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ABSTRACT: Thrombin, a serine protease playing a central role in the coagulation cascade reactions and a potent neurotoxin
produced by injured brain endothelial cells, is a recognized cardiac biomarker and a critical biomarker for Alzheimer’s disease
development. Both in vivo and in vitro, its low physiological concentrations and nonspecific binding of other components of
physiological fluids complicate electroanalysis of thrombin. Here, femtomolar levels of thrombin in serum and an artificial
cerebrospinal fluid (CSF) were detected by the indicator-free electrochemical methodology exploiting the O, reduction reaction
directly, with no electron transfer mediators, electrocatalyzed by the covalent G4-hemin DNAzyme complex naturally self-assembling
upon thrombin binding to the hemin-modified 29-mer DNA aptamer sequence tethered to gold via an alkanethiol linker.
Coadsorbed PEG inhibited nonspecific protein binding and allowed the sought signal resolution. The proposed assay exploiting the
“oxidase” activity of G4-hemin DNAzyme does not require any coreactants necessary for the traditional peroxidase activity-based
assays with this DNAzyme, such as H,0, and redox mediators, or solution deaeration and allows fast, overall 30 min analysis of
thrombin in aerated buffer, CSF, and 1% human serum solutions. This pioneer approach exploiting the oxidase activity G4-hemin
DNAzyme is simple, sensitive, and selective and represents a new tool for ultrasensitive electrocatalytic assays based on simple and
efficient O,-dependent DNAzyme labels.
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B INTRODUCTION possible target for AD therapy, in which inhibitors suppress
thrombin-mediated diabetes- and hypoxia-induced cerebrovas-
cular effects and improve cognition in AD patients.6 In
suggested treatments, thrombin is considered as a critical
biomarker of the disease development: it is a potent neurotoxin
produced by injured brain endothelial cells, and in AD,
thrombin levels are elevated both in the brain and cerebral
microvasculature, which causes pro-inflammatory effects.’
Hitherto, numerous electrochemical and optical aptamer-
based biosensors’ for the detection of thrombin as a biomarker
of thromboembolic and hemorrhagic diseases and even cancer

More than 36 million people worldwide live with Alzheimer’s
disease (AD), an age-related neurodegenerative dementia, and
this number is expected to reach 66 million in 2030, which
puts enormous burden on society and health-care institutions."
Postulated neurovascular damage of the brain is considered a
characteristic feature of the disease, which contributes to its
pathogenesis and progression and shares the same risk factors
as vascular diseases.”’ Hypoxia, oxidative stress, and metabolic
changes induced by cardiovascular risk factors activate the
endothelial cells of the brain microvasculature then generating
inflammatory cytokines, growth factors, and neurotoxic

proteins.” Unsurprisingly, efforts are focused on finding Special Issue: Materials Applications of Aptamers
disease-modifying anti-inflammatory therapies not yet avail- Received: February 26, 2021
able. Accepted: April 7, 2021

Recently, thrombin, a serine protease playing a central role

in coagulation cascade reactions, hemostasis, and thrombosis
. . . S5

and an important cardiac biomarker,” was also suggested as a
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Figure 1. (A) Schematic representation of the O,-dependent electrocatalytic detection of a-thrombin: the hemin-modified thiolated aptamer is
immobilized on the gold electrode altogether with thiolated PEG and directly (with no mediators) electrocatalyzes the O, reduction; binding of
thrombin (image from the RCSB PDB (rcsb.org) of PDB ID: 1PPB)** triggers G4-hemin self-assembly with enhanced electrocatalytic properties
for O, reduction, which is electrochemically detected. (B) Crystal structure of the complex formed between the aptamer sequence and human a-
thrombin, image from the RCSB PDB (rcsb.org) of PDB ID: 417Y,*" and (C) the hemin structure and the aptamer sequence fold in the thrombin-

bound state: hemin binds between two G4 planes.

development™®~'" has been reported. Most of them aim at
sensitivities sufficient for robust analysis in blood/serum,
where blood coagulation-related concentrations of free
thrombin vary between less than 1 nM and more than 500
nM."" Already the pioneering reports on the indicator-free
electrochemical detection of thrombin by redox-labeled
aptamer beacons addressed this challenge of the nanomolar
analysis of thrombin in serum.'”"® Neurological applications
require different assay sensitivities and limits of detection
(LOD). In the brain, 10 nM to 10 uM thrombin induces
neuronal cell death, whereas at 10 pM to 10 nM levels,
thrombin protects cells from oxygen and glucose deprivation,
reactive oxygen species, and hypoglycemia.' ">

Currently, just a few electrochemical aPtamer—based sensors
show sufficiently low LOD in serum.'°™"” However, they use
quite complex interfacial and reactant/catalytic labels designs
such as Co-MOF decorated with PtPd nanoparticles (NPs),"®
peptide-Pt NP@reduced graphene oxide bioconjugates,'” Pt
and MnO, NP-modified MWCNT labels,'® and other similarly
complex modifications and, eventually, assay protocols,”*’
which make them less suitable for immediate clinical
applications.

In this work, we suggest a new electrocatalytic methodology
for the fast and inexpensive ultrasensitive detection of
thrombin that exploits the natural pseudo-G-quadruplex
(G4) self-assembly of the thrombin-specific aptamer sequence
triggered by the thrombin-aptamer binding”' and its oxidase
activity (i.e., its reactivity with O, as electron acceptor) for the
electrocatalytic signal amplification (Figure 1).

In the presence of hemin, the aptamer-thrombin binding
results in the formation of the G4-hemin complex, also known
as a “peroxidase-mimicking” DNAzyme exhibiting a peroxidase
activity in the presence of H,0, and such typical peroxidase
substrates as catechols or ABTS.*® The peroxidase activity of

this DNAzyme has been successfully used for optical
(nanomolar range)** and electrochemical (picomolar
range)zs’26 detections of thrombin. Therewith, the H,O,-
dependent DNAzyme assays always require a three-component
reagent system present in solution: hemin (usually, at its 1 uM
levels), H,0,, and relevant optically or electrochemically active
peroxidase substrates, plus deaeration of the working solutions,
since O, reduction interferes with H,0,-based electro-
analysis.27 In addition, such low hemin concentrations, close
to hemin-G4’s Kg, destabilize the DNAzyme complex and
result in its partial dissociation,”® responsible both for the
unsatisfactory sensitivity of DNAzyme assays and artifacts
associated with the electrocatalytic activity of free hemin in
reaction with H,0,.”’

Recently, we have demonstrated a remarkable property of
covalent G4-hemin complexes to directly (i.e., in the absence
of any redox mediators, in the direct electron transfer (ET)
reaction between the electrode and the heme) electrocatalyze
the reaction of O, reduction, introducing it as a more
advantageous indicator reaction because it does not need any
extra (co)substrate or solution deaeration.”” The covalent G4-
hemin complexes showed improved DNAzyme stability and
integrity”® and allowed not only indicator-free peroxidase
DNAzyme activity (no hemin or substrates and mediators
present in solution) but also O,-dependent oxidase activity of
DNAzyme at potentials exceeding those of free hemin.”” A
similar O,-dependent bioelectrocatalysis of heme proteins,
such as bacterial and plant hemoglobins, was shown to be
superior to the peroxidase one, with its onset approaching the
potentials of H,0, bioelectrocatalysis.’>*" Thus, by analogy to
heme proteins, it was suggested that the O,-dependent
electrocatalytic activity of the covalent G4-hemin complexes
might allow simpler and faster electrocatalytically amplified
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analysis of thrombin both in serum and in a cerebrospinal fluid
(CSF) (Figure 1).

Here, we explored the ability of the covalent hemin-G4
complexes to directly, with no mediators, electrocatalyze the
O, reduction reaction for electrochemical sensing of thrombin.
In the aptasensor development, we used a 29-mer sequence
HD22 5'-AGT CCG TGG-TAG GGC AGG TTG GGG TGA
CT-3' adopting a mixed duplex—quadruplex conformation
upon thrombin binding (Figure 1B, C)* and bearing thiol and
amine modifications for electrode immobilization and hemin
bioconjugation. We show that only at the mixed aptamer/
poly(ethylene glycol) (PEG) self-assembled monolayers
(SAMs) does the DNAzyme electrocatalysis of O, reduction
induced by thrombin binding to the hemin-modified aptamer
allow down to 1 fM thrombin detection in serum and artificial
CSE.

B MATERIALS AND METHODS

Materials. Hemin, poly(ethylene glycol) methyl ether thiol (PEG-
SH; CH;0(CH,CH,0),CH,CH,SH, M, ~ 6000), 1-mercaptohex-
anol, 33% H,0,, ethyl carbodiimide hydrochloride (EDC), sulfo-N-
hydroxysuccinimide (NHS), bovine serum albumin (BSA) and
human serum (sterile-filtered, from male AB plasma, Lot 121
K16972; stored at —20 °C), dimethyl sulfoxide (DMSO),
guanidinium chloride, urea, and all buffer solution components,
KH,PO,/K,HPO,, NaCl, and NaOH, were purchased from Sigma-
Aldrich (Broendby, Denmark). Thiolated ethylene glycol SH-Cq-
(EG),-OH was from ProChimia Surfaces (Poland) and ethanol was
from VWR Chemicals (Poland). The thrombin-specific DNA aptamer
sequence 5'-SH-C6-AGT CCG TGG TAG GGC AGG TTG GGG
TGA CTT TTT TTT TTT-C7-NH,-3** (a spacer underlined) was
synthesized by Metabion (Planegg, Germany, Figure S1). Native
human a-thrombin (MW 36.7 kDa, pI 7, 7.3, and 7.6, 10.1 mg mL™!
solution in 50% water:50% glycerol) was from Thermofisher Scientific
(USA). Ultrapure water from a Millipore Milli-Q Reference A+
system (18 MQ cm) was used for preparing all solutions. All
experiments were performed at rt (21 °C = 1).

Hemin Conjugation to the Aptamer. Hemin was conjugated to
the aptamer sequence by the EDC/NHS coupling reaction between
the amine group of DNA and hemin’s propionic acid carboxylic
group,”* under the 37-fold hemin excessive conditions resulting in the
monoadduct formation, with a slightly modified protocol.*® For this,
18 uL of 150 uM DNA stock solution in 0.1 M phosphate buffer, pH
7.0, was mixed with 20 L of 5.6 mg mL™' NHS, 20 uL of 96 mg
mL™" EDC, and 18 yL of 5 mg mL™" hemin solutions in DMSO, to
provide their final concentrations of 100, 5, and 1 mM, respectively
(27 uM DNA final concentration). The mixture was incubated for 2 h
(this time provided the highest efficiency of the hemin-DNA
bioconjugation reaction, Figure S2) and then dialyzed overnight
using a 1 kDa cutoff membrane (GE Healthcare) to remove excessive
hemin.

Electrode Modification with the Aptamer. Prior to mod-
ification, 2 mm diameter gold disk electrodes (CH Instruments,
Austin, TX) were cleaned by potential cycling in 0.5 M NaOH (from
—0.5 to —1.4 V, scan rate 0.05 V s7', 10 cycles) and successively
mechanically polished on microcloth pads (Buehler, Germany) in 1
um diamond and 0.1 ym alumina slurries (Struers, Denmark), for 2
min in each. After that, the electrodes were 10 min ultrasonicated in a
1:1 water—ethanol mixture, followed by electrochemical cleaning in 1
M H,S0, (the potential range between —0.3 and +1.7 V, at 0.3 V.57,
10 cycles), and then in 0.5 M H,SO, containing 10 mM KCl (from 0
to +1.7 V, also 10 cycles). The electrochemically active surface area of
gold electrodes evaluated from surface-oxide reduction peaks in the
last CV scan in 0.1 M H,SO, (12 cycles in total) was 0.12 + 0.01 cm.
Then electrodes were rinsed with water, kept in absolute ethanol for
30 min, and dried in a N, flow prior to modification. For aptamer
immobilization, 1 uL of a 27 uM stock solution of the hemin-
conjugated aptamer was diluted in 20 mM phosphate buffer solution

(PB) containing 150 mM NaCl, pH 7.4 (PBS), to a 0.1 uM final
concentration, and 10 uL of this solution were placed on the electrode
surface, covered with a lid, and left for 2 h. After immobilization,
aptamer-modified electrodes were rinsed with PBS, dried in the
nitrogen flow, kept for 10 min in 1 mM solution of PEG-SH (or any
other 1 mM thiol used; in first trials, a 30 min modification) in PBS,
carefully washed with PBS, and left for 30 min in PBS before
electrochemical measurements. If not immediately used, the aptamer-
modified electrodes were stored in PBS at 4 °C and used, with no
apparent loss of their thrombin binding activity, within 1 week after
their preparation.

Electrochemical Measurements. Cyclic voltammetry (CV) and
chronocoulometry (CC) were performed in a standard three-
electrode 25 mL electrochemical cell placed inside the Faraday cage
and connected to the potentiostat (PGSTAT101, Eco Chemie,
Utrecht, Netherlands) supported with NOVA 1.8 software. The
DNA-modified gold was the working electrode, an Ag/AgCl (3 M
KCl) was the reference electrode and a Pt wire was the auxiliary
electrode. CC measurements were carried out with a pulse period of 1
s at —0.4 V. For thrombin analysis, aptamer-modified electrodes were
30 min incubated in 1 to 1000 fM a-thrombin solutions in 20 mM
PBS, pH 7.4, and then immediately electrochemically interrogated in
the same cell. This incubation time was earlier shown to be sufficient
to ensure the analytically significant aptamer-protein binding both on
surface’”'¥%%37 and in solution.>® Shorter incubation times, more
relevant for analysis in flow-injection systems,*” were not investigated
here. Alternatively, either 1% serum diluted with the same buffer or
the artificial cerebrospinal fluid (CSF: 108 mM NaCl, 2.5 mM KCl,
8.2 mM MgCl, 2 mM CaCl,, 4 mM NaHCO,, 1 mM Na,HPO,, 10
mM glucose), pH 7.4, were used as supporting electrolytes. As a
negative control, 0.53, 5.30, and 15.15 yM BSA was used. If not
specified otherwise, working solutions were 2 min air-equilibrated
before each electrocatalytic CV recording to avoid depletion of O,
near the electrode surface during consecutive measurements; such O,
depletion was not observed with CC analysis. The surface coverage
with the aptamer-hemin conjugate I', mol/cm? was calculated by
integrating the hemin peak surface areas in CV, Q = nFAI, where Q is
the reaction-associated charge, F and A represent Faraday’s constant
and the electrode surface area, and n is the number of electrons
involved in the reaction. At least five identically modified electrodes
were interrogated in each set of experiments. Recovery analysis was
performed in triplicate for each spike concentration.

B RESULTS AND DISCUSSION

Design of the Aptamer Sequence. Two modifications of
the aptamer sequence, the thiol-C4 modification at 5" end and
the dT, spacer-C,-amine modification introduced for hemin
conjugation at its 3" end, did not interfere with the thrombin-
binding site (Figure 1C). The length of the dT, spacer was
shown to provide the flexibility of the covalently attached
hemin sufficient for productive G4-hemin interactions.*'
Shorter spacers probed did not allow stable complex formation
because of a spatial hindrance of intermolecular interactions.

Electrocatalysis of O, Reduction by the Hemin-
Aptamer-Modified Gold Electrodes. To develop an
aptasensor based on the O,-dependent activity of the covalent
G4-hemin complexes, we first interrogated electrocatalysis of
O, reduction with the hemin-conjugated aptamer coadsorbed
on gold electrodes with (i) mercaptohexanol, a traditional gold
surface space-filler,'”*>*® and (ii) thiolated PEGs known to
prevent nonspecific adsorption of proteins:’”** thiolated
di(ethylene glycol) SH-C4-(EG),-OH (diEG-SH) and thio-
lated poly(ethylene glycol) CH;0(CH,CH,0),CH,CH,SH,
M, ~ 6000 (PEG-SH).

All hemin-conjugated aptamer-modified electrodes produced
a distinct wave of electrocatalytic reduction of O,, starting
from 30 mV on diEG-modified electrodes and —200 mV on
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Figure 2. Representative CVs recorded in 20 mM PBS/0.15 M NaCl, pH 7.4, with the hemin-conjugated aptamer- and (A) PEG-, (B)
mercaptohexanol-, and (C) diEG-modified gold electrodes. In (A): (1) deaerated and (2) aerated solutions (inset: enlarged (1)), and in (B, C):
(1) aerated solutions before and after incubation with (2) 1 nM thrombin and (3) 15.15 uM BSA. Scan rate: 10 mV s,

mercaptohexanol-modified electrodes (Figure 2B, C). The
onset potential for electrocatalysis and its efficiency (the
electrocatalytic currents) were consistent with permeability of
the mixed SAMs for O, reduction. The electrocatalytic
currents were ca. 10-fold lower on the mercaptohexanol
SAMs, apparently providing better blocking of the electrode
surface than diEG SAMs. In the absence of the coadsorbed
aptamer, the mercaptohexanol SAM impeded the O, reduction
reaction, particularly, compared to the bare gold electrodes
(Figure S3). Thus, the observed electrocatalytic responses
resulted solely from O, reduction electrocatalyzed by the
DNA-conjugated hemin undergoing the direct ET trans-
formation on the electrode.

In the absence of thrombin, the aptamer-conjugated hemin
eligtrocatalyzed O, reduction in aerated solutions according
to

Fe(IIl)Porph + le” — Fe(II)Porph (a)

4Fe(I)Porph + O, + 4H" — 4Fe(1ll)Porph + 2H,0
(b)
where reaction b proceeds via formation of H,0, as
intermediate. The electrocatalytic reactions a and b, observable
even in the presence of trace amounts of hemin,** might
complicate analysis of thrombin, unless the signals from the
G4-hemin complex formed after thrombin binding exhibit
either a different or enhanced electrocatalytic pattern in the
reaction of O, reduction, as was previously shown for hemin-
protein and hemin-DNA complexes whose higher oxidation

states are stabilized by either protein®"* or G4 matrices.”
However, contrary to expectations, thrombin binding
inhibited direct electrocatalysis of O, reduction by the formed
G4-hemin DNAzyme both on the mercaptohexanol- and
diEG-modified electrodes (Figure 2B, C, curve 2). On the
other hand, very similar effects were produced by binding of
BSA (Figure 2B, C, curve 3). Thus, we assigned the observed
inhibition of electrocatalytic responses to the essential
nonspecific binding of both proteins to the mercaptohexanol-
and diEG-modified electrodes. Such surface blocking by
proteins prohibited direct ET between the electrode and

both the G4-hemin complex and the original thrombin-
unbound aptamer-conjugated hemin, and, as a result, direct
electrocatalysis of the O, reduction reaction.

The antifouling properties of the mixed aptamer-thiol SAMs
were improved when PEG-SH with a larger PEG content was
used. The PEG-modification eventually boosted electro-
catalysis of O, reduction compared to the mercaptohexanol
and diEG mixed SAMs (Figure 2A), very likely due to the
enhanced H,0 absorption (a product of electrocatalysis) by
hydrophilic PEG, consistent with previous reports.””*” The
pronounced wave of the electrocatalytic reduction of O, by the
aptamer-conjugated hemin started from —30 mV (Figure 2A),
whereas the ill-defined wave of O, reduction at solely PEG-
modified gold could be observed only from —150 mV (Figure
S4).

In deaerated solutions, the aptamer-conjugated hemin
showed two couple of peaks (Figure 24, inset). A pronounced
couple with a formal potential of =78 + 6 mV (k, of 0.07 s™*
based on 125 + 6 mV peak separation™ at 10 mV s™!) was
characteristic of the DNA-interacting hemin. Though no G4-
hemin DNAzyme complex could be formed in the absence of
thrombin, metalloporphyrins are also known to groove-bind
and intercalate into the double stranded DNA (dsDNA).* ™'
The thrombin-specific aptamer can form a number of
conformers possessing double-strand stem-loop structures
(Figure SS) able of such hemin-dsDNA interactions shifting
the redox potential of free hemin to more positive values. A
less pronounced couple at ca. —350 mV approaches the
potentials of hemin attached to SAMs of alkanethiols (and
varying between —336 mV and —350 mV for different length
SAMs)** that we ascribe to “free” hemin, i.e., DNA-conjugated
but not interacting with DNA bases. Ca. 0.233 + 0.061 pmol
cm™? of the hemin-conjugated aptamer was immobilized on
the electrode surface, as determined from the hemin
voltammetric signals at —78 mV in deaerated solutions,
which increased almost 2-fold (to ca. 0.5 pmol cm™) when
summarized voltammetric signals (=78 and —350 mV peaks)
were taken into account (Figure 2A, inset).

As shown below, the aptamer/PEG-SH mixed SAM ensured
the best antifouling properties against nonspecific protein
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Figure 3. Representative CVs of the aptamer-hemin/PEG-modified gold electrodes in 20 mM PBS/0.15 M NaCl, pH 7.4, recorded in aerated
solutions (0.27 mM O,), (1) before and (2—5) after additions of (A): (2) 1, (3) 10, (4) 100 fM, and (5) 1 pM thrombin; (B): (2) 0.55, (3) 5.30,
and (4) 15.15 uM BSA. Scan rate of 10 mV s™". Insets: Background-corrected current responses to (A) thrombin and (B) BSA additions at (1) 0.3,
(2) 0.2, (3) —0.3, and (4) —0.4 V. In (4) the O,-diffusion-limited saturation of the signal response with the thrombin concentration is seen.

adsorption, and this system was further used in the biosensor
development.

Detection of Thrombin via Electrocatalytic Reduction
of O, by the G4-Hemin Covalent Complexes Formed
after Thrombin Binding. The direct O, bioelectrocatalytic
activity (the “oxidase” activity) of the G4-hemin covalent
complexes formed after thrombin binding was assessed in the
air-equilibrated solutions containing ca. 0.27 mM O, expected
from its 8.74 mg L™" water solubility at 21 °C (Figure 3A). In
contrast to the mixed aptamer/mercaptohexanol- and
aptamer/diEG-modified electrodes, thrombin binding did not
inhibit but enhanced the efficiency of electrocatalysis of O,
reduction at the aptamer/PEG-modified electrodes, designat-
ing the formation of the G4-hemin DNAzyme complex and
demonstrating its direct ET electrocatalytic activity not
disturbed by protein nonspecific adsorption.

Two analytically significant potential regions could be seen
in cyclic voltammograms (CVs): (1) from 0.4 to 0V, and (2)
from 0 to —0.6 V. In the first region, the currents consistently
increased after thrombin binding, designating the formation of
the DNAzyme complex that exhibited direct electrocatalytic
activity in the reaction of O, reduction higher than that of
“free”, G4-unbound hemin. Within this potential region, the
CV responses of the aptamer electrodes to thrombin linearly
increased with the increasing logarithmic concentration of
thrombin starting from its 1 M levels (Figure 34, inset, curves
1, 2). In the second region, the electrocatalysis enhancement
was also observed. Therewith, the half-wave potential of
electrocatalysis became less negative (a 41 & 3 mV shift for 1
pM thrombin), whereas the electrocatalysis onset potentials
remained the same. However, at the lowest femtomolar
thrombin concentration, the CV variation within the second
region was the opposite, which we ascribe to the dynamic
nature of the CV analysis.

Dynamic polarization of biointerfaces may affect both the
surface state/conformation of the aptamer complex and
electrocatalysis in a less predictable way’’ than polarization
at a constant potential applied®” (Figure 3A versus Figure 3C).
Apparently, within the second region (at the negative electrode
potentials), the O, electrocatalysis based on direct ET between

the electrode and the G4-hemin complex formed with a minute
amount of thrombin, appeared to be very sensitive to
polarization-induced interfacial changes. Those may be due
to the polarization-induced either blocking of the electrode by
the aptamer-thrombin complex or/and the conformational
changes of the aptamer complex.”” This effect disappeared at
higher concentrations of thrombin when a larger number of
the G4-hemin complexes were formed.

To avoid the dynamic-polarization-induced artifacts, we
used the constant-potential polarization technique, chrono-
coulometry (CC). At potentials corresponding to the diffusion-
limited electrocatalytic currents of O, reduction (<—-0.3 V,
below the electrocatalytic peak potentials), the CC indicated
that the electrocatalytic response of the aptamer electrodes to
thrombin consistently increased with the increasing concen-
tration of thrombin over whole thrombin concentration range
studied (from 1 fM to 1 pM) (Figure 4A). The CC response Q

of the system can be approximated as
Q= (ZnFADOI/ZCO*tl/Z)/ﬂl/Z + Q'edl + QG4—hemin (1)

where the first summand stands for the electrocatalytic
response (with D, being the diffusion coefficient of O, and
Co* being its bulk concentration), whereas the second and
third summands, Q.q and Qg4 peminy Stand for the charging of
the electric double layer and redox transformation of the G4-
hemin complex on the electrode surface. With time ¢, both Q.
and Qggpemin Decome negligible compared to the first
summand because of the more rapid electrocatalytic charge
accumulation with t. Thus, CC inherently amplifies the read-
out of the electrocatalytic signal and warrants an immediate
and correct read-out of the aptamer electrode responses to
thrombin additions (Figure 4A, C).

Bovine serum albumin, BSA, did not produce any protein-
concentration related current amplification in CVs within
potential regions (1) and (2), though, when the BSA
concentration reached its sub-micromolar levels, a concen-
tration-independent current enlargement could be observed
starting from 0.4 to 0 V (in the magnitude similar to the
addition of 1 fM thrombin). The latter was rather connected
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Figure 4. Representative CCs of the aptamer-hemin/PEG-modified
gold electrodes in 20 mM PBS/0.15S M NaCl, pH 7.4, recorded in
aerated solutions (0.27 mM O,). (A, B) Representative CCs recorded
(1) before and (2—5) after additions of (A) (2) 1, (3) 10, and (4)
100 fM and (S) 1 pM thrombin; (B) (1) 0, (2) 5.30, and (3) 15.1S
UM BSA. E,,, = —04 V. (C) Background-corrected dependences of
the CC signal change AQ on the logarithmic concentration of
thrombin in (1) PBS, (2) 1% serum, and (3) CSF containing 6 yM
dopamine, 35 M uric acid, and 0.2 mM ascorbic acid.

with a biointerface restructuring resulting from nonspecific
BSA interactions with the aptamer. The albumin amount in
human serum ranges between 0.53 and 0.75 mM and in 100-
fold diluted serum (further used in studies) should reach 5—7
UM levels.”” However, no eventual increase of the electro-
catalytic currents at negative electrode potentials could be seen
in CVs (Figure 3B) and in CCs (Figure 4B) at those levels of
BSA. Thus, those BSA concentrations did not boost electro-
catalysis, consistent with no formation of the G4-hemin
complexes.

Therefore, the reaction of electrocatalytic reduction of O, by
the covalent G4-hemin complexes resulting from thrombin
binding to its aptamer can be used for specific detection of
thrombin indeed. This reaction is not completely identical to

the peroxidase cycle®” " expected for the peroxidase

DNAzyme activity.”> However, it can still proceed through
the formation of a higher oxidation state formed in the
presence of the intermediate product of O, reduction — H,0, -
and stabilized by the G4-hemin complex similarly to the
peroxidase catalysis and bioelectrocatalysis:***°

G4 — (Fe(IlI)Porph® )" + H,0,
— G4 — (Fe(IV) = O, Porph")*" + H,0 (c)

Here, the analogue of peroxidase compound 1, consisting of an
oxyferryl iron (Fe*'=0) and a porphyrin 7 cation radical, is
presumably formed and then further reduced at the electrode
surface in a 2e”/2H" reaction to ferric hemin starting from 0.4
V:

G4 — (Fe(IV) = O, Porph ™)** + 2¢” + 2H"
— G4 — (Fe(Ill)Porph®™)" + H,0 (d

This reaction explains the consistently higher potential for the
reaction of O, reduction (from 0.4 V, Figure 3A) compared to
the G4-unbound hemin (from 0 V, Figure S3). Similarly higher
onset potentials for the bioelectrocatalytic O, reduction, with
two regions of a higher and lower electrocatalytic activity, were
observed with some hemoglobins exhibiting both a pseudoper-
oxidase and oxidase electrocatalytic activity.’”*'
Electroanalysis of Thrombin in Serum and CSF. To
demonstrate the feasibility of the approach for practical
analysis of thrombin, we tested the aptasensor performance
in 1% human serum and in artificial CSF (Figure 5). Human
serum diluted 100 times slightly affected the background signal
observed with the aptamer electrodes in PBS, however, a
pronounced enhancement of O, electrocatalysis could be
followed after the aptamer electrode incubation in thrombin-
containing serum solutions (Figure SA). Eventually, electro-
analysis of thrombin in serum showed the improved sensitivity
compared to serum-free solutions (Figure 4C). The reason
may be that serum proteins can intensify the process of
forming the thrombin-aptamer complex and improve its
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Figure S. Representative CVs and (inset) CC of the hemin-aptamer/PEG-modified gold electrode recorded in (A) 20 mM PBS/0.15 M NaCl, pH
7.4, containing 1% human serum and in (B) artificial CSF, pH 7.4, containing 6 4uM dopamine, 35 M uric acid, and 0.2 mM ascorbic acid; (1,
brown line) before and (2—S, insets 3—6) after additions of 1, 10, and 100 fM and 1 pM of thrombin. Insets: (1, gray line) responses in PBS and

CSF and (2, brown line) after serum or interferents addition.
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Table 1. Selected Examples of Ultrasensitive Electrochemical Aptasensors for Thrombin

LOD?, linear

electroanalytical scheme technique range interferents/media time ref.
DNA-AuNP-modified GCE with target-triggering nicking enzyme DPV with H,O, in 1pM; 1 pM  10% serum >9 h 18
signaling amplification with a Co-MOF/PtPd NPs label solution to 30 nM
sandwich aptamer assay with Pt NT/rGO-peptide/G4-hemin DPV with NADH, O,, 50 fM; 50 fM  10% serum; CEA; AFP, Hb ~1h 9
label and hemin in solution to 60 nM
proximity-binding displacement assay resulting in the formation ~ DPV with hemin in 10 pM; 10% serum; human IgG, ~3 h 2
of G4-hemin DNAzyme on Au solution; N, 0.01-50 lysozyme, BSA
nM
sandwich aptamer assay with a AuNP/ZnONPs-G4-hemin/ DPV with hemin, H,0,, 1pM; 1 pM  10% serum; CEA; CA 19-9, ~2h 26
alkaline phosphatase label NP in solution to 30 nM BSA
sandwich aptamer assay with a G4-hemin/MWCNT-MnO,-PtNP  DPV, with hemin, H,0, 1 pM; 1 pM  10% serum; BSA, Hb, human 1.5 h 16

label, H,0O, reduction

sandwich DNA-aptamer displacement assay on CdS films, with
AuNP labels

aptamer-modified PbS QDs assembled on an ITO electrode;
basis: ET from photoexcited PbS to G4-hemin reducing O,

solution

O, electrocatalysis by the DNAzyme complex formed at hemin- CC at —0.4 V, with O,

conjugated aptamer/PEG-modified electrode

in solution
ECL with persulfate in 0.1 fM;

photocurrent, hemin and 1 pM; 1 pM
O, in solution

to 30 nM IgG

PBS, pH 8; 1 pM BSA, Hb, 40 min
and lysozyme

Tris, pH 7.4; 0.1 nM IgG or 50 min

to 10 nM BSA, 0.1 mM L-Cys

1fM; 1 fM to 1% serum; BSA; CSF;
1 pM dopamine, uric and ascorbic
acid

0.1-100 fM

30 min here

“The LOD is cited in accordance with the IUPAC definition as “the smallest amount of concentration of analyte in the sample that can be reliably
distinguished from zero”. Abbreviations: AFP, alpha-fetoprotein antigen; CA, carbohydrate antigen; CC, chronocoulometry; CEA,
carcinoembryonic antigen; CSF, cerebrospinal fluid; DPV, differential pulse voltammetry; ECL, electrochemiluminescence; GCE, glassy carbon
electrode; Hb, hemoglobin; ITO, indium tin oxide; MOF, metal—organic framework; MWCNT, multiwall carbon nanotubes; NP, 1-naphthyl
phosphate; NPs, nanoparticles; QDs, quantum dots; rGO, reduced graphene oxide.

stability.””>® The experimentally observed LOD of 1 fM
thrombin allows direct analysis of serum samples prepared by
100-fold dilution, as the thrombin content in human serum
ranges between below sub-picomolar levels in healthy
individuals®®’ and sub-nanomolar to hundreds of nanomolars
during surgery activating the clotting system and coagula-
tion.'"®° The recovery efficacy determined by standard
additions of S fM and SO fM thrombin (using its SO pM
stock solution in serum) to 1 fM thrombin samples, in 1%
human serum, was 96 + 2% and 105 + 3%, which was
sufficiently accurate for perspective bioanalytical applications.
(NB: the typical immunoassay recovery acceptance range is
80—120%).

In CSF, small-molecule interferents such as catecholamines
(up to 2—6 uM), ascorbic acid (ca. 0.2—0.3 mM), and uric
acid (up to 20—42 pM)**°"** could strongly affect the
electrocatalytic activity of G4-hemin complexes, and the
aptasensor performance in CSF was tested in their presence.
Although artificial CSF itself and uric acid did not essentially
change the electrocatalytic background signals, both dopamine
and ascorbic acid contributed to the background CVs with
distinct oxidation signals at 0.1 V (the characteristic potential
for dopamine oxidation)®® and —0.1 V (ascorbic acid
oxidation)®* (Figure S6). In addition, the O, reduction wave
(the current signal at —0.4 V) was enhanced in the dopamine-
containing solutions, suggesting the mediating role of this
catecholamine in electrocatalysis (Figure S6C). On the other
hand, the addition of the excessive (to dopamine) concen-
tration of ascorbic acid, known to be a free-radical scavenger,
interfered with this role and diminished the O,-reduction
signal to the CSF background levels (Figure S6D).

In artificial CSF containing all interferents, the formation of
the G4-hemin complex in thrombin-containing solutions
resulted in the enhanced electrocatalysis of O, reduction by
the formed DNAzyme complexes, and this enhancement was
proportional to the added amounts of thrombin (Figure SB).
Therewith, the consistently increasing electrocatalytic oxida-
tion of dopamine could be also followed starting from 0 V

suggesting that the formed DNAzyme can also electrocatalyze
oxidation of catechols in the presence of O, (Figure SB). At
fixed, physiologically relevant concentrations of dopamine, uric
acid, and ascorbic acid, their presence did not interfere with
thrombin analysis at —0.4 V (Figure SB, inset). Analysis
showed 94 + 3% and 110 + 5% recovery of interferent-
containing CSF samples spiked with 5 and 50 fM thrombin. It
is worth noting that although all studied by us media allowed
practical determination of down to 1 fM thrombin, the best
sensitivity of analysis was in serum (17.83 xC/log[thrombin],
M) and CSF (15.42 uC/log[thrombin], M), with the lowest
sensitivity shown in phosphate buffer solutions (8.18 uC/
log[thrombin], M) (Figure 4C).

Thus, the shown oxidase activity of the covalent G4-hemin
complexes naturally formed by the aptamer and thrombin
allows simple and robust CC detection of femtomolar levels of
thrombin both in diluted serum and in artificial CSF
containing dopamine, uric acid, and ascorbic acid. The assay
is virtually label-free, i.e., it does not require any extra reagents/
redox indicators or mediators present in solution and does not
need any working solution deaeration, essential in the assays
based on peroxidase activity of the G4-hemin DNAzymes. Its
sole dependence on atmospheric O, simplifies and shortens
the analytical procedure, once the experimental conditions,
such as constant temperature and sufficient air-equilibration
times, support the constant concentration of the dissolved O,
in working solutions, and it can be easily adapted both for
microelectrode and microelectronic chip/microfluidic formats.
On the other hand, its O, dependence makes it less suitable for
direct in vivo applications, in which sufficient fluctuations of
oxygen levels may be expected.

In terms of the sensitivity/LOD, time of analysis, simplicity,
and eventually, its cost, the assay successfully competes with
currently existing electrochemical approaches for thrombin
detection exploiting a variety of electrocatalytic and enzymatic
amplification schemes (Table 1), which makes it highly
suitable for immediate clinical applications.
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However, it is clear that any potential clinical applications
require a further assay development, such as its adaptation to
commercial electrodes or disposable screen-printed or micro-
electronically produced ones. Considering a very different
quality of these electrode surfaces, it will require adjustments
of immobilization protocols. Another related issue is a limited
operational and long-term stability of bioelectrodes based on
gold-immobilized thiolated aptamers. A 23—30% signal loss
due to DNA desorption is routinely observed after 4—5 days of
storage of the thiolated DNA/mercaptohexanol electrodes.®”°®
Multiple sulfur—gold binding tags, such as phosphoro-thioated
dA, or trithiols, improve the SAM stability just a little, with
then from 15°7 to 20%°® DNA loss after 4—5 days of storage.
The thiolated aptamer/thiolated PEG electrode modification
used here showed better stability, with no significant signal loss
within S days of storage (see Materials and Methods and
Figure S7). However, it may be still insufficient for a long-term
(several months) storage of the modified electrodes, and
additional stabilization agents should be sought.

More cost-effective analysis such as continuous monitoring
of thrombin in flow-injection and flow-through systems also
requests the possibility of electrodes’ regeneration. We tested
several regeneration protocols, including washing in water, 7 M
urea, and 6 M guanidinium chloride. The latter allowed a full
restoration of the aptamer electrode background signal,
consistent with previous reports.12 Therewith, the operational
stability of the regenerated bioelectrodes was compromised by
the necessity of their constant removal from the working media
for regeneration accompanied by their concomitant exposure
to the air promoting corrosive desorption of the aptamer, with
a signal dropping down 34% after 4 cycles of detection/
regeneration (Figure S7). Nevertheless, the promising results
on the regeneration possibility combined with an improved
operational stability achievable in a flow (such as shown by
continuous 20 h monitoring of dopamine by the aptamer
electrodes with just a 10% signal loss)*” outlines further
directions for the practical clinical assay development.

B CONCLUSIONS

Here, we demonstrated that the “oxidase” activity of the
covalent G4-hemin DNAzyme complex, naturally formed by
the thrombin aptamer and its ligand, provides more efficient
electrocatalysis of O, reduction than free hemin’s one and at
potentials 0.5 V higher. The ability of this DNAzyme to
directly, with no mediators, electrocatalyze O, reduction was
for the first time applied for the protein detection in serum and
CSF. At the hemin-conjugated aptamer- and PEG-modified
gold electrodes, down to 1 fM thrombin could be detected by
chronocoulometry at —0.4 V in aerated buffer solutions, 1%
serum, and artificial CSF containing physiological levels of
dopamine, uric acid, and ascorbic acid. This basic approach of
using the reaction of electrocatalytic reduction of O, catalyzed
by G4-hemin covalent complexes offers a new tool for
ultrasensitive electrocatalytic assays in which simple and
efficient O,-dependent DNAzyme labels can be used.
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