion of the reactants. The upper limit of approximately
18 A was experimentally demonstrated by Yaropolov and
his co-workers, ?>?*] who investigated the ET mechanism
of laccase by presorbing lipid layers with different thick-
nesses. The efficiency of electrocatalysis was shown to
be constant up to a 20 A distance between the enzyme
molecule and the electrode surface.[’] Hence, below 18
A the enzyme-catalyzed reaction is the limiting step in
the ET process.|??7] Regarding the enzyme glycosylation
degree, Gorton and co-workers demonstrated experimen-
tally that the removal of sugar residues from the outer shell
of the enzyme, notably cellobiose dehydrogenase (CDH)
from Phanerochaete chrysosporium, allowed to increase
the ET rate.[?32] The glycosylation was ascribed mainly
to mannose-type carbohydrate chains for a total molecu-
lar weight of 1800 Da. By chopping the enzyme in spe-
cific sites, the authors were able to reduce the hydrody-
namic radius by 30% (measured by dynamic light scat-
tering measurements), consequently increasing the cat-
alytic current by 40% (directly correlated with ET rate
efficiency).

In this regard, one of the most relevant discussions in the
field was the DET performed by glucose oxidase (GOx).*"!
Indeed, GOx has been considered at least for three decades

2
[-(AGOH) ] as an ideal redox enzyme able to directly transfer elec-
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FIGURE 1

Different electron transfer (ET) pathways: (a) ET through electroactive enzyme-substrate/product (herein shown as

monitoring O, reduction or H,0, oxidation/reduction). (b) ET through freely diffusing or immobilized electron relays (defined as redox

mediators). (c) ET through catalysts able to oxidize nicotinamide adenine dinucleotide (NADH) produced upon the enzymatic reaction from
NAD™. (d) Direct ET also defined as direct ET (DET) between the enzyme redox center and the electrode surface. Reprinted!?! with
permission of MDPI AG under the https://creativecommons.org/licenses/by/4.0/
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FIGURE 2 (a)Secondary structure of glucose oxidase (GOx) available as a PDB file, PDB code 1gal

http://www.rcsb.org/pdb/explore/explore.do?structureld = 1GAL. (b) Cyclic voltammograms showing O, reduction on a
GOx/MWCNTs/GCE: (a) 0 mM, (b) 2 mM, (c) 4 mM, and (d) 8 mM glucose. Experimental conditions: 100 mM phosphate buffer, pH 6.8, at a

scan rate of 60 mV s~ Reproduced'**! with permission of Elsevier Ltd

in 1992.1°!] Recently, the group of redox enzymes able to
perform DET has been restricted to 50 among 3500.1%%] In
2016, Wilson briefly summarised in an editorial the rea-
sons why native GOx cannot undergo DET despite the
huge numbers of papers reporting it.[*?! Although flavin
adenine dinucleotide (FAD) cofactors are not covalently
bound to the enzyme scaffold, a clear couple of redox peaks
with a formal potential at pH 7 of about —0.45 V versus
Ag/AgCl (3 M KCl, all potentials are reported toward this
reference if not otherwise stated) was observed in many
modified electrodes with ET rate constants in the range
1-10 s™L. At this point, a spontaneous question is arising
about the origin of these peaks. However, Wooten et al.
demonstrated the peaks of freely diffusing FAD and pre-
sumably GOx-modified electrode were occurring exactly
at the same potential.**] The origin of FAD cannot be
elucidated by conventional cyclic voltammetry, but even-
tually considering redox titration one can extrapolate the
formal potential for the bound and freely diffusing FAD,
—0.302 and —0.417 V, respectively. The freely diffusing FAD
is unable to oxidize glucose, thus no oxidative (or anodic)
catalytic wave will be observed. This is unfortunately dis-
played in many published papers as a misunderstanding
of the recorded cyclic voltammograms. Afterward, Bartlett
and Al-Lolage unequivocally demonstrated the absence
of DET from GOx immobilized onto multiwalled car-
bon nanotubes (MWCNTs) modified electrodes.[**! In this
case, the authors used a mix of L-glucose and D-glucose
(with different concentrations) to prove that the reduc-
tion wave clearly visible for a GOx modified electrode
can be ascribed to O, reduction to H,0,, as shown in
Figure 2.

They observe a decreasing of the catalytic current only
with the addition of D-glucose that can be enzymatically
converted to gluconic acid with the contemporary con-
sumption of O, (to produce H,O, by GOx conversion)
while L-glucose cannot be processed. Notably, the smaller
catalytic current is mainly due to the decreasing of the
amount of dissolved O, available for its non-enzymatic
reduction occurring at the electrode surface (faster kinet-
ics). Unfortunately, most of the claims supported by the
sentence “the data presented are similar to previously
reported literature”, were successfully published without
considering the reliability of the collected data.l?!

Besides the historical debate on DET of GOx (still open
at certain extends), this review aims at reviewing the
most popular strategies that have been used to improve
the amperometric responses of enzyme-based biosensors
devoting particular attention to the modification of elec-
trodes with nanomaterials (e.g., carbon-based nanoma-
terials, metal nanoparticles, redox polymers, conduct-
ing polymers, layer-by-layer architecture) toward enzyme
loading enhancing.[*38] In addition, electrode modifica-
tions based on enzyme orientation and site-specific wiring
will be summarized based on structural consideration
of enzymes (e.g., the presence of hydrophobic pockets
or the insertion of particular functional groups on the
enzyme surface through enzyme bioengineering).!**~*!]
Furthermore, this review aims at unraveling the possibil-
ity to amplify the amperometric response of enzyme-based
biosensors by combining electrochemical platforms and
bipolar junction transistors (BJT) toward single-molecule
electrochemistry, so far proposed only as a near-field
approach.!*>-*°] This amplification of at least 2-3 orders of
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magnitude combined with the enzymatic recycling carried
out by 10''-10'2 bioreceptors on large-area electrodes could
potentially pave the way for the development of highly sen-
sitive enzyme-based biosensors able to detect metabolites
in concentrations as low as in the nanomolar range or sub-
nanomolar range (< nM) down to the single molecule,
opening their applications toward the clinically relevant
biomarkers’ early detection. Such kind of biosensors would
be particularly needed for the early and continuous moni-
toring of metabolites/biomarkers related to neurodegener-
ative diseases but also healthcare-associated infections and
many other diseases. Finally, the review will compare this
new ‘amplification’ route with the ones previously pursued
providing some perspectives for future research within the
field.

2 | ENHANCING THE AMPEROMETRIC
RESPONSE OF ENZYME-BASED
BIOSENSORS

The improvement of sensitivity, as well as other analyti-
cal figures of merit (e.g., the limit of detection [LOD], the
limit of quantification [LOQ], selectivity, etc.), has been
the core aspect of the research performed about enzyme-
based amperometric biosensors.[*#7] Researchers focused
their attention mainly in two directions: (i) increasing
the enzyme loading and (ii) improving the ET rate.[*3-5!]
However, we should stress the concept that increasing the
enzyme loading will have a small effect on LOD, but it will
heavily affect the dynamic linear range, especially consid-
ering the definition of the enzymatic electrocatalytic cur-
rent (I,;)1°?! resulting from the mass-transfer-limited cur-
rent, I};,,; the kinetically limited current, I};,; and I, the
current related to the interfacial ET:
1 1 1

1
— =+ + — (2)
Iel Ilim Ikin IE

I};, accounts for the diffusion of the substrate from
the bulk solution toward the enzyme-modified elec-
trode (investigated by using rotating disk electrode,
Koutecky—Levich plot with 1/I;,,, vs. w™/2):15]

Iiim = 0.620nF [C] D23 Av=Y/0¢1/2 3)

where n is the number of electrons, F is the Faraday’s con-
stant 96485 C mol !, [C] is the concentration of substrate, D
is the diffusion coefficient of the substrate, A is the area of
the electrode, v is the kinetic viscosity of the electrolyte and
w is the rotation rate per minute in rpm. I;;, accounts for
the catalytic properties defined according to the Michaelis-

Menten equation:

_ nFATk, [C]

kin — [C] +KM (4)

where n, F, [C], and A have their usual meanings, k., is the
turnover number for the enzymatically catalyzed reaction
(s™)), T is the enzyme surface coverage normalized by the
electrode area (mol cm2) and K, is the Michaelis-Menten
constant (mM).[5*%1[; accounting for the ET rate can be
derived from the Butler-Volmer equation:

Iy = nFATk )

where n, F, A, and I' have their usual meanings and k; is
the heterogeneous ET rate constant.!>°]

In Equations (4) and (5), it is possible to observe the
direct proportionality of both current contributions (Iy;,
and I';) toward the surface coverage (T'), thus by increasing
the enzyme loading we can enhance the amperometric out-
put response of enzyme-based biosensors possibly extend-
ing the upper limit of the dynamic linear range (anyway
limited at very high substrate concentrations by enzyme
saturation).

Alternatively, many researchers considered the possibil-
ity to insert some functional groups that would allow for
the site-specific binding in the proximity of redox-active
groups directly involved both in catalytic processes and in
ET. In addition, the presence of hydrophobic pockets or
cysteine residues (unfortunately not exposed on the outer
surface of the enzyme) would allow for an enzyme plug-
ging or wiring excluding random orientations that are neg-
atively affecting k. This eventually can promote the detec-
tion of small substrate concentrations by increasing the ET
rate.

2.1 | Increasing the enzyme loading

As previously mentioned, increasing the enzyme load-
ing onto the electrode will have a small effect on LOD
(usually occurring still in the uM range) but will extend
the dynamic linear range by affecting the diffusion of
the substrate toward the enzyme-modified electrode. To
this extent, the electrode can be modified with metal or
carbon-based nanomaterials synthesized by wet chemistry
(i.e., bottom-up and top-down methods)!*®! or by elec-
trodeposition from a sacrificial solution (i.e., electrodepo-
sition of highly porous gold from 10 mM HAuCl, contain-
ing 3 M NH,C1).13>558] For instance, CNTs, both single-
and multi-walled,!>*%°! have been widely employed for the
development of enzyme-based biosensors. In this regard,
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FIGURE 3 Classification of enzyme immobilization methods on carbon nanotubes (CNTSs) reported in the literature. Reproduced!*’

with permission of Elsevier Ltd

many functionalization protocols have been explored and
are essentially divided into two groups, namely non-
covalent and covalent methods, as schematically displayed
in Figure 3.

Although the formers are not considered reliable
immobilization methods, they tend to prevent con-
formational rearrangements of the enzyme structure
still enhancing the surface coverage compared to non-
modified electrodes.®%*] However, we should highlight
that the random orientation of the enzyme will pro-
mote several ET pathways that will not be equally
efficient. Furthermore, considering the enzyme struc-
ture, the non-covalent deposition can be driven by
hydrogen bonding or electrostatic interactions, and
by modifying CNTs with surfactants or polymers (i.e.,
polyethyleneimine [PEI], poly(diallyldimethylammonium
chloride), etc.). For CNTs, we need to account also for
hydrophobic interactions and z-7 stacking between the
sidewalls of CNTs and the aromatic sidechains of amino
acids contained in the enzyme structure. However, the
covalent methods include the modification of CNTSs
with 1-pyrenebutyric acid N-hydroxysuccinimide ester,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide =~ (EDC/NHS) covalent immo-
bilization, glutaraldehyde cross-linking and phys-
ical entrapment through photo-polymerized
molecules like poly(vinyl alcohol), N-methyl-4(4'-
formylstyryl)pyridinium methosulfate acetal.[%*]

Besides CNTs, there are several carbon-based nanoma-
terials that have been exploited in the last 30 years for the
development of biosensors like graphene, carbon black,
graphene 2-D like nanomaterials (i.e., molybdenum disul-
fide (MoS,), graphite-carbon nitride (g-C;N,), etc.).l%]
Moreover, carbon-based nanomaterials were also com-
bined with metal-based nanoparticles to develop hybrid

nanomaterials.[®®! We will now review a few exam-

ples where the presence of carbon-based nanomaterials
increased the enzyme loading devoting particular atten-
tion to the analytical figures of merit.

In the last decades, many researchers reported the
combination of immobilized enzymes onto nanostruc-
tured electrodes.!*-7*] Herein, we are discussing the most
representative approaches. For instance, Qian and Yang
reported on the influence of MWCNTSs on the immobi-
lization of horseradish peroxidase (HRP) and its load-
ing on the electrode surface.l”*! The authors cross-linked
the enzyme onto MWCNTs modified glassy carbon elec-
trode (GCE) by using chitosan. In Figure 4a, it is possi-
ble to observe as the LOD was not affected by the addi-
tion of MWCNTs while the dynamic linear range was
extended. Notably, HRP/GCE exhibited a linear range
between approximately 0.1 and 0.3 mM (LOD was not
specified), while HRP/Chitosan/MWCNTs/GCE exhibited
a linear response in the range 16.7-740 uM with a sensi-
tivity of 4.995 uA mM™! and a LOD of 10.3 uM. Moreover,
Figure 4b shows the increase of the amperometric output
with the increase of the amount of MWCNTs deposited
onto the electrode surface probably due to the enlarge-
ment of the electroactive area with respect to the bare GCE,
being directly related to the increasing of HRP loading.
However, it has been demonstrated that the internal cav-
ities and sidewalls of the CNTs can accommodate vari-
ous biomolecules. This feature has inspired in coupling
CNTs with GOx,[”®! catalase,!”®’] cytochrome P450,!78)
alcohol oxidase,| %! etc. Gooding et al. investigated the
ET features of microperoxidase-11 conjugated onto aligned
CNTs covalently linked on gold electrodes through thiol
groups.!3!]

Alternatively, metal-based nanoparticles have been
exploited to increase the enzyme loading and preserve
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FIGURE 4 (a)Calibration curve for the concentration of H,0, in the range of 0.1-0.7 mM in phosphate buffer solution (0.1 M, pH 6.9):

applied potential, —0.2 V; (a) Multiwalled nanotubes (MWNTSs) coated GCE and (b) enzyme electrode. (b) Calibration curve of the enzyme
electrode: applied potential, —0.2 V; supporting electrolyte, 0.1 M phosphate buffer solution (pH 6.9). Insert the linear relationship between

amperometric response with a concentration of H,0,. Adopted!”! with permission of Elsevier Ltd

the enzyme layer from uneven degradation processes. For
example, Schulz and co-workers reported the immobiliza-
tion of CDH onto gold nanoparticles modified with PEI by
exploiting the electrostatic attraction between the enzyme
(isoelectric point [pI] ~ 4.1, hence negatively charged at
both immobilization and working pH) and the surface
always positively charged.[®?] In this case, the authors were
able to increase the enzyme loading by several orders of
magnitude (well-defined redox peak for heme b group)
with respect to the unmodified gold electrode (peaks not
visible at all). Moreover, the platform was stable consider-
ing a decrease in the catalytic response of only 5.3% consid-
ering its continuous operation under flow-injection condi-
tions for 24 h. This stability might be ascribed to the tight
electrostatic interaction between the enzyme and the pos-
itively charged gold nanoparticles.

Recently, Bollella and co-workers reported the immo-
bilization of fructose dehydrogenase (FDH) onto a highly
porous gold electrode (h-PG) prepared through the preven-
tive electrodeposition of a sacrificial layer of gold micropar-
ticles lately undergoing hydrogen evolution reaction at the
electrode responsible for the H,-bubbling at the electrode
that acts as a self-template to obtain an h-PG. The so pre-
pared electrode was further modified with self-assembled
monolayers bearing different functional groups, notably
-COOH, -OH, and -NH, to explore the enzyme orienta-
tion through electrostatic interaction (pI ~ 5.6 according
to the enzymatic sequence). In this case, we can observe
the increase of the enzyme loading as well as the cat-
alytic efficiency of the 4-mercaptophenol-modified elec-
trode surface as depicted in Figure 5. This electrode plat-
form retained 90% of its catalytic response after 90 days
(meant as storage condition not as working stability).'*!

Besides the continuous technological advances in the
field already reported, many researchers are still pursu-

ing this route sometimes even synthesizing some enzyme-
mimicking nanomaterials (regarded as nanozymes) that
allow increasing indefinitely the surface coverage showing
promising analytical performance.

2.2 | Increasing the ET rate

As previously mentioned, increasing the enzyme loading
might not affect the LOD but only the dynamic linear
range extension. Furthermore, the normalization of all
data by the electroactive area would reduce the amplifica-
tion factor related to the real electrode area obtained after
the deposition of nanomaterials like CNTs or metal-based
nanoparticles. Alternatively, many researchers focused
their work on the investigation of efficient wiring or ori-
entation methods that would contribute to increasing the
ET rate, hence the sensitivity of the enzyme-based amper-
ometric biosensor (with LODs still in the micro-/nano-
molar range).

Particularly, Patolsky et al. reported the modification of a
gold electrode with thiolated CNTs to electrically wire GOx
through the reconstitution of the apo-enzyme onto a FAD
moiety covalently immobilized by EDC/NHS coupling, as
schematically shown in Figure 6.54]

The so modified electrode is considered one of the few
examples of DET between GOx and electrode. However, we
should emphasize as the author investigated the negative
effect of the length of single-walled CNTs (SWCNTSs) on the
ET rate constant. Indeed, the ET rate constants (k) were
decreasing from 83 till 12 s™! by increasing the length of
SWCNTs from 25 to 150 nm on average. As shown from glu-
cose oxidation, the nanotube length indeed affects the ET
between the FAD units (GOx is a dimeric enzyme) and the
electrode. However, the authors did not elucidate the ET
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FIGURE 7 Representations of Trametes versicolor laccase III (PDB code: 1IKYA) (a) with the hydrophobic binding pocket. (b) Binding
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(b) an unmodified pyrolytic graphite ‘edge’ (PGE). The red curves are cyclic voltammograms recorded after buffer exchange (no residual

enzyme in solution). Inset: Long-term stability for a modified (M) and unmodified (+) electrode. Reproduced[*®] with permission of Royal

Society of Chemistry (RSC)

mechanism, but the distances considered might exclude
the possibility of charge transport by tunneling processes.

Considering another approach, Armstrong and co-
workers demonstrated the possibility to plug an enzyme
onto the electrode surface focusing their attention on the
enzymatic structure of laccase.!®>%! Laccase is a redox
enzyme belonging to the class of multicopper oxidases,
which are able to catalyze the reduction of O, to H,O by
exploiting an internal ET (IET) process, hence: (i) elec-
trons donation from an electrode (DET) or freely diffus-
ing/immobilized redox mediators to T; copper atom, (ii)
IET between T, site and T,/Tj trinuclear copper cluster,
and (iii) O, reduction to H,O.

Armstrong and co-workers discovered the presence of a
hydrophobic pocket in the proximity of the T; site rich in
7 electron density, as shown in Figure 7a, to which a range
of organic substrates can bind and undergo rapid, one-
electron oxidation to radical products that dissociate before
further reaction. In this regard, the authors targeted the
hydrophobic pocket by electrodepositing the in situ gener-
ated diazonium salt of 2-amino-anthracene (Ar-N,"). The
diazonium salt was deposited by cyclic voltammetry onto a
pyrolytic graphite ‘edge’ (PGE) electrode. The Ar-N,-PGE
electrode was later modified with Pycnoporus cinnabar-
inus laccase lcc3-1 showing an increased catalytic wave
(red curve, Figure 7b) compared to the non-modified elec-
trode (black curve, Figure 7b). The so modified electrode

was stable for up to 60 days. In another report, Minteer
and co-workers reported a slightly different approach to
enhancing the catalytic current of the modified bioelec-
trode due to enhanced ET rate constant through the
enzyme plugging.!®”] The authors proposed two differ-
ent synthetic routes to obtain similar compounds, notably
1-pyrenemethyl anthracene-2-carboxylate and 1-pyrenyl
anthracene-2-carboxylamide to plug the enzyme through
the hydrophobic pocket in both cases. The conjugation
of a pyrene group with an anthracene moiety allowed to
obtain the 7-7 stacking with nanotubes (pyrene group)
and anthracene plugging into the enzyme structure, hence
showing an effective immobilization with enzyme orienta-
tion. The approach proposed by Armstrong and co-workers
were later adopted by Bollella and co-workers to attempt
the plugging of a rather bigger enzyme (~150 kDa, bigger
than laccase 50-80 kDa), namely FDH, 38! that consists
of three sub-units: (i) FAD subunit I responsible for the
catalytic oxidation of D-fructose to 5-keto-D-fructose, (ii)
heme subunit II containing three heme groups responsible
for shuttling the electrons from subunit I to the electrode
surface, and (iii) subunit III responsible for the stability of
the whole enzyme complex.['28%-91]

Notably, by taking a closer look at the enzyme sequence
(unfortunately the crystallographic structure of such
enzyme is still not available), it was possible to identify a
hydrophobic pocket in the proximity of one of the heme
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groups (the second one in the sequence). Notably, sev-
eral groups demonstrated that the third heme group is not
involved in the ET process being too far apart from the
other two (distance longer than 18 A). The authors clearly
succeeded in the isolation of the single heme contribution
to the total catalytic wave, thus enhancing the ET rate.[*?]

Despite the investigation of the enzyme structure and
sequence, Bartlett and Gorton in a joint project reported
the site-specific immobilization of CDH by engineering
the enzyme in selected points inserting cysteine groups
that would allow for the selective orientation of the
enzyme.l>%*] Hence, the uniform spatial orientations of
CDH influenced DET as follows: (i) orientation of the
two-domain enzyme on the side, with cytochrome domain
(CYT) in proximity to the electrode, resulted in high DET
currents (ii) orientations with a bigger distance between
CYT and the electrode, or orientations where CYT could
not swing back to the dehydrogenase domain to form
the closed enzyme conformation, reduced DET. In the
latter case, calcium ions that stabilized the closed con-
formation of CDH fully recovered DET. Furthermore, a
mobile CYT domain can eventually compensate for unfa-
vorable orientations of the catalytic domain to a great
extent and allows CDH as a multicofactor enzyme to trans-
fer electrons even in awkward orientations. The mobile
CYT domain reduces the anisotropy of DET, which is also
essential for CDH’s physiological function as an extracel-
lular, electron-transferring enzyme.!**]

Although many research groups focused on improving
the ET rate of several enzymes, the analytical figures of
merit of enzyme-based biosensors such as LOD, dynamic
linear range, sensitivity, and so forth remain in the micro-
molar range, thus limiting their exploitation for the devel-
opment of electrochemical devices toward highly sensitive
analytical detection of electroactive and non-electroactive
(with enzymatic catalysis) target molecules.

Despite some initial skepticism, the electrochemical
community started its transition toward single-molecule
electrochemistry by exploiting near-field approaches to
achieve the detection of a single molecule directly related
to the single ET event. This will be detailly discussed in the
next section shedding the light on some limitations of the
near field approaches and possible future perspectives.

3 | SINGLE-MOLECULE
ELECTROCHEMISTRY BY NEAR-FIELD
APPROACHES

Single-molecule electrochemistry derives from the
Faradaic response of an individual redox molecule in a
certain electrochemical environment.[*>*! Achieving
single-molecule electrochemistry is important mainly

to (i) revisit the fundamental definitions of ET at the
molecular scale and the limitations foreseen a long
time ago especially considering double-layer structure,
mass transport, heterogeneous kinetics, and so forth; (ii)
develop electrochemical assays at the individual living
cell, where biomarkers amounts are limited to few copies;
(iii) perform experiments at nanoscale level confirming
the heterogeneities present in a system.!*!

Fan and Bard reported the first attempt in 1995, realiz-
ing the single-molecule detection by placing a nanome-
tre size electrode in the proximity (nanometre distance) of
a counter electrode in a scanning electrochemical micro-
scope apparatus.[*?l Hence, on average at a concentration
of 2 mM, only one molecule should reside in such a small
volume (~107'® cm?) between the tip recessed electrode
(tip enclosed in a wax insulating layer) and the counter
electrode. The ET event would take place in roughly 100 ns
generating a Faradaic current in the range of picoamperes.
This approach is clearly considered a near-field approach
because of the single-molecule confinement. Similarly,
Sun and Mirkin reported a glass recessed platinum nan-
otip that was inserted in a mercury bath in order to create
ananogap geometry able to confine one molecule in a zep-
toliter (1072 L).[9¢]

In both approaches, so far reported, the main draw-
back is related to the reproducibility of the nanotip elec-
trodes that would dramatically affect the standard devia-
tion on the detection of a single molecule. For this rea-
son, Lemay and co-workers developed a new strategy based
on the microfabrication of nanogap through lithography.
This approach enables the control of the distance between
the electrodes by using a sacrificial layer (an important
parameter in redox cycling). First, a three-layer stack con-
sisting of a bottom electrode material, a sacrificial layer
(amorphous silicon or chromium), and the top electrode
was developed. Once the rest of the device is completed,
the sacrificial layer is etched away and replaced with solu-
tion, thus creating the nanogap geometry.*”19°] The thick-
ness of the sacrificial layer offers the possibility to control
the gap between the electrodes, avoiding any possible con-
nection (probably due to heterogeneous sacrificial layer
removal) that might short circuit the electrodes. Lemay
and co-workers were able to fabricate nanogap electrodes
with a spacing of about 50 nm, challenging the process to
achieve 20-30 nm, as reported in Figure 8./l The other
main drawback is that the overall concentration involved
in a near-field experiment is generally quite a high being
at least in the nM range, as it will be addressed later in the
text.

The demonstration of single electroactive molecule res-
olution is a landmark within electrochemistry. Indeed,
the nanogaps approach has been widely exploited to
detect neurotransmitters at a single-molecule level dur-
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Electrochemical single-molecule detection. (a) The

and positioned near a metallic surface. (c) Recessed glass-encased
nanoelectrode immersed in mercury. (d) Lithographically fabricated
nanogap device. Adopted!®! with permission of American
Chemical Society (ACS)

ing exocytotic events as reported by Amatore at first,
and almost in parallel (a few years later) by Ewing and
co-workers.[102719°] Since his early career, Amatore and
co-workers focused their research on the application of
ultramicroelectrodes to monitor sub-second changes in
concentrations of neurotransmitters like dopamine, nore-
pinephrine, and serotonin in response to pharmacologi-
cal and electrical stimuli.""*""] Later, the approach was
implemented to detect neurotransmitter release during an
individual exocytotic event. Similarly, Ewing used nanotip
electrodes to monitor the effect of pharmacological stim-
uli onto neuronal cells. For instance, he studied the effect
of lidocaine on the exocytotic event by combining single-
cell amperometry with intracellular vesicle impact electro-
chemical cytometry,!10%112-114]

Besides the single ET at a molecular level, another
milestone of single-molecule electrochemistry is the
work reported by Turner in 2016 about single enzyme
electrochemistry.">"7] This represents an intriguing
approach to provide new insight into the ET mechanism
at a single enzyme scale. The authors adopted the con-

cept of single-molecule electrochemistry by developing a
gold ultramicroelectrode to monitor the electrocatalytic
current of a single enzyme entity. In particular, the authors
used laccase from Trametes versicolor, which, as previously
mentioned, uptake the electrons from the electrode sur-
face through the T; site that works as an electron relay at a
molecular level. Indeed, only when the enzyme molecule
is correctly oriented toward the electrode surface, the elec-
trocatalytic current was observed.

Alternatively, Schuhmann and co-workers implemented
a system aiming at detecting substrates at a single-cell level
as a basis for new analytical devices.["'512°] The authors
reported the realization of a carbon nanoelectrode by using
a highly reproducible etching method different from the
previous fabrication of nanogaps in glass nanopores. In
particular, the carbon nanofiber was prepared by pyrolytic
decomposition of a mixture of butane and propane in
a laser-pulled glass capillary. To obtain a protruded car-
bon nanoelectrode, the glass capillary was etched away
by using a buffered solution of fluoridric acid/ammonium
fluoride. The carbon nanoelectrode was later modified
hexamethylenediamine and polyethylene glycol diglycidyl
ether to covalently link an amino-modified osmium redox
polymer, acting as a mediator toward glucose oxida-
tion catalyzed by GOx, as schematically displayed in
Figure 9.

The so prepared electrode was employed in the con-
tinuous monitoring (over 800 s) of glucose levels (in
mM range) at the single-cell level.'®! Although the
innovative approach allows monitoring metabolites at
a single-cell level, it does not offer yet the possibility
to detect a single substrate molecule, which remains a
challenge.

After three decades, there are two open questions: ‘Do
we have only statistical limitations?” and “Where do we
stand with single-molecule electrochemistry?’. In princi-
ple, we should consider that single-molecule electrochem-
istry cannot be explained solely in terms of Poisson dis-
tribution, but we should consider the diffusional barrier
that hinders the collision of two molecules into each other
and eventually their interaction (enzymatic catalysis) in a
reasonably short time when the substrate concentrations
are lower than nM. This assumption is valid either if the
species are both in solution or one in solution and the
other one anchored onto the electrode. Considering a vol-
ume of 1 um? (corresponding to 1 x 107 L), the inter-
action substrate-enzyme will occur on a minutes scale.
To detect a single molecule (i.e., n =1+ 1, \/ n, as Pois-
son error), one should use the other molecule at nM (i.e.,
107 M) concentration.!'”! As suggested above, by insert-
ing a nanometre size electrode in a confined volume, a
limited amount of bioreceptors can be hosted on the elec-
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Reproduced!"®! with permission of Elsevier Ltd

trode surface enabling the ‘virtual’ detection of a single
molecule copy considering a high concentration of tar-
get analyte (uM or even mM).[*+%°] Conversely, consider-
ing a 100 ul sample volume, commonly used in clinical
assays, one should consider a wider electrode surface mod-
ified with 101'-10'2 number of bioreceptors (corresponding
to nM concentration of bioreceptor) to detect the single
interaction event in a reasonable time frame.!'*!! This is
recalled as a wide-field approach and it has been demon-
strated at first by Torsi and co-workers in 2018 consider-
ing a millimeter-sized gate electrode integrated into an
electrolyte gated field-effect transistor for the immuno-
metric potentiometric detection of the antigenic interac-
tion anti-immunoglobulin G and its cognate antigen (IgG).
They succeeded with this approach to detect a single copy
of IgG.["??I Later, this approach has been reiterated for
many biomarkers both antigenic and genomic, with sim-
ilar performance.['>*"*% Viruses/antigens at the single-
molecule level have been reported also in the development
of capacitively coupled organic electrochemical transistors
(OECTs).I"*!] Recently, Salleo and co-workers reported the
possibility to operate OECTs as an amperometric biosen-
sor by merging a capacitively coupled OECT (amplification
cell) with another electrochemical cell where the redox
reaction produces a Faradaic current occurs, displaying a
current gain up to 10%.1'*?] Eventually, the possibility that
this concept could be transferred to single-molecule elec-
trochemistry is not a mirage.

4 | OVERCOMING THE LIMIT OF
DETECTION AT MICROMOLAR LEVEL
WITH A WIDE FIELD APPROACH

As previously mentioned, in a wide field approach one
should be able to detect a single redox molecule copy in
100 ul volume by using a wide electrode surface modified
with 10'-10"? number of biological recognition elements.
In this regard, Macchia et al. have theorized the possibility
to amplify a small Faradaic current related to an ET process
occurring at the electrode surface.!'**]

As electrochemical systems, we should consider both
the electrolytic cell where the application of biasing poten-
tial supplies a certain overpotential () with respect to the
equilibrium potential (E°) to induce a nonspontaneous
redox reaction and the galvanic cell that can produce a
certain potential difference (AE) as well as current output
(I,;) using chemical or biochemical reactions catalyzed by
inorganic or bio-catalysts (i.e., bacteria, enzymes, etc.).l'>*]
In principle, considering a three-electrode electrochemical
cell containing working, reference, and counter electrode,
to observe the electrolysis of an electroactive molecule
(C), one should apply a voltage with respect to a refer-
ence electrode to observe a Faradaic current (Iy) related
to the interfacial ET process. Different from a potentio-
metric experiment, where the measurement is performed
at the equilibrium (no current flowing in the system), the
amperometric measurement is performed out of the equi-
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librium by applying an external biasing potential so that
current can flow in the system to restore the equilibrium.
Herein, the applied potential should be always kept con-
stant with respect to a reference electrode (i.e., silver/silver
chloride (Ag/AgCl) or saturated calomel electrode).'*"]
The following redox reaction was considered (where C can
be assumed as Fe(CN),>"as the oxidized form undergoing
reduction and Fe(CN),* like the reduced form undergoing
oxidation):

kg
C, +ne” = Cg (6)
kp

where k (cm sec™) and k;, (cm sec™) are the heteroge-
neous rate constants for the forward and backward reac-
tion, respectively.

At the equilibrium, the reaction is characterized by the
Nernst Equation, being proportional to the concentration
of the redox species within the bulk solution:

RT, Co

EC:Eg+ﬁ1nC_;; (7)
where E° is the standard equilibrium potential of the
redox reaction taking place at the working electrode, F
is Faraday’s constant (1 F = 96 485.3 C mol™), n the
number of electrons involved in the faradic process, C}
(mol cm™) is the bulk concentration for C either in the
reduced or oxidized form, while R and T have their usual
meaning.

When moving from E:°, applying a certain overpo-
tential 7 = Egpp - E.0, the total current (Faradaic cur-
rent, Ir = i) can be defined as the difference between the
cathodic and the anodic current:

=1 —lg ®)

Both currents are related to the corresponding heteroge-
neous rate constant:

i, = FAk;Co (0,t) )

i, = FAk,Cg (0,1) 10)

where F is Faraday’s constant, A (cm?) is the area of the
electrode, and Cj(x,t) (mol cm™3) is the concentration of
species j at the distance x (cm) from the electrode the time
t (s). The equation can be written as the ratio between the
forward and backward rate constant:

kO = :—b = o/ (F-F") (11)
!

where f is a factor containing (RT/nF). The complete
current-potential characteristic can be written through the
combination of the last equations:

i = FAK® [CO 0,1) e~af(B-E°) _ Cr(0,1) e(l—ot)f(E—EO)]
(12)

where o is the ET coefficient. This equation is used for
every assumption on the heterogeneous electrode kinetics,
including the Butler-Volmer equation. At the equilibrium,
there is no net current:

iy = lig] = il (13)
where i, is the exchange current:
i = FAK® (14)

From the equations the current-overpotential equation is
defined:

Co (0, Cr(0,¢
i =1 —OCE* )e“"f’? - —Ré* )e(l—a)fn (15)
0 R

where 7 is the overpotential and C;* (mol cm3) is the bulk
concentration for the j species.

Whenever the potential is applied, the current achieves
its highest value (high concentration of electroactive
species at the electrode surface), decreasing after the
steady-state (electroactive species are consumed at the
electrode surface) under diffusion control. In these exper-
imental conditions, the Cottrell equation, derived from
Fick’s second law, can be used to predict the current trend
vs. time. The current is then diffusion controlled. This
equation is valid for a planar macroscale electrode:

nFADY>C:,
o “~o

L= a0 (16)

where D, (cm™ sec™!) is the diffusion coefficient for C, Fis
Faraday’s constant (1F = 96 485.3 C mol™'), n the number
of electrons involved in the faradic process, C ) (mol cm™)
is the bulk concentration for C and A (cm?) is the elec-
trode area. This set of equations can be further rearranged
when the electroactive species are immobilized onto the
electrode surface.!0-137]

To achieve the wide-field single-molecule electrochem-
istry, a potential solution might be the employment of a
BIJT, displayed in Figure 10, combined with the enzymatic
recycling of an electroactive/non-electroactive molecule
operated by 10"'-10'? enzyme bioreceptors immobilized on
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FIGURE 10 Schematic representation of npn bipolar junction transistor (BJT) and its operation as a current amplifier. Reproduced

from https://en.wikipedia.org/wiki/Bipolar_junction_transistor#/media/File:NPN_BJT_Basic_Operation_(Active)_jP.svg under Commons

Creative License 4.0

a millimeter-sized electrode. Indeed, the enzymatic recy-
cling would allow for the detection of a single molecule
(conceptually similar to the electrochemical recycling
operated in the near-field approach) generating a small
current output that is further amplified by a BJT.

BJTs are also regarded as three-terminal devices but with
different terminology with respect to the FET. Indeed, in
BJT the device terminals are named: Emitter (source), Col-
lector (drain), and Base (gate), alternatively p- or n-doped.
By considering a so-called npn BJT, the emitter would be
heavily n-doped, the base would be thin and lightly doped
while the collector would be n-doped.!'**! Notoriously, a
BJT can be also regarded as two back-to-back diodes. In
this regard, we need to consider the formation of two junc-
tions: one n-p between emitter and base (EB) and the other
one p-n between base and collector (BC). While operat-
ing a BJT, we need to consider that the EB junction is
forward biased (positive terminal of the voltage suppliers
connected to the p-side of the junction while the negative
one is connected to the n-side) while the BC junction is
reversed biased.

By injecting holes in the base terminal, they should cross
EB junction (forward-biased) where they recombine with
electrons (majority charge carriers in the emitter termi-
nal); however, the electrons (the higher amount by sev-
eral orders of magnitude) due to the forward biasing will
be able to cross EB junction undergoing minimal recom-
bination with holes (majority charge carriers in the base
terminal) and move forward into the collector terminal by
crossing the BC junction that is reversed biased. This will
generate an amplified collector current with respect to the
base current because I = yIp, where y is the amplification

factor (typically 102-10° depending on the BIT).l'*}] At this
point, a three-electrode electrochemical cell (also regarded
as an electrolytic cell) should be connected as an extended
base at the base terminal of the BJT, so that applying a volt-
age to the working electrode (out of thermodynamic equi-
librium) would return an amplified collector current (I.),
as follows:

1/2 s
nFAD, C,

/24172

Ic=yIlp=vy 17)

where all symbols have their usual meaning. In addition,
for an enzyme-modified electrode Equation (16) could be
reformulated as follows:

nFATk.. [C]

[C]+ Ky (18)

Ic=yhin=v

Although it seems straightforward, an electrolytic cell
is not able to source out current spontaneously, one would
need to apply a voltage bigger than the open circuit poten-
tial of the cell to drive a current into the electrochemical
cell making the redox reaction occur at the electrode sur-
face. Instead of an electrolytic cell, we should connect a gal-
vanic cell at the base terminal (as extended base configu-
ration) that is able to produce a certain current output pro-
portional to the concentration of the target analyte comply-
ing with Equations (16) and (17). This novel approach could
potentially pave the way toward the development of highly
sensitive amperometric (bio)sensors mathematically
demonstrating both the dependence on the target analyte
concentration and the existence of an amplification
factor.
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5 | CONCLUSIONS AND FUTURE
PERSPECTIVES

Although many researchers within bioelectrochemistry
focused their research on enzyme-based amperometric
biosensors, we are still far away from achieving sub-
nanomolar LOD as well as extending the dynamic linear
range over several orders of magnitude (usually one order
of magnitude). We highlighted the most representative
approaches to enhancing the enzyme loading and increas-
ing the ET rate constant. In both cases, we should acknowl-
edge as the introduction of nanomaterials like both carbon-
and metal-based nanomaterials onto an electrode surface
dramatically increases the enzyme loading.!'**! However,
we are still in the micromolar range with all analytical
figures of merit, sometimes in the nanomolar range.!'*"!
Also, single-molecule electrochemistry has been widely
exploited as a proof-of-concept for the detection of the sin-
gle ET event, later practically exploited for the detection
of neurotransmitters released by the neuronal cell dur-
ing exocytotic events.!'°>!"*] In addition, other researchers
tried to implement single enzyme bioelectrocatalysis but
are still far from being a Point-of-Care (PoC) device. Also,
OECTs detecting Faradaic reactions have been shown to
work at most in the nM range.!1-143

From a future perspective, we discussed the possibil-
ity to implement a BJT in an extended base configura-
tion connected with an electrochemical cell, where the
sensing operation is occurring. This approach was par-
tially inspired by the mechanism exploited in the near-field
single-molecule electrochemistry, where the redox species
recycling in a tiny volume (nanometre size, with volumes
as low as 107'8-107%! L) is important to record single ET
events usually occurring in nanosecond intervals. In BJT
extended base configuration, we would need to amplify
the Faradaic current derived from a single ET event but
exploiting this time biochemical recycling performed by
10''-10"? bioreceptors immobilized onto a millimeter-sized
electrode in a volume of 100 ul, which is suitable for
the development of PoC devices. This intriguing approach
could open many avenues for the development of new
kinds of bioelectronics (notably, based on electrochemistry
and transistor technology) for ultrasensitive sensing of the
electroactive molecule at a single-molecule level defined as
a wide-field approach.
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