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ABSTRACT

Herein, an efficient target-activated enzyme cascade electrocatalysis with low
background signal was employed to establish electrochemical biosensor for
ultrasensitive detection of thrombin via regulating electrocatalytic efficiency between
target-induced hemin/G-quadruplex horseradish peroxidase-mimicking DNAzyme
(HRP-mimicking DNAzyme) and glucose oxidase (GOx). Impressively, only when the
target thrombin was introduced, the HRP-mimicking DNAzyme acting simultaneously
as electrochemical signal probe would be formed to activate high-efficiency enzyme
cascade electrocatalysis for reducing background signal significantly, which could
overcome the defect of inevitable high background signal during the detection of target
in the traditional cascade electrocatalysis of two existing bioenzymes. In addition, the
detection sensitivity could be further improved by regulating the side length of rigid
DNA tetrahedron (TDN) scaffold anchored HRP-mimicking DNAzyme and GOx at
adjacent vertices for high enzyme cascade electrocatalytic efficiency. Consequently, the
proposed biosensor demonstrated a low detection limit down to 0.3 fM for target
thrombin, which provided a promising method for ultrasensitive monitoring of

biomolecules in sensing analysis and disease diagnosis.

KEYWORDS: eclectrochemical biosensor; hemin/G-quadruplex DNAzyme; enzyme

cascade electrocatalysis; low background signal; DNA tetrahedron scaffold
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INTRODUCTION

During the course of biological evolution in nature, the enzyme cascade reaction
is an indispensable key step in signal transduction and amplification,!* in which the
catalytic efficiency mainly depends on the distance regulation of cooperating
enzymes.>® Specifically, the appropriate interenzyme distance could overcome
intermediate decomposition, generate efficient mass transfer and increase local
concentration of substrates, thereby resulting in high catalytic efficiency of enzyme
cascade reaction.” '3 Inspired by natural ingenuity, the method for increasing catalytic
efficiency via regulating interenzyme distance of existing bioenzymes has been applied
in the field of synthetic biology,'* biomimicry!>!7 and biocatalysis'®2°. However, its
application in the construction of biosensors for electrochemical detection of
biomolecules is confined by low sensitivity and limited detection limits, since an
inevitable high electrochemical background signal is generated in the presence of
existing bioenzymes and additional electron mediator.?!-*?> Therefore, it is of critical
importance to search a strategy which could not only reduce background signal but also
enhance enzyme cascade catalytic efficiency simultaneously for the significant
improvement of detection sensitivity of electrochemical biosensors.

To address the issue of high background signal, a rigid DNA tetrahedron (TDN)
scaffold 23-28 was used to anchor glucose oxidase (GOx) at the vertex away from the

electrode surface, in which a very low electrochemical signal was detected in the
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absence of an electron mediator. Remarkably, only when the target thrombin and hemin
were introduced, the hemin/G-quadruplex horseradish peroxidase-mimicking
DNAzyme (HRP-mimicking DNAzyme) acting simultaneously as electrochemical
signal probe would be formed at another vertex of TDN near the electrode surface,
realizing the activation of high-efficiency enzyme cascade electrocatalysis with a
desirable electrochemical response for target detection. Notably, by regulating the side
length of TDN anchored HRP-mimicking DNAzyme and GOx at adjacent vertices, the
optimal enzyme cascade electrocatalytic efficiency was acquired to further improve the
detection sensitivity. As a proof of concept, this strategy of direct chemistry could not
only avoid high background signal in the traditional cascade electrocatalysis of two
existing bioenzymes, but also improve the enzyme cascade electrocatalytic efficiency
simultaneously, thereby achieving the ultrasensitive electroanalytical detection of
biomolecules.

In this work, an efficient target-activated enzyme cascade electrocatalysis with low
background signal was applied to fabricate an ultrasensitive electrochemical biosensor
for thrombin detection (as shown in Scheme 1). The rigid TDN scaffold carried two
DNA fragments at adjacent vertices was self-assembled from four single-strand DNA,
in which the gray pendant DNA fragment contained one-quarter of the G-quadruplex
sequence (Scheme 1A). Afterwards, the DNA hairpin functionalized by glucose
oxidase (GOx-primer) was complementary to the red DNA fragment of TDN, which
allowed the GOx to be immobilized on the vertex of TDN scaffold (Scheme 1B).

Subsequently, the Exo III-assisted target thrombin recycling amplification strategy was
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introduced to generate massive DNA strands (output DNA) (Scheme 1C). The output
DNA could not only open the DNA hairpin of GOx-primer including three-quarters of
caged G-quadruplex sequence, but also synchronously capture the gray pendant DNA
fragment at the vertex of TDN near the electrode surface to assemble hemin/G-
quadruplex  horseradish  peroxidase-mimicking DNAzyme (HRP-mimicking
DNAzyme) in the presence of hemin, which resulted in a desirable enzyme cascade
electrocatalytic signal for thrombin quantitative detection(Scheme 1D). Notably, by
regulating the side length of rigid TDN anchored HRP-mimicking DNAzyme and GOx
at adjacent vertices, the optimal enzyme cascade electrocatalytic efficiency was
obtained, which enabled further improvement of detection sensitivity. In summary, this
strategy would provide new insights into ultrasensitive detection biomolecules in

sensing analysis and disease diagnosis.
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Scheme 1. Schematic illustration of (A) preparation of self-assembled TDN scaffolds for
immobilization of model enzymes and regulation of interenzyme distance; (B) fabrication process
of electrochemical biosensor based on an efficient target-activated enzyme cascade electrocatalysis;
(C) Exo Ill-assisted target thrombin cycling amplification. (D) enzyme cascade electrocatalytic
signal comparison of thrombin detection.

EXPERIMENTAL SECTION

Self-Assembly of the DNA Tetrahedron Scaffolds. To yield the DNA
tetrahedron (TDN), equimolar quantities of four single-stranded DNA (a-d) were
mixed in TM buffer (containing 50 mM DTT). Afterwards, this mixture was heated

to 95 °C for 5 min and immediately cooled down to 4 °C within 30 s. Finally, the

assembled TDN solution was stored in refrigerator at 4 °C for further use.
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Preparation of Enzyme-Functionalized DNA primer. First, 50 pL of 5 uM
freshly prepared GOx was activated with 20 mM SPDP for 1.5 h at 25 °C.
Moreover, the thiolated DNA primer solution (2.5 uM) was incubated with 50 mM
DTT for 2 hours at 25 °C to reduce S-S bonds. The superfluous DTT was removed
by a centrifugal filter (Ultracel-30K membrane, Millipore). At last, the pretreated
primer was further incubated with activated enzymes for 1.5 h at 25 °C to obtain
enzyme-functionalized primer (GOx-primer).

Exo III-Assisted Autocatalytic Target Recycling Amplification Strategy. The
elaborate steps were as follows: first, hairpin DNA HPI containing thrombin
binding aptamer was incubated with hairpin DNA HP2 and different concentrations
of the target thrombin at 25 °C for 2 hours. Afterwards, 1.0 unit/pL of Exo III was
added to the HP1-target-HP2 hybrid, followed by incubating for 40 min at 37 °C.
Subsequently, the mixture was heated to 75 °C for 15 min to denature the Exo III
enzymes and the final solution consisted of large numbers single-strand DNA
(output DNA) was stored at 4 °C for further use.

RESULTS AND DISCUSSION

Characterization of DNA Nanostructures and depAu-MWCNTSs. Native
polyacrylamide gel electrophoresis (PAGE) was implemented to verify the formation
of TDN nanostructure and GOx-primer. Figure 1 A was the PAGE analysis for the self-
assembled TDN. The lane 1-4 demonstrated the different single strand DNA (a-d),
respectively. After four single strand DNA was assembled into TDN nanostructure, the

bright band (lane 5) with slow electrophoretic mobility was clearly observed. Owing to
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the most complex spatial structure and the largest molecular weight, the lane 6 posed a
highest position, which demonstrated that the GOx-primer was linked to the TDN by
DNA hybridization. In addition, the GOx-primer possessed a lower migration (lane 7)
compared to that of the single strand DNA primer without GOx (lane 8), indicating the
successful formation of GOx-primer. Moreover, we further employed fluid mode AFM
(Figure 1B and Figure 1C) and TEM (Figure 1D) to verify the formation of the
assembled TDN. In addition, the well-dispersed tubular structure, as displayed in Figure
1E, represented the typical scanning electron microscopy (SEM) images for the pristine
MWCNTs. Moreover, compared to the initial MWCNTs, the bright clusters and spots
appeared in Figure 1F, indicating that the electrodepositing enabled coverage of depAu

on MWCNTs with large surface area.

Figure 1. (A) PAGE characterization of the TDN and GOx-primer: lane 1, a; lane 2, c; lane 3, d;

lane 4, b; lane 5, TDN; lane 6, TDN-GOx-primer; lane 7, GOx-primer; lane 8, primer. (B and C)

AFM images and (D) TEM image of TDN. SEM images of (E) MWCNTs and (F) depAu-MWCNTs.
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Verification of Enzyme Cascade Electrocatalytic Reaction. Control experimentation
was implemented to investigate successful construction of high-efficiency enzyme
cascade electrocatalysis. When the detection system contained TDN scaffold anchored
GOx only (Figure 2A), a very low electrochemical response was detected. Moreover,
the target-induced HRP-mimicking DNAzyme acting simultaneously as
electrochemical signal probe was formed on the TDN scaffold without GOx (Figure
2B), an enhanced peak current was obtained owing to the direct electron transfer of
HRP-mimicking DNAzyme. What’s more, after GOx and HRP-mimicking DNAzyme
were anchored at adjacent vertex of TDN scaffold, a highest electrochemical signal was
observed (Figure 2C), suggesting that an effective enzyme cascade electrocatalytic

reaction was activated successfully.

Figure 2. DPV responses of the biosensor containing TDN scaffold anchored (A) GOx only; (B)
9
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HRP-mimicking DNAzyme only and (C) GOx and HRP-mimicking DNAzyme at adjacent vertex.

To further research the enzyme cascade electrocatalytic efficiency, as shown
in Figure 3, we investigated the electrochemical responses of this biosensor without
and with 5.0 mM glucose. In the present of glucose, electrochemical signal
achieved obvious improvement in contrast to the absence of glucose, because the
GOx catalyzed the oxidation of glucose to gluconic acid attached with reduction of
O, to H,0;. Then, the resulting H,O, formed a local high concentration around the
hemin-G-quadruplex and subsequently was further reduced into H,O with

amplified electrochemical responses.

v
=
L]

without glucose
with glucose

&
=
L]

Figure 3. DPV responses of biosensor without and with glucose (5.0 mM) in the 0.1 M PBS solution

(pH 7.0).

The Effect of Different Interenzyme Distance on Enzyme Cascade
Electrocatalytic Efficiency. To certify that the enzyme cascade electrocatalytic
efficiency relied on the interenzyme distance. The side length of rigid TDN
anchored HRP-mimicking DNAzyme and GOx at adjacent vertices was ruled to

systematically regulate interenzyme distance. As depicted in Figure 4, when the
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side length of TDN increased from 13 bp to 20 bp, the DPV signal was gradually

increased, which may be attributed to the avoidance of crowding effect to some

oNOYTULT D WN =

2 extent. Additionally, with the side length of TDN increased from 30 bp to 35 bp,
12 the electrocatalytic efficiency decreased due to the invalid diffusion of the
intermediate product. Therefore, the TDN scaffold with the side edge length of 26
17 bp (approximately to 8.8 nm) was employed as the optimal interenzyme distance

20 of GOx and HRP-mimicking DNAzyme for the highest catalytic efficiency.

34 13bp 20bp 26bp 30bp 35bp

Figure 4. The effect of different interenzyme distance between HRP-mimicking DNAzyme and
39 GOx on enzyme cascade electrocatalytic efficiency.

42 Performance of Proposed Biosensor. The potential quantitative application of the
proposed platform was evaluated by DPV with different concentrations of thrombin
47 under optimal conditions. The DPV peak current gradually increased with the
concentration of thrombin increased from 1fM to 10 nM (Figure 5A). Furthermore, the
52 DPV current responses and the logarithm of thrombin concentrations manifested a fine
55 linear relationship (Figure 5B). The regression equation was /= -6.968 1g care - 26.80,
and the limit of detection (LOD) for target detection was 0.3 M. In addition, compared

60 with some previous reports, as shown in Table S2, the proposed sensing system
11
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achieved a superior sensitivity for thrombin detection owing to the application of
efficient target-activated enzyme cascade electrocatalysis of HRP-mimicking
DNAzyme and GOx, which reduced background signal significantly with optimal

interenzyme distance.

i _A ot B T=-6.968 Ig¢(y g - 26.80
r =-0.9978
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E 2 30f
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Figure 5. (A) DPV signals for various thrombin concentrations from a to i: 1 fM, 10 fM, 100 fM, 1
pM, 10 pM, 100 pM, 1 nM, 5 nM and 10 nM. (B) The calibration plot for thrombin.

Detection Specificity and Reproducibility. The specificity was investigated in the
presence of several possible interfering proteins, such as hemoglobin (Hb), bovine
serum albumin (BSA), carcinoembryonic antigen (CEA), prostate specific antigen
(PSA) and a-1-fetoprotein (AFP). As depicted in Figure 6A, negligible electrochemical
response was noticed for blank and interference proteins (10 nM), while the target
thrombin at a concentration 100 times lower (0.1 nM) caused a significant current
increase. Moreover, compared with the DPV response of thrombin (0.1 nM) only, the
responses of the mixture containing the Hb, BSA, CEA, PSA, AFP and thrombin had
no distinct change, manifesting the satisfactory selectivity of the biosensor exhibited
towards thrombin. Additionally, five different batches of proposed biosensors were

12
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applied to detect 0.1 nM target thrombin under the same conditions for assessing the
reproducibility of the biosensor. As indicated from Figure 6B, the biosensors performed
a similar electrochemical response with batch-to-batch relative standard deviation
(RSD) 0f 3.27%. Moreover, 0.1 nM target thrombin was investigated by same biosensor

for five times with RSD of 4.35%, indicating a favorable reproducibility of the proposed

biosensor.
45
A a: Blank 45t B
b: Hb
c¢: BSA
-30F d: CEA
< e: PSA -30F
=, f: AFP i
~ g: Thrombin .
-15} h: Mixture ~
_15 L
0

Figure 6. (A) Specificity of the electrochemical biosensors toward the blank control, Hb (10 nM),
BSA (10 nM), CEA (10 nM), PSA (10 nM), AFP (10 nM), thrombin (0.1 nM), and the mixture (0.1
nM thrombin with 10 nM of Hb, BSA, CEA, PSA, and AFP, respectively). (B) Reproducibility of
five different batches of the proposed biosensors.

Preliminary Application of the Electrochemical Biosensor. To evaluate the
feasibility of fabricated sensor for real samples, different concentrations of spiked
thrombin (10, 100, 1000 and 5000 pM) was added into healthy human serum (10-fold-
diluted) to execute a recovery experiments. According to Table 1, the satisfactory
recoveries was from 96.5% to 101.9% with relative standard deviation (RSD) between
2.28% and 5.04%, which denoted that the proposed sensor exhibited potential
application in complex real samples.

13
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Table 1. Detection of thrombin added in human serums (n = 3).

Sample number Added/(pM) Found/(pM) Recovery/% RSD/%
1 10 10.15 101.5 5.04
2 100 98.9 98.9 2.28
3 1000 1019.4 101.9 3.15
4 5000 4823.7 96.5 4.54
CONCLUSIONS

In summary, unlike the electrochemical biosensors based on traditional enzyme
cascade reaction of two existing bioenzymes, the proposed biosensor containing target-
activated enzyme cascade electrocatalysis of HRP-mimicking DNAzyme and GOx
could offer the following advantages. First, only when the target thrombin was
introduced, the HRP-mimicking DNAzyme would be generated to activate efficient
enzyme cascade electrocatalysis, which could avoid the inevitable high background
signal in traditional enzyme cascade reaction. Second, the target-induced HRP-
mimicking DNAzyme acting simultaneously as electrochemical signal probe could
avoid the introduction of additional electron mediator, making the detection system
relatively simple and easy-operation. Third, the rigid TDN scaffold could not only
anchor cascade enzymes at adjacent vertex efficiently, but also regulate interenzyme
distance precisely, contributed to the acquisition of optimal enzyme cascade
electrocatalytic efficiency for the further improvement of detection sensitivity. What’s
more, the described electrochemical biosensor realized the ultrasensitive detection of

thrombin, which possessed great potential application for clinical diagnosis.
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Supporting Information

Materials and reagents, apparatus and measurements, fabrication of the
electrochemical biosensor, electrochemical characterization of the stepwise modified
electrode, optimization of the experimental conditions, comparison of the proposed

biosensor with other reported methods for thrombin detection (Table S2).
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