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We introduce a novel electrochemical protein quantitation based
on the shotgun biotin tagging of proteins prior to their interfacial
immunocapture and polymeric enzyme tagging. The highly ampli-
fied faradaic signals generated from a novel ferrocene-tyramine
adduct enable fg mL™ (attomolar) levels of detection and span
cross a 5 orders of magnitude dynamic range. This work supports
ultrasensitive protein marker detection in a single antibody immu-
noassay format.

Electrochemical sensors have underpinned significant advances
in disease diagnostics, environmental monitoring, and food
quality control." Within these, performance improvements (sen-
sitivity and/or selectivity) have been supported by several strate-
gies such as engineering electrode surface characteristics (either
by increasing surface area or conductance),” decreasing the
susceptibility of the electrode surface to interfering species (anti-
fouling surface modification),® and using amplifying labels to
boost redox signals.®” The latter is the most commonly employed
approach to increase signal/noise and to maintain control over
sensor dynamic range (for example by modifying the number of
enzyme tags/binding event). A diverse body of amplifying labels
have been reported for electrochemical sensors where enzymes
such as horseradish peroxidase, alkaline phosphatase, and glu-
cose oxidase are commonly used.® A growing library of inorganic
enzyme mimetics have also been proposed as “more robust”
alternatives to natural enzymes.”'® The vast majority of such
amplifying labels are anchored to the antigens captured on an
electrode surface through a secondary labelling process mandat-
ing the use of paired antibodies or aptamer probes which is
reflected by increasing assay cost and time. In contrast to the
immense research directed towards developing new enzyme
mimetics or polymeric enzyme labels, very little reported work
has been directed towards the development of new enzyme
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(or mimic) substrates. Horseradish peroxidase is arguably the
most commonly used enzyme for signal amplification by virtue of
its low cost, high stability, good catalytic activity and substrate
abundance." Peroxidase substrates have dominated develop-
ments in derived optical sensors but only few of these substrates
have been applied to electrochemical sensors, where 3,3’,5,5'-
tetramethylbenzidine (TMB) is the most commonly used.'” The
HRP catalysed oxidation of TMB into oxidized TMB (where
enzyme catalytic sites are recycled by solution phase hydrogen
peroxide) has been employed in prior precipitate-based electro-
chemical sensors (with HRP labelled antibodies).”"* This rather
crude approach can be problematic and generate false negative or
false positive results and high levels of inter-assay variation; both
soluble and insoluble oxidation products are generated as well as
some uncontrolled dimerization of the TMB radicals, some of which
may be removed during washing.'* The direct peroxidase activity on
hydrogen peroxide can also be used in the generation of quantifi-
able signatures, either directly (peroxide voltammetry) or
mediated.'®"® In all of these cases enzyme (target) specific presence
arises from its coupling to secondary antibodies or nucleic acid
probes, necessitating more steps, more variables, a greater assay
time, and substantial cost.'*™®

It is well-established that HRP will catalytically activate
tyramine in the presence of hydrogen peroxide generating
highly reactive tyramine radicals in a process that has been
applied, with dye-functionalized tyramine derivatives, to signal
amplification in fluorescent imaging; the tyramine signal ampli-
fication (TSA) or catalysed reporter deposition (CARD) methods.
Integral in this is the covalent coupling of generated tyramine
radicals to protein tyrosine moieties.'®*° This approach has also
been applied for electrochemiluminescence,” and surface-
enhanced Raman spectroscopy (SERS).>> The HRP - tyramine
system has also been utilised within “standard” dual antibody
sandwich electrochemical assays with additional complex
further amplification e.g. the use of heavily modified nano-
particles or additional polymerisation steps.>***

Herein, we modify our previously developed faradaic shotgun
approach® in biotin tagging targets prior to their immunocapture
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coated electrodes. Captured targets are then incubated with streptavidin-poly(HRP), washed and incubated with ferrocene-tyramine (Fc-Ty) in the
presence of hydrogen peroxide. The activated tyramine surface tethering to local tyrosine moieties of adjacent proteins generates a robust voltammetric

signal that scales very sensitively with target concentration.

and facile labelling with amplifying enzymes. The single antibody
system capitalizes on further amplification of electrochemical of
signal using a novel HRP substrate. Enzymic turnover of ferrocene-
tyramine (Fc-Ty) specifically showers electrode-confined proteins
with a covalently tethered ferrocene (Fig. S1 and S2, ESIf), gen-
erating a specific faradaic signal (overcoming the drawbacks
associated with the use of conventional TMB strategies where
noncovalent adsorption is dominant). With streptavidin-poly(HRP)
(St-poly(HRP)) (Scheme 1) this assay format is capable of excep-
tional levels of sensitivity (down to fg mL™"; attomolar concen-
tration of protein) in serum. Substrate incubation times can be
tailored to allow a tuning of the assay dynamic range; extending it
from few pg mL " to tens of ng mL ™" or proteins.

Surface plasmon resonance (SPR) was initially employed to
confirm target (o-Syn) biotinylation, the specificity of its recruit-
ment at antibody (Ab) interfaces, and then the specificity and
efficacy of St-poly(HRP) recruitment. Biotin-LC-NHS was used
to shotgun biotinylate proteins at a concentration of 200 uM
(~ 20 times the approximate molar concentration of total
protein in 1% human serum) introducing 3-5 biotin tags per
protein marker (materials and methods, ESIt).>>*” While both
biotinylated and non-biotinylated specific antigens are, of
course, recruited onto the Ab-coated SPR chips, only the former
shows a concentration dependent response after exposure to St-
poly(HRP), confirming the specificity of HRP surface recruit-
ment (Fig. S3, ESIt). This also confirms negligible background
contributions from any unreacted biotin-LC-NHS.

We used a simple coupling reaction (see Materials and
methods, ESIt) to synthesize a ferrocene-tyramine adduct (Fc-
Ty)*® (Fig. S1 and S2, ESIt) and tested its susceptibility to
peroxidase activity. To confirm the so generated covalent
tethering of Fc-Ty onto protein-functionalized electrodes, we
initially used standard HRP (diluted in 1% BSA) immobilized
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onto an electrode surface at different concentrations prior to
incubation with Fe-Ty (8 mM in 1: 1 (v/v) ethanol/water in 1 mM
H,0,). Fc-Ty showed a predictably HRP concentration-
dependent voltammetric signature (Fig. S4 and S5, ESIY).
Square wave voltammetry (SWV) was used to assess signals
due its improved sensitivity as compared to differential pulse
voltammetry (DPV) (Fig. S6, ESIf). In the presence of H,O,,
then, HRP catalyses the conversion of Fe-Ty into highly reactive
tyramide radicals that covalently couple to local tyrosine moi-
eties (that can be found on either HRP itself, adjacent BSA or
indeed any local protein).>® For proteins which are electrode
surface confined/captured, the so generated electrochemical of
readout supports a very sensitive quantification.

We then utilized the shotgun biotinylation of a-Syn stan-
dards (spiked into 1% human serum) for the development of an
electrochemical sensor on screen printed carbon electrodes
(Fig. S7, ESIt). Physisorbed anti-a-Syn antibodies (on 32 elec-
trodes housed in a conventional 96 micro-well plate) were
allowed to capture biotinylated o-Syn from the shotgun tagged
samples. Captured proteins were then labelled with St-
poly(HRP) and incubated for 2-5 minutes (depending on the
desired dynamic range, see Materials and methods, ESI{) with
Fc-Ty substrate. The assays exhibit an ultra-low detection limit
(down to 25 fg mL ") and a dynamic range spanning 5 orders of
magnitude up to 400 pg mL ™" (Fig. 1A). The latter can be readily
tuned simply by decreasing the incubation time of the Fc-Ty;
for example, the dynamic range after 2 min incubation is
between 3.2 pg mL ' to 10 ng mL~" o-Syn (Fig. 1B).

The electrochemical response to other common interfering
proteins (which of course will also be shotgun tagged in
solution) was assessed by exposing anti-a-Syn decorated elec-
trodes to human serum albumin (HSA) (2 mg mL™"), bovine
serum albumin (BSA) (2 mg mL™'), human fibrinogen
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Fig. 1 Calibration of a-Syn using biotin shotgun tagging with a poly(HRP)
generated covalent deposition of ferrocene after incubation with
tyramine-ferrocene for (A) 5 min generating a dynamic range between
25 fg mL™ to 400 pg mL~ and (B) for 2 min to establish a dynamic range
between 3.2 pg mL™! and 10 ng mL™. Error bars represent one standard
deviation of measurements from 4 different electrodes. Insets are repre-
sentative square wave voltammograms of the tagged interface.

T
10000

(2 mg mL™"), and human Syntenin-1 (Synt-1) (400 pg mL™").
After incubation with St-poly(HRP), specific responses to a-Syn
are observed with negligible (<10% of specific amperometric
response to o-Syn) response to these large background levels
even at the simple antibody modified interfaces used here
(Fig. 2A). Assays show excellent reproducibility across different
electrode arrays when repeated over a period of 5 days, with
inter-array standard deviations <10% and inter-electrode var-
iations (on the same array) <15% (Fig. 2B). An analysis of assay
accuracy, as tested by spiked recovery experiments in neat
human serum, demonstrates (Table S1 and Fig. S8, ESIt) high
precision with recoveries between 93-106% (Fig. 3).

The sensory format developed here utilises a shotgun bioti-
nylation and an interfacial immunocapture; the former enables
the secondary tag to be a polymeric HRP. When this is coupled
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Fig. 2 (A) Specificity study on anti-a-Syn modified electrodes against
large excesses of potentially interfering proteins. Error bars represent
one standard deviation from measurements across 4 different electrodes.
(B) Reproducibility analyses generated by running the same concentration
of a-Syn for 5 days over different electrode arrays. Each measurement
represents an average across 6 individual electrodes (n = 6).

to a novel electrochemically active peroxidase substrate (Fc-Ty)
extreme levels of assay sensitivity are accessible in assays that
perform well in serum and avoid the drawbacks associated with
physically adsorbed reagents (for example TMB) where non-
specific TMB adsorption can be highly problematic. The fact
that these assays only use a primary antibody for selective
labelled target recruitment directly reduces assay cost and time;
most labelled assays require the introduction of a secondary
antibody step before an additional labelling step; this requires
1-2 h and ~20-30% of the total assay cost ($10-50/assay). The
introduced configuration is easily integrated into a screen-
printed 32 electrode array housed in an ELISA-compatible 96-
well plate enabling high throughput sample analysis within an
ELISA-like workflow. The samples and reagents can be loaded
manually or using a conventional automated ELISA analyser;
allowing the rapid deployment into laboratories without the
need for either significant hardware or special training.

The attomolar detection limits enable the detection of proteins
that are expressed at levels that few assays can access.>**" Usefully,
this approach can also be tailored to the quantification of markers
at much higher (ng mL™") levels and is readily extrapolated to any
marker for which there is a well-established receptor. As tested here

This journal is © The Royal Society of Chemistry 2022
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concentrations. (A) Showing the correlation between spiked concentrations

and found concentrations of a-Syn over a wide concentration range (between 128 fg mL~* and 400 pg mL™?). (B) Correlation between spiked and found

a-Syn concentration over a narrow concentration range (between 128 fg

mL~* and 25 pg mL™%). The regression coefficient R> = 0.998 and slope of

correlation is 1.01 indicating excellent agreement. Error bars represent standard deviations from repeats (n = 4).

with spike recovery experiments in neat human serum, (ESLf
Table S1) high levels of analytical precision are possible, with
recoveries between 93-106% (Fig. 3).

In conclusion, we have introduced a new sensor workflow
capable of supporting protein quantitation down to few fg mL "
concentration (attomolar levels) using a single recruiting anti-
body. The assay employs a common biotinylating reagent (biotin-
LC-NHS) to shotgun tag samples prior to specific interfacial
capture. Exemplified here with o-Syn (as a Parkinson’s-relevant
model target biomarker), captured targets are then coupled to
St-poly(HRP) which catalyses the covalent tagging of local protein
with redox addressable ferrocenes. The resulting voltammetric
current reports on target analyte concentration with high specifi-
city, selectivity and reproducibility.
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