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Abstract

Herein, a simple and regulable DNA dimer nanodevice was obtained by the assembly of two
hairpin DNA monomers of HI and H2 to control the distance between model enzymes HRP and
GOx for sensitive electrochemical detection of microRNA. In detail, auto-terminated DNA
polymerization reaction was designed on H1 and H2 monomers that decorated with HRP and GOx,
respectively, to produce two half-released DNA monomers, which were spontaneously hybridized to
each other, thereby obtaining a DNA dimer nanodevice with rigid dsDNA linker between two DNA
monomers. By varying the length of dsSDNA linker on DNA dimer nanodevice, the distance between
GOx and HRP had been regulated to the optimum and the most efficient enzyme cascade reaction
was acquired for constructing sensitive electrochemical microRNA-21 biosensor with a detection
limit of 0.03 pM. In summary, the proposed DNA dimer nanodevice avoided the disadvantages of
poor biocompatibility and controllability originated from traditional scleroid scaffolds, meanwhile
showed obvious advantages in terms of assembly yield than previous complicated DNA scaffolds,
which provided a novel strategy for developing high-efficiency enzyme cascade catalytic system and

showed great potential in other clinical diagnosis and bioanalysis application.
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Introduction

In the living systems, highly efficient enzyme cascade reactions play an important role in signal
amplification and conversion,'?> metabolism and propagation,>* where their reaction efficiency is
related to the regulation of interenzyme distance.’>® Here, favorable distance between cascade
enzymes could facilitate the diffusion of cascade intermediates from one enzyme to another, leading
to the enhancement of enzyme cascade catalytic efficiency.”!! Currently, different artificial scaffolds
have been developed to regulate the interenzyme distance and applied in various biotechnology
fields, including biosynthesis,!>»!® disease diagnosis,'*!> and bioanalysis'®!7. Traditional scleroid
scaffolds!®?® have been designed, but they encountered inevitable shortcomings of poor
biocompatibility and controllability. Nowadays, DNA nanostructures have emerged as potential
scaffolds to control interenzyme distance with nanoscale precision for their structural
programmability and accurate addressability?!>*, Varied DNA scaffolds including DNA
origamis,>-?7, tetrahedron?®, triangular prisms®® and tweezers3%3! have been applied to locate cascade
enzymes at predesigned positions and regulate highly efficient enzyme cascade reaction. However,
their further application is still limited due to the intrinsic defect of complicated DNA nanostructures
with low assembly efficiency and complex assembly procedure. Therefore, searching for a simple,
efficient strategy to control interenzyme distance for high enzyme cascade catalytic efficiency is still

an urgent task.

To solve this problem, in the present work, a simple DNA dimer nanodevice was assembled to
regulate the interenzyme distance for high efficient enzyme cascade -catalysis. In detail,
auto-terminated DNA polymerization reaction was performed on two hairpin DNA monomers of H1

and H2 that decorated with HRP and GOx, respectively, to produce two half-released DNA
3
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monomers. Afterwards, two half-released DNA monomers were spontaneously hybridized to each
other, thereby obtaining a DNA dimer nanodevice with rigid dsDNA linker between two DNA
monomers. Using the dsDNA linker as spacer, the distance between GOx and HRP could be
systematically regulated by varying the spacer length on DNA dimer nanodevice and the optimal
enzyme cascade catalysis was obtained. In comparison with other scaffolds, the proposed DNA
dimer nanodevice prepared via the assembly of two simple DNA monomers not only avoided the
disadvantages of poor biocompatibility and controllability originated from previous scleroid
scaffolds, but also show obvious advantages in terms of assembly yield than previous complicated
DNA scaffolds. As a proof of concept, a sensitive biosensor was constructed by utilizing the novel

DNA dimer nanodevice to manipulate highly efficient enzyme cascade reaction.

As exhibited in Scheme 1, two isolated hairpin DNA monomers (HI and H2) served as
templates were ingenious designed for DNA polymerization reaction, and they were divided into two
regions, including the primer-triggered chain growth region (poly A/T base sequences) and the
terminated region (poly G/C sequences). Target microRNA-21 and assisted DNA (S1) were used as
primers to hybridize with H1 and H2 monomer, respectively, which could induce chain growth
reactions along the poly A/T sequence until they encountered poly G/C sequence. This was because
that only dATP and dTTP provided energy in these polymerization reaction systems, thus poly G/C
base sequence could shoulder the function of automatic block spacer to terminate DNA
polymerization reaction. Finally, two half-released DNA monomers (H1 and H2) induced the
assembly of an DNA dimer nanodevice on modified electrode surface to control the optimal distance
between GOx and HRP, and a satisfactory enzyme cascade electrocatalytic signal was monitored

than free cascade enzyme system, which could realize the sensitive detection for target

4
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microRNA-21. In summary, this work developed a novel and simple DNA dimer nanodevice to

arrange cascade enzymes on the nanoscale for high enzyme cascade catalytic efficiency, which

oNOYTULT D WN =

9 paved an avenue for arrange other biomolecules system with ultimate biological analysis and assay

12 applications.
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Scheme 1. Schematic Diagrams of (A) target-induced auto-terminated DNA polymerization reaction
49 on two different hairpin DNA monomers (H1, H2) and the preparation of a DNA dimer nanodevice
for arranging cascade enzymes; (B) target-induced high efficient enzyme cascade electrocatalysis for

54 electrochemical biosensor construction.
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Experimental Section

Materials and Reagents

Glucose oxidase (GOx), N-succinimidyl-3-(2-pyridyldithiol) propionate (SPDP), dithiothreitol
(DTT), gold chloride (HAuCly, 99%), Horseradish peroxidase (HRP), multiwalled carbon
nanotubes (MWCNTs, >95% purity), streptavidin (SA), Methylene blue (MB), glucose,
K;[Fe(CN)g], K4[Fe(CN)g] and sodium borohydride (NaBH4) were provide by Shanghai Aladdin
Industrial Corporation (Shanghai, China). Klenow polymerase, dATP and dTTP was supplied by
New England Biolabs (Beijing, China). All microRNA and DNA oligonucleotides, purified by
high-performance liquid chromatograph, were obtained from Sangon Biological Engineering
Technology (Shanghai, China). All sequences and modifications of these nucleic acids were

displayed in Supporting Information (Table S1).

Apparatus and Measurements

All electrochemical related measurements were performed on a CHI 660E electrochemical
workstation (Shanghai Chenhua Instrument, China). DPV measurements parameters were listed
as follows: potential range from -0.5 to -0.1 V with 4 mV step potential and 50 mV amplitude.
Scanning electron microscopy (SEM, S-4800, Hitachi, Japan) were used for characterizing
prepared nanomaterials. Polyacrylamide gel electrophoresis (PAGE) experiments were
performed by Bio-Rad imaging system. UV-vis absorption spectrums were obtained by UV-vis

spectrophotometer (Shimadzu, Tokyo, Japan).

Preparation of DNA Dimer Nanodevice

ACS Paragon Plus Environment



Page 7 of 22 Analytical Chemistry

In order to prepare the dimer nanodevice, two types of enzyme decorated DNA monomers

(HRP-H1, GOx-H2) were first prepared according to our previous method.’> Then target
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9 microRNA-21 and assistant DNA S1 were hybridized with HRP-H1 and GOx-H2, respectively,
12 to form microRNA-21-HRP-HI complex and S1-GOx-H2 complex. Thereafter, dTTP and
klenow polymerase were subjected into microRNA-21-HRP-HI complex and mixture was
17 incubated at 37°C for 1 h to obtain polymerization product 1 (half-released H1). Meanwhile,
20 dATP and klenow polymerase mixed with S1-GOx-H2 complex and mixture also was incubated
at 37°C for 1 h to get polymerization product 2 (half-released H2). Finally, polymerization
25 product 1 and polymerization product 2 were mixed and incubated for 2 h to prepare DNA dimer

nanodevice.

31 Preparation of MWCNTs@AuNPs Nanocomposites

MWCNTs@AuNPs nanocomposites were synthesized according to NaBH,; reduction
37 method with little modification®33*. First, HAuCl,; (100 pL, 1%) was dropped into 400 uL
MWCNTs solution, and the mixture was stirred for 0.5 h. Next, 50 uL of fresh NaBH, solution
42 (0.1 M) was introduced and the mixture was stirred vigorously for another 0.5 h. After
45 centrifuging and rinsing by water, obtained precipitate (MWCNTs@AuNPs) was collected for

subsequent usage.

51 Fabrication of the Modified Electrode

>4 Firstly, the bare glassy carbon electrode (GCE, @ = 4 mm) was polished with alumina slurry
57 and sonicated. After that, 15 uL MWCNTs@AuNPs nanocomposites were dropped on the cleaned

>9 electrode and dried at 37°C. Next, 20 pL streptavidin (SA) was added to the modified electrode and

7
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incubated overnight at 4°C. To block the possible remaining adsorption sites, the prepared electrode
was then treated with BSA solution (15 pL, 1%) for about 40 min. Finally, 20 pL of DNA dimer
product was introduced onto electrode and incubated for 1 h at 37°C. After cleaning, the finished

electrode was used for measurements.

Gel Electrophoresis Experiment

Preparation of DNA dimer nanodevice was verified by 16% polyacrylamide gel
electrophoresis. After reaction sample mixing with loading buffer was subjected to the gel

electrophoresis, the electrophoresis ran at a constant voltage of 120 V for 1.5 h.

Kinetic Measurement

GOx/HRP, glucose and TMB were mixed to perform kinetic experiment. UV-vis spectra
were collected to get related Michaelis constants based on followed equation: 1/V =
Ko/ Vinax(1/[S] + 1/K,), in which V, K., [S] and V..« Was initial reaction rate, Michaelis-Menten

constant, substrate concentration and maximal rate, respectively.

Results and Discussion

Characterization of MWCNTs@AuNPs

The morphologies of the as-prepared MWCNTs and MWCNTs@AuNPs were studied by SEM.
In Figure 1A, typical SEM image of MWCNTs displayed a well-dispersed tubular structure. A large
number of conductive particles were adsorbed onto MWCNTs, which displayed good dispersion and

uniform spherical shape (Figure 1B), proving that AuNPs had been successfully generated on

MWCNTs.
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Figure 1. SEM images of (A) MWCNTs and (B) MWCNTs@AuNPs nanocomposites.
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Figure 2. PAGE characterization for the assembly of DNA dimer nanodevice.

Comparison of Different Enzyme Cascade System

In order to verify the highly efficient catalysis of cascade enzymes manipulated by DNA dimer
nanodevice on electrode surface, we conducted corresponding comparative experiments and the
results were shown in Figure 3. First, when proposed GCE was only modified with
MWCNTs@AuNPs, a weak electrochemical signal (Figure 3a) was obtained. Next,
enzyme-modified DNA monomers including HRP-H1 and GOx-H2 were randomly immobilized on
modified electrode surface, an enhancement in electrochemical response (Figure 3b) was measured.
We could deduce that enzyme cascade reaction had happened and facilitated the oxidation of MB
electron mediator in measurement solution. Furthermore, after target microRNA-21 inducing the
co-assembly of cascade enzymes on dimer nanodevice, the highest electrochemical response (Figure
3c) was monitored, suggesting that the co-assembly of cascade enzymes on dimer nanodevice

significantly improved enzyme cascade catalytic efficiency.

10
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Figure 3. Different DPV signals in varied detection conditions. (a) MWCNTs@AuNPs complex
modified on electrode surface without any enzymes immobilization; (b) GOx-H2 and HRP-H1
randomly immobilized on MWCNTs@AuNPs/GCE; (¢) Dimer nanodevice manipulated GOx and
HRP on MWCNTs@AuNPs/GCE in 2 mL PBS (pH 7.4) buffer possessing 4 uM MB and 5 mM

glucose.

Real-Time Absorbance Measurements of Different Cascade Enzyme Systems

The GOx/HRP enzyme cascade reaction began with the GOx catalytic oxidation of glucose,
accompanied by the generation of H,O,, and then HRP utilized it to oxidize TMB into blue-colored
oxidation product with characteristic absorbance at 652 nm?3. In order to investigate the catalytic
efficiency of various cascade enzymes reaction systems, the real-time absorbance measurements
were recorded. As shown in Figure 4, blank control sample (only TMB and glucose regent in
detection buffer) showed no change in time-dependent absorbance (curve a). After enzyme-modified
DNA monomers including GOx-H2 and HRP-HI were randomly introduced into above detection
buffer (free cascade enzyme system), obvious increment of absorbance at 650 nm was measured
(curve b), which demonstrated the occur of enzyme cascade reaction. Furthermore, when target

11
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initiated the co-assembly of cascade enzymes on DNA dimer nanodevice, a maximum absorbance

change was observed (curve c), implying this system shown the highest cascade catalytic efficiency.

0.8

0.6

0.4

0.2

Absorbance

0.0

0 5 10 15 20
Time / min

Figure 4. Absorbance-time curves of varied enzyme cascade systems, blank samples (curve a), free
cascade enzymes (curve b) and dimer nanodevice manipulated cascade enzymes (curve c¢) when 1

mM TMB as chromogenic agent.

Kinetic Analysis

To further demonstrate the highly efficient catalysis of dimer nanodevice manipulated cascade
enzyme system, the Michaelis-Menten model was used to study their kinetic parameters. K,
(Michaelis constant) and kg, (catalytic rate constant) had been calculated based on the
Lineweaver-Burk strategy. As shown in Figure 5, the K, value of cascade enzymes system
manipulated by dimer nanodevice was 1.65 mM (curve b), which was smaller than that of free
cascade enzyme system (3.3 mM, curve a). We concluded that dimer nanodevice manipulated
cascade enzymes system had a stronger affinity toward substrate than free cascade enzymes.
Additionally, the k.,/K,, value for dimer nanodevice manipulated cascade enzymes was calculated to
be 5.02 s' mM™!, and it was 2.6 times higher in comparison with that of free cascade enzymes

12
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system (1.93 s™' mM™), indicating a higher catalytic efficiency.
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Figure S. Lineweaver-Burk plots of free cascade enzymes system (curve a) and dimer nanodevice
manipulated cascade enzymes systems (curve b) when fixing TMB concentration of 1 mM and

varying the glucose concentrations.
Influence of Varied Distances between GOx/HRP on Cascade Reaction

In order to prove that the catalytic effect of enzyme cascade reaction depended on the distance
between cascade enzymes of HRP and GOXx, the spacer length of rigid dsDNA linker on DNA dimer
nanodevice was changed to systematically regulate interenzyme distance. The result was shown in
Figure 6, with increasing the spacer length from 15 to 25 bp, the electrochemical response increased
continually due to the avoidance of crowding effect’®-37. Furthermore, with increasing the spacer
length from 25 to 30 bp, slight decrease of electrochemical response was measured because of the
invalid diffusion effect of reaction intermediate of H,0,3%3. Thus, the spacer length with 25 bp on

DNA dimer nanodevice was chosen as the most favorable distance.

13
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Figure 6. Variation of cascade catalytic response caused by the varied spacer length between

cascade enzymes on dimer nanodevice.

Optimization of the Experimental Condition

In this work, excellent electrochemical signal was from enzyme cascade amplification strategy.
GOx catalyzed glucose into gluconic acid and got H,O,. H,O, served as HRP substrate was then
reduced into H,O, accompanying with MB oxidation for amplified electrochemical response. Thus,
MB concentration and glucose concentration could affect the analytical performance of proposed
biosensor. In Figure 7A, the MB concentration from 1 to 5 pM had been chosen to test the
performance of proposed biosensor and the electrochemical response increased continually
accompanied with the increased MB concentration until a plateau was reached at 4 uM. So, 4 uM
was employed as the optimal MB concentration. Additionally, glucose with varied concentrations in
detection buffer PBS solution (pH 7.0) also was measured. It could be clearly seen from Figure 7B
that electrochemical response of proposed biosensor varied with the changeable glucose
concentration from 1 to 6 mM, and the response value almost reached to the maximum at 5 mM.
Thus, 5 mM was optimal glucose concentration.

14
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20 Figure 7. The effect of MB concentration (A) and glucose concentration (B) on current response.

23 Analytical Performance of Developed Biosensing Platform

26 To investigate the analytical performance of biosensor, DPV responses with different
29 concentration of microRNA-21 were recorded under the optimal experimental conditions. From
Figure 8A, the electrochemical response signal increased accompanied with incremental target
34 concentrations in the range from 0.1 pM to 1 nM. It also could be noted that the calibration plot
exhibited a satisfied linear relationship between the electrochemical response and the target
39 microRNA-21 concentration (Figure 8B). The corresponding linear equation is / = -1.212 Ig ¢ —
42 18.281 (r = -0.9965) with a detection limit of 0.03 pM. Moreover, compared with other reported
methods (Table 1), the proposed biosensor showed good performance for the microRNA-21
47 determination, which could be attributed to the fact that target-induced co-assembly of cascade
enzymes on a DNA dimer nanodevice with significant enhancement in cascade catalytic efficiency

52 than free cascade enzymes.
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Figure 8. (A) DPV signals of proposed biosensor for the target microRNA-21 at different
concentrations with various concentrations of from 0.1 pM to 1 nM. (B) Linear relationship of DPV

responses versus the logarithm of microRNA-21 concentration. The error bars stand for the standard

deviation of 3 measurements.

lge

target

Table 1 Comparison of Sensing Performances of Various Methods for microRNA-21 Detection.

Analytical method Detection limit Linear range Ref.
Photoelectrochemistry 0.31 pM 1 pM-100 nM 40
Fluorescence 0.3 pM 1 pM-10 nM 41

Raman Scattering 485 pM 0.5 nM-5 nM 42
Photoluminescence 2.8 pM 5 pM-300 pM 43
Electrochemistry 0.04 nM 0.14 nM-10 nM 44
Electrochemistry 10 pM 100 pM-1 uM 45
Electrochemistry 0.03 pM 0.1 pM-1 nM This work

Selectivity and Stability of the Fabricated Biosensor

To investigate the selectivity of the biosensor, microRNA-141, microRNA-155 and microRNA
let-7a were chosen as interfering substances. Meanwhile, the mixture sample including target and all

interfering substances also was tested. As seen in Figure S2, despite the introduction of 10 nM

Page 16 of 22

interference substance, no evident electrochemical response change in comparison with that of blank
16
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sample. However, a significant electrochemical response was obtained upon introducing 0.1 nM
target microRNA-21, which indicated the high selectivity of developed biosensor. To further study
the stability of proposed biosensor, the biosensor was stored at 4°C and intermittently measured
every 5 days. After 20 days, there was no obvious change in current response and the response was

90.7% of its initial response, demonstrating great performance of biosensor in stability.

Conclusion

Here, a novel DNA dimer nanodevice was used to regulate the distance between HRP and GOx
for high enzyme cascade catalysis for construction of biosensor. In comparison with other scaffolds,
the proposed DNA dimer nanodevice avoided the problems of poor biocompatibility and
controllability from previous scleroid scaffolds, meanwhile exhibited obvious advantages in terms of
assembly yield than previous complicated DNA scaffolds. Consequently, a sensitive electrochemical
biosensor for microRNA-21 assay was constructed by utilizing the simple DNA dimer nanodevice to
manipulate enzyme cascade reaction, which also provided an alternative way for sensitive detection
of other biomolecules in the fields of biosensing and disease diagnosis.

ASSOCIATED CONTENT

Supporting Information. Experimental details for the oligonucleotides sequences used in this work
(Table S1), Stepwise Characterization of the Modified Electrode (Figure S1), Application of
Proposed Biosensor (Table S2). The Supporting Information is available free of charge on the ACS
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