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Herein, a rigid 3D DNA nanopillar was used to investigate the influence of spatial organization on the
cascade activity in multienzyme systems, realizing controllable regulation of the mimic enzyme ratio and
spacing for acquiring a high-efficiency enzyme cascade catalytic platform. Initially, the ratio of mimic
enzyme AuNPs (glucose oxidase-like activity) and hemin/G-quadruplex DNAzyme (peroxidase-like
activity) fixed at the designed position was adjusted by changing the number of edges in a DNA
polyhedron, resulting in an optimal mimic enzyme ratio of 1:4 with a quadrangular prism as the
scaffold. Notably, the DNA nanopillar formed by quadrangular prism layer-by-layer assembly acted as
a track for directional and controllable movement of a bipedal DNA walker based on the toehold
mediated strand displacement reaction (TSDR), which endowed the assay system with continuous
enzyme spacing regulation compared with previous enzyme cascade systems that induced inflexible

operation. Furthermore, enzyme mimetics in this work circumvented the drawbacks of natural enzymes,
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Accepted 18th October 2020 such as time-consuming purification processes and poor thermal stability. As a proof of concept, the

proposed dual regulation strategy of cascade enzymes was applied in the ultrasensitive electrochemical

DOI: 10.1039/d0sc03584) detection of Pb?*, which provided a new route to fabrication of high-performance artificial enzyme
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Introduction

Enzyme cascade, which embraces multiple enzymatic reactions
in one pot without isolation of intermediates has a wide range
of potential applications in bioanalysis,"” biosensors®® and
biodiagnostics.’* " Indeed, the co-immobilization of cascade
enzymes on a platform is one of the most straightforward
protocols to mimic sequential enzyme reactions.'*" However,
random enzyme distribution in traditional approaches brought
many challenges such as the overlap of enzyme active sites,
mismatch of the optimal enzyme ratio and inappropriate
interenzyme distances, thereby leading to an inferior mass
transport of reactants and intermediates among enzymes with
significantly reduced catalytic efficiency. Accordingly, besides
the inherent catalytic activity, cascade enzymes with a rational
spatial arrangement (e.g., enzyme spacing and ratio) are crucial
to achieve highly efficient cascade catalysis, which has been the
focus of researchers in recent years but remains challenging.
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cascade platforms for ultimate application in bioanalysis and biodiagnostics.

To date, DNA nanostructures, such as origami,”*** tetrahedra®
and nanotweezers,” have emerged as promising scaffolds to tether
cascade enzymes with an equivalent ratio and regulate enzyme
spacing at nanoscale on account of their structural programma-
bility and accurate addressability. Despite these successes, the
uncontrolled stoichiometric ratio of cascade enzymes does not
favor better cooperation of the first and second enzymatic reac-
tions, and thus ineffective diffusion of intermediates in enzyme
cascade processes limited catalytic efficiency. Recently, although
some reports have studied the influence of the enzyme ratio on the
cascade catalytic efficiency, where the enzyme ratios can be regu-
lated by changing the amount of enzymes,*>® such strategies
usually required the co-assembly of multiple enzymes without
separated space, which led to increased obstacles for enzyme
cascade reactions caused by too close enzyme spacing. In addition,
such strategies were mainly focused on natural enzymes, which
suffered from complicated purification processes and poor
thermal stability that restricted their further application.”*® As
a result, rational engineering of artificial enzyme cascade systems
with a controlled enzyme ratio and spacing is urgent for high-
performance cascade catalytic efficiency, which has rarely been
investigated to the best of our knowledge.

In this work, using AuNPs (glucose oxidase-like activity) and
hemin/G-quadruplex DNAzyme (peroxidase-like activity) as model
mimic enzymes, a DNA nanopillar acted as a scaffold to control the
enzyme ratio and continuously regulate the enzyme spacing for
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Scheme 1 Schematic illustration of (A) DNAzyme-assisted cleavage
recycling amplification; (B) optimization of the enzyme ratio between
AuNPs and hemin/G-quadruplex DNAzyme; (C) construction proce-
dure of biosensor sensing based on enzyme cascade catalytic
amplification.

construction of an efficient mimic enzyme cascade system. As
expressed in Scheme 1B, the ratio of mimic enzyme fixed at the
designed position was effectively controlled by changing the
number of edges in the DNA polyhedron, and thus an optimal
scaffold quadrangular prism (QP,) was obtained. Importantly, the
3D DNA nanopillar, assembled layer-by-layer by AuNPs@DNA
cages and various QP, (Scheme S2t), could be used as a track for
controllable movement of the bipedal DNA walker that was formed
by hemin/G-quadruplex DNAzyme and ssDNA L, based on the
toehold mediated strand displacement reaction, resulting in the
continuous regulation of enzyme spacing for further improving
cascade catalytic efficiency. Moreover, mimic enzymes exhibited
comparable activity and better stability in comparison with natural
enzymes. Such a dual regulation strategy of mimic enzymes with
improved catalytic efficiency was applied in the fabrication of an
electrochemical sensing platform for ultrasensitive Pb>* detection,
which gives impetus to exploit a new generation of high-
performance mimic enzyme cascade platforms for application in
bioanalysis and biodiagnostics.

Experimental section

Preparation of different 3D DNA nanostructures and
AuNPs@DNA cage complexes

The different 3D DNA nanostructures were successfully assembled
via a clip-by-clip approach® (Scheme S17). In detail, the equimolar
amounts of all required DNA clips were mixed in 1x TAMg buffer
(40 mM Tris and 12.5 mM MgCl,-6H,0, pH 7.8) for a final
concentration of 1 uM for each oligonucleotide. The mixture was
heated at 95 °C for 5 minutes, and 80 °C for 5 minutes, and then
cooled down to 4 °C at a rate of —1 °C/5 min (6.5 h). Finally, Rs/R,/
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Rs pre-activated by 50 mM DTT and three different DNA cages were
mixed together for 2 h to synthesize trigonal prism TP;,
quadrangular prism QP, and pentagonal prism PPs, respectively.
Indeed, thiolated strands R;/R,/Rs were used to bind DNA cages to
an electrochemically-deposited gold thin film (depAu) on glassy
carbon electrodes (GCE).

For the preparation of ssDNA-modified AuNPs (DNA-AuNPs),
100 pL of 10 pM thiolated ssDNA in 1x TBEN buffer (90 mM Tris,
90 mM boric acid, 1.1 mM EDTA and 100 mM NacCl, pH 8.3) was
incubated with 50 mM DTT solution for 40 min to reduce the S-S
bond, followed by mixing with the as-synthesized 400 puL of AUNP
solution with a diameter of 4 nm (Fig. S1At). After the incubation
of 12 h, DNA-AuNPs were obtained by centrifugal precipitation
and re-dispersed in PBS (0.1 M, pH 7.4). For the encapsulation of
DNA-AuNPs into the DNA cages, DNA-AuNPs and various DNA
cages (TP5-15A, QP,-15A, or PPs-15A) with ratios in a range of 2 : 1
to 1 : 2 were mixed together in 1x TAMg buffer, which were then
incubated overnight at room temperature to form AuNPs@DNA
cage complexes.

The preparation of the bipedal DNA walker

Before use, hairpin DNA 1 (H;) was heated up at 90 °C for 5 min,
and then slowly cooled to room temperature. After that, H; (40
uL, 20 pM) was added into 60 uL pre-activated carboxylated-
magnetic polystyrene microsphere (PSC-COOH) solution
(EDC/NHS) to covalently connect amino-terminated H; on the
PSC-COOH surface. Whereafter, different concentrations of
Pb** were added into above solution for 30 min of reaction at
37 °C. The supernatant was collected by magnetic separation
and further added into 40 pL HEPES buffer (500 mM HEPES and
500 mM NaOH, pH 7.4) containing 100 mM KCl and 0.2 mM
hemin to react at 25 °C for 30 min, thereby resulting in the
formation of hemin/G-quadruplex DNAzyme (L,) for an elec-
trochemical signal through direct electrocatalysis. Finally, L,
was mixed with L, (10 uM) and reacted for 30 min to acquire the
bipedal DNA walker (as shown in Scheme 1C).

Fabrication process of the biosensor

The pretreated mirror-like GCE was first electrodeposited in
HAuCl, solution (—0.2 V, 30 s) to obtain a depAu layer. Afterward,
the prepared AuNPs@DNA cages were assembled on depAu/GCE
via a Au-S bond (10 h, 4 °C). After blocking with 1% HT for
40 min, DNA nanostructures with various walker tracks were self-
assembled on the above electrode surface layer-by-layer for
generation of the DNA nanopillar, accompanied by the addition of
the bipedal DNA walker and corresponding fuels. Ultimately, the
designed biosensor was submerged in 2 mL phosphate buffered
solution (PBS, 0.1 M Na,HPO,, 0.1 M NaH,PO, and 0.1 M KCl, pH
7.4) containing 4 mM glucose to observe the differential pulse
voltammetry (DPV) response.

Results and discussion
Characterization of various nanomaterials

Polyacrylamide gel electrophoresis (PAGE) was employed to
evaluate the successful assembly of different DNA cages. As

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Native PAGE analysis of different 3D DNA nanostructures
including (A) pentagonal prism PPs, (B) quadrangular prism QP,4, and
(C) trigonal prism TPs. (D—-G) AFM images of DNA—-AuUNPs and various
AuNPs@DNA cages, scale bars: 50 nm. (H-K) TEM images of DNA—-
AuNPs and various AuUNPs@DNA cages.

exhibited in Fig. 1A, lanes 1-5 represented the ssDNA of Ps;, Ps,,
Ps3, P54, and Pss, respectively. After five ssDNA self-assembling
into PPs, lane 6 showed a slower migration rate than ssDNA
because of the high molecular weight of PP; (575 bp), which
corresponded to the standard DNA marker, confirming the
successful formation of PPs. Similarly, Fig. 1B and C also
demonstrated successful self-assembly of QP, (460 bp) and TP;
(390 bp), respectively.

The various AuNPs@DNA cages were characterized by
atomic force microscopy (AFM) and the results were displayed
in Fig. 1D-G. After encapsulation of AuNPs, the obtained
AuNPs@DNA cages showed a significantly increased diameter
(6.5-8.0 nm) compared with free DNA-AuNPs (~4.2 nm), which
confirmed that AuNPs were successfully encapsulated in three
DNA cages, respectively. In addition, transmission electron
microscopy (TEM) was also used to characterize the prepared
AuNPs@DNA cages. In the enlarged views of Fig. 1H-K, obvious
DNA coronas could be observed outside the highly electron

Fig. 2 Principle of the walking process based on toehold-mediated
strand displacement.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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dense core of AuNPs, indicating the feasibility of the encapsu-
lation process.

The mechanism of stepwise movement for the bipedal DNA
walker

The system contained four components (Fig. 2): a bipedal DNA
walker, track (T, Ty, T, T3, and Ty), fuel strands and antifuel
strands (AF,, AF;, and AF,). The bipedal DNA walker could be
joined to the track through base pairing with fuel strands. After
introduction of corresponding antifuel strands, the fuel strands
were removed through strand-displacement reactions and they
liberated the walker leg for the next step. Here, the stepwise
movement of the bipedal DNA walker from the top to bottom on
the DNA nanopillar track could achieve continuous and
dynamic regulation of cascade catalytic efficiency based on the
toehold-mediated strand displacement. It was worth noting that
each walking step of the bipedal DNA walker represented
different interenzyme distances between AuNPs (glucose
oxidase-like activity) and hemin/G-quadruplex DNAzyme (HRP-
mimicking DNAzyme), which were 13.2 nm, 9.9 nm, 6.6 nm,
and 3.3 nm, respectively. As a result, the optimized interenzyme
distance was obtained for efficient cascade catalytic
amplification.

Influence of different enzyme ratios and interenzyme
distances on catalytic efficiency

For the mimic enzyme-catalyzed cascade reaction, AuNPs with
GOx-like activity first catalyzed the oxidation of glucose to glu-
conic acid with the accompanying formation of H,0,, which
was then reduced by HRP-mimicking DNAzyme, and lastly an
electrochemical signal was generated by direct electrocatalysis.
In a typical enzyme cascade reaction, appropriate enzyme ratios
and interenzyme distances could enhance the local concentra-
tion of substrates and overcome intermediate decomposition,
resulting in high cascade catalytic efficiency.*® Therefore, three
various DNA nanostructures as scaffolds were used to regulate
the enzyme ratio in this work (Fig. 3A). We found that QP, as
a scaffold for the immobilization of mimic enzymes with
a AuNPs/HRP-mimicking DNAzyme ratio of 1:4 showed the
highest DPV signal (part b) compared with TP; and PPs as
scaffolds (part a and c). Therefore, QP, was chosen as the most
suitable scaffold in subsequent experiments. In addition,
different interenzyme distances induced by stepwise walking of

A B
1:4
-5.0 66
1:5

» <
< 48 -6.3
=] o
~ ~
N~ 46 -6.0

1:3
P | -

5.7
a b c 33 nm 6.6nm 9.9nm 13.2 nm

Enzymes ratio

Fig. 3 Effect of (A) different enzyme ratios and (B) different inter-
enzyme distances between AuNPs and HRP-mimicking DNAzyme on
cascade catalytic efficiency.
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Fig. 4 DPV curves of the cascade enzyme systems with different
factor regulation: (A) enzyme ratio, (B) enzyme spacing, and (C)
enzyme ratio and spacing.
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Fig. 5 (A) DPV signals of the proposed biosensor with various
concentrations of Pb?*: 20 nM, 200 nM, 2 uM, 20 pM, 200 uM, 2 mM,
and 10 mM. (B) Linear relationship of DPV currents versus the loga-
rithm of the Pb?* concentration. The error bars represented the
standard deviations of three repetitive measurements.

the bipedal DNA walker were optimized to investigate the effect
of the interenzyme distance on the enzyme cascade catalytic
efficiency. As displayed in Fig. 3B, an interenzyme distance of
9.9 nm demonstrated superior electrocatalytic performance in
comparison to other interenzyme distances, which was thus
employed as the optimal distance between AuNPs and HRP-
mimicking DNAzyme.

Catalytic efficiency of different enzyme cascade systems

For evaluating the catalytic efficiency of various enzyme cascade
systems with single factor and two-factor regulation, different
biosensors were operated in PBS (pH = 7.4) containing 4 mM
glucose. As shown in Fig. 4, the enzyme cascade system with
two-factor regulation (enzyme ratio and spacing) showed
a much greater DPV peak current than the enzyme cascade
system with single factor regulation (enzyme ratio or spacing),
highlighting the excellent catalytic efficiency of the dual regu-
lation strategy, which greatly facilitated the mass transport of
reactants and intermediates among enzymes.

Analytical performance of the designed biosensor

The analytical performance of the designed biosensor was
evaluated by DPV measurements under optimal conditions.
Along with the increase of the target Pb>* concentration from
20 nM to 10 mM, the DPV response was gradually enhanced

410 | Chem. Sci, 2021, 12, 407-4T1
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Table1 Recovery results of Pb?* added in human serum samples (n =
3)

Sample number  Added/uM Found/uM Recovery/% RSD/%
1 2 2.1 105 4.7
2 20 20.4 102 4.5
3 200 198.1 99.1 3.9
4 2000 1996.8 99.8 3.5

(Fig. 5A). Fig. 5B demonstrated an excellent linear relationship
between the DPV signals and the logarithm of the Pb**
concentration, and the linear equation was I (pA) =
—0.387 1g cpp,>" - 0.53 (r = —0.980). The detection limit was
found to be 5.5 nM via the 3¢ rule. In addition, a comparison of
this approach with other methods for Pb®>" detection was
summarized in Table S2 (in the ESIt). It can be obviously seen
that the proposed biosensor exhibited remarkable sensing
performance, ascribing to highly efficient enzyme cascade
amplification with an optimized enzyme ratio and interenzyme
distance.

Analysis of Pb*>* in human serum

For real sample analysis, various concentrations of Pb>" were
mixed with 50-fold diluted serum samples to execute a recovery
test. It was illustrated in Table 1 that the recoveries ranged from
99.1% to 105%, confirming the satisfactory applicability of this
approach in real samples.

The serum samples of healthy people were obtained from the
Southwest Hospital (Chongqing, China). Informed consent was
obtained in all cases. The study was performed in strict accor-
dance with the principles of the International Ethical Guide-
lines on Biomedical Research Involving Human Subjects, and
was approved by the Medical Ethics Committee of the
Chongqing Medical Association.

Conclusions

To summarize, we constructed a high-performance artificial
enzyme cascade platform for electrochemical Pb>" detection
based on dual regulation of the enzyme spacing and ratio.
Compared with traditional enzyme cascade efficiency regula-
tion strategies, our method offered distinctive advantages as
follows: (i) the ratio of AuNPs and hemin/G-quadruplex DNA-
zyme was adjusted by changing the number of edges in the DNA
polyhedron for enhanced cascade catalytic activity; (ii) the as-
developed rigid DNA nanopillar served as an enzyme-
immobilization scaffold for continuous interenzyme distance
regulation by controllable and directional movement of the
bipedal DNA walker, which endowed the assay system with
excellent enzyme cascade catalytic efficiency; (iii) the utilization
of mimic enzymes could avoid the intrinsic drawbacks of
natural enzymes. Such a strategy aimed to improve the cascade
catalytic efficiency to a certain extent based on two-factor
regulation of the enzyme ratio and spacing. Moreover, this
general protocol is expected to facilitate further development of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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high-performance artificial enzyme cascade systems for bio-
analysis and biosensing applications. For example, CeO, (GOx-
like activity)/gold nanoclusters (peroxidase-like activity) can be
used as model mimic enzymes, where the ratio and distance of
cascade enzymes are regulated in a reaction system for
improved cascade catalytic efficiency. Moreover, other small
molecules such as proteins or nucleic acid can achieve quanti-
tative analysis by replacing Pb**-dependent DNAzymes with
corresponding aptamers or nucleic acid.
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