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ABSTRACT: In this work, the array arrangement of cascade
enzymes was implemented by alternately and equidistantly
anchoring two model enzymes glucose oxidase (GOx) and
horseradish peroxidase (HRP) to the vertexes of rigid DNA
tetrahedron units in lattice-like nucleic acid scaffold, in which
the distance between any adjacent cascade enzymes had been
regulated to the optimum for obtaining high enzyme cascade
catalytic efficiency. Compared to the enzyme cascade system
with no-array arrangement of cascade enzymes, the proposed
enzyme cascade system allowed the intermediate H,O,
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produced by GOx catalyzing substrate glucose to concurrently and equidistantly diffuse toward the four adjacent HRP
enzyme surfaces. In this case, the invalid diffusion effect of intermediate H,0, between cascade enzymes could be effectively
avoided, thereby promoting the enzyme cascade reaction with high catalytic efficiency. The specific catalytic efficiency (k./Ki,)
of the cascade enzyme system with array arrangement had been evaluated, which exhibited catalytic efficiency about 3.6 times
higher than that of the randomly arranged cascade enzyme system. As a result, this strategy provided a new avenue for
constructing a highly efficient enzyme cascade system with ultimate applications in biosynthesis, bioanalysis, and biodiagnostics.
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B INTRODUCTION

In the living system, spatial arrangement for cascade enzymes
with natural scaffolds could control the transfer of the
intermediates between enzymes from one active site to
another, which decreases the invalid diffusion effect and offers
a high efficient enzyme cascade reaction.'~ Inspired by nature,
considerable attention and effort have been devoted to
designing artificial scaffolds to arrange cascade enzymes in
vitro for various biotechnology applications, including
biodiagnostics,* ® bioanalysis,’* and biosynthesis.'”"" Tradi-
tional scaffolds, including carbon nanotubes,**? graphene,M’15
and other support nanomaterials,'® have been used to
coimmobilize cascade enzymes, which enables the local
concentration of intermediates to be modulated and facilitates
the channelling of intermediates between sequential enzymes.
However, in this case, enzymes are usually directly adsorbed or
covalently immobilized on these nanomaterial surfaces in a
random pattern; here, uncontrolled distribution and location
for capture enzymes may largely reduce the catalytic efficiency
of the enzyme cascade reaction.'” Hence, it is critically
important to pursuit more reliable scaffold to control the
enzymatic distribution and location for high enzyme cascade
catalytic efficiency.

Recently, DNA nanostructures emerge as promising
scaffolds for arranging molecules at the nanoscale for their
sequence-driven, programmable self-assembly.'*™*" For exam-
ple, cascade enzymes can be positioned on DNA nanostruc-
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tures with precise control over the spatial distances, with the
goals of enhancing the mass transport of intermediates and
regulating the catalytic efficiency of enzyme cascade reaction.””
Some rigid self-assembled DNA nanostructures, including
tetrahedron,™ tweezer,”"* and origami,26 have been utilized
as attractive scaffolds to precisely control the arrangement of
cascade enzymes for constructing highly efficient enzyme
cascade reaction systems. Despite these successes, there are
also inevitable defects: the mutual independence between any
two scaffolds enables only one or two pairs of cascade enzymes
that are simultaneously manipulated by a single scaffold, which
could not guarantee the orderly arrangement of all cascade
enzymes; thus, some ineffective diffusion of intermediate
between cascade enzymes still exists, limiting enzyme cascade
catalytic efficiency.

In response, we assume that if these independent DNA
scaffolds are assembled together orderly, not only immobiliza-
tion amount of cascade enzymes can be increased but also the
highly ordered arrangement of all cascade enzymes on DNA
scaffolds can be achieved, greatly improving the catalytic
efficiency of enzyme cascade reaction. Therefore, a lattice-like
DNA tetrahedron nanostructure was prepared in our work
based on the alternate and equidistant self-assembly of two
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types of DNA tetrahedron (TDN) scaffolds decorated with
different model enzymes of glucose oxidase (GOx) and
horseradish peroxidase (HRP), respectively. Compared with
previous DNA scaffolds, the proposed lattice-like nucleic acid
scaffold allowed all cascade enzymes in an array arrangement;
meanwhile, the distance between any adjacent cascade
enzymes was regulated to the optimum, in which the catalytic
intermediates produced by any GOx in the array could
concurrently diffuse toward four adjacent HRP enzymes
surfaces, thus avoiding the invalid diffusion effect of
intermediates between cascade enzymes and achieving
maximal enzyme cascade catalytic efficiency. Furthermore,
the steady-state kinetic data also demonstrated that the cascade
enzymes system with array arrangement showed much higher
catalytic efficiency than randomly arranged cascade enzyme
system. Therefore, this proposed strategy may provide a new
ideal for exploring highly efficient enzyme cascade systems
with ultimate applications in biodiagnostics, bioanalysis, and
biosynthesis.

B EXPERIMENTAL SECTION

Materials and Instruments. HRP, HAuCl,, p,L-dithiothreitol, N-
succinimidyl-3-(2-pyridyldithiol) propionate (SPDP), streptavidin
(SA), and GOx were purchased from Sigma (St. Louis, MO, USA).
Methylene blue (MB), 3,3',5,5'-tetramethylbenzidine (TMB),
thrombin, glucose, and magnetic nanoparticles (Fe;O,NPs) were
from Shanghai Aladdin Industrial Corporation (Shanghai, China).
Exonuclease I (EXO I) was purchased from New England Biolabs
(Beijing, China). The human serum was provided by Third Military
Medical University (Chong Qing). All DNA sequences (see
Supporting Information in Table S1), purified with high-performance
liquid chromatography, were from Sangon Biotech Company, Ltd.
(Shanghai, China). Atomic force microscopy (AFM) characterization
was performed on Bruker Multimode V8 Scanning Probe Microscopy
(USA). The gel image was observed by the Bio-Rad imaging system
(Hercules, CA, U.S.A.). All electrochemical data were measured by a
CHI 660E electrochemistry workstation (Shanghai Chenhua Instru-
ment, China).

Preparation of TDN-Enzyme Compound. First, two types of
single DNA tetrahedron (TDN;, TDN,) were synthesized. TDN, was
assembled by four DNA strands including S,, S,, S;, and S,. TDN,
was prepared by the assembly of four DNA strands including S;o, Sy,
S3pp and S,y The assembly process was accomplished by mixing
equimolar quantities (1 M) of oligonucleotides in TM buffer (10
mM Tris—HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid
(EDTA), 20 mM MgCl,), then heated to 95 °C for 10 min, and
rapidly cooled to 4 °C within 30 s. Specially, here, TDN, and TDN,
separately contained one distinctive thiol-modified pendent probe (a,
b) at one vertex and three same pendent probes (c, ¢’) at the other
vertices, in which ¢ pendent in TDN, and ¢’ pendent in TDN, were
completely complementary to each other. The schematic illustration
of designed TDNs is shown in Scheme 1.

Scheme 1. Schematic Illustration of Designed TDN, and
TDN,
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In order to conjugate the enzymes with TDN, a bifunctional
coupling linker SPDP was chosen to link thiol-modified pendent
probe in TDN and enzymes. First, 100 yL of S yM enzyme in
phosphate-buffered saline (PBS) buffer (pH 8) was mixed with SPDP
(5-fold excess for enzyme) and the mixture reacted at room
temperature for 2 h. After excess SPDP was removed by using
Amicon 30 kD cutoff filters, the SPDP-modified enzyme was further
incubated with 10-fold excess TDN for another 2 h at room
temperature. Finally, excess TDN was removed and TDN-enzyme
compound was obtained. Based on these procedures, two types of
TDN-enzymes including TDN;-GOx and TDN,-HRP were prepared
and stored at 4 °C for further usage.

Array Arrangement of Cascade Enzymes by Lattice-like
Nucleic Acid Scaffold. To form the lattice-like nucleic acid scaffold,
prepared free TDN;-GOx and TDN,-HRP were casted into the TM
buffer containing assisted DNA (AP;) and cDNA and incubated
overnight at 4 °C. In this process, TDN, and TDN, were alternately
assembled to obtain the lattice-like nucleic acid nanostructure;
meanwhile, assisted DNA (AP,) and cDNA could induce the
formation of four way DNA junction between any adjacent TDN
units, thereby all GOx, HRP on TDN units were alternately and
equidistantly located on lattice-like nucleic acid scaffold to realize the
array arrangement of cascade enzymes (as shown in Scheme 2).

Polyacrylamide-Gel Electrophoresis. The 8% fresh polyacryla-
mide gel was prepared with SX TBE buffer (445 mM Tris, 445 mM
boric acid, 10 mM EDTA, pH 8.0). DNA samples mixed with the
DNA-loading buffer (volume ratio 5:1) ran at 120 V for 1.5 h in 1X
TBE buffer.

AFM Imaging. For AFM imaging, 0.5% (3-aminopropyl)-
triethoxysilane (APTES) was dropped onto a freshly cleaved mica
surface and incubated for 2 min, then washed by deionized water, and
dried by compressed air. After that, 10 uL of the DNA sample (10
nM,, diluted with TM buffer) was spotted onto the mica surface and
incubated for 5 min at ambient temperature to allow the sample to
absorb onto the substrate. Finally, 40 uL of additional TM buffer was
added to the liquid cell, and AFM images were observed in fluid
mode.

Kinetic Analysis. The kinetic experiment was conducted in a
mixture solution containing cascade enzymes GOx/HRP, TMB, and
glucose using a UV-2550 UV—vis spectrophotometer (Shimadzu,
Tokyo, Japan). The Michaelis constant was calculated by using the
following Lineweaver—Burk plot: 1/V = K./V,.(1/[S] + 1/K,),
where V stands for the initial velocity, V,,, stands for the maximal
reaction velocity, and [S] stands for the substrate concentration.

Electrochemical Measurements. Before electrochemical meas-
urements, the cDNA product from Exo I-assisted target recycling
reaction was dropped on the prepared biosensor and incubated for 2 h
at room temperature. Afterward, the electrode was immersed in 2 mL
of PBS buffer (pH 7.0) containing glucose and MB for DPV
measurements with the potential from —0.5 to 0.1 V (pulse amplitude
of S0 mV, step potential of 4 mV).

B RESULTS AND DISCUSSION

Time-Dependent Absorbance Changes toward Dif-
ferent Enzyme Catalytic Systems. Colorimetric assay was
used to investigate the occurrence of enzyme cascade system
with the introduction of reactant glucose and reporter TMB in
detection buffer. In this process, glucose was first catalyzed into
gluconic acid by GOx with the concomitant formation of
H,0,. H,0, was subsequently utilized by HRP to oxidize
TMB to produce a blue color, providing maximum absorption
peak at 652 nm (see Supporting Information, Figure S1). For
comparison, the catalytic efficiency of different enzyme cascade
systems was studied. In Figure 1, the cascade enzyme system
with array arrangement, cascade enzyme system with no-array
arrangement (free cascade enzymes), and blank sample were
measured by monitoring the real-time absorbance change. The
cascade enzymes system with array arrangement exhibited
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Scheme 2. Array Arrangement of Cascade Enzymes Implemented by Alternate and Equidistant Self-Assembly of Two Types of
DNA Tetrahedron Scaffolds Decorated With Different Model Enzymes of GOx and HRP

e — -

« 5

Y\P& {; »29 Af cD;A

S—

assembly

Low enzyme cascade
catalytic efficiency

——" 10
/% LN

l \Q//\
| 5
|
= | oo oo
A
=)
High enzyme cascade .
catalytic efficiency =¥ GOx << HRP

= cascade enzymes with array arrangement
cascade enzymes with non-array arrangement

0.6} > blank /
’m -
2 04 ~
® =
= >
i P
g
2 021 P
< -~

0.0 o

0 5 10 15 20
Time (min)

Figure 1. Time-dependent absorbance changes of different cascade
enzymes systems, including cascade enzymes with array arrangement,
cascade enzymes with no-array arrangement, and blank sample (1
mM TMB as chromogenic agent).

obvious absorbance increase in cascade reaction than that of
cascade enzymes system with non-array arrangement and blank
control sample, which could be attributed to the fact that the
array arrangement of cascade enzymes effectively avoided the
invalid diffusion effect of intermediates H,O, between cascade
enzymes, thereby promoting the enzyme cascade reaction with
high catalytic efficiency.”” "

Lineweaver—Burk Plots of Different Cascade En-
zymes Systems. To further explore the catalytic efficiency
of different cascade enzymes systems with array arrangement
and non-array arrangement, the steady-state kinetic parameters
were calculated on the basis of the Lineweaver—Burk strategy
(Figure 2). The kinetic experiments were performed by fixing
one substrate concentration and varying the other substrate

concentration. As shown in Figure 2A, for the cascade enzymes
system with no-array arrangement (free cascade enzymes), in a
certain range of glucose concentration, typical Michaelis—
Menten curves were obtained. By fitting the curves with the
Michaelis—Menten model (Figure 2B), the corresponding
steady-state kinetics parameters were obtained, and the
Michaelis constant K, of the provided cascade enzymes
system was 2.96 mM. Meanwhile, for the cascade enzymes
system with array arrangement, the typical Michaelis—Menten
curve also was obtained for glucose (Figure 2C). The
corresponding K, was 142 mM from Figure 2D. For
comparison, we could conclude that cascade enzymes system
with array arrangement possessed a stronger affinity toward
substrate than that of no-array arrangement. In addition, the
ke/K, values of cascade enzymes system with array
arrangement was calculated to be 5.26 s~ mM™}, which was
about 3.6 times higher than that of the no-array arrangement
(1.47 57! mM_l), demonstrating an obvious improvement in
catalytic efficiency of cascade enzymes system with the array
arrangement.

Characterization of the Lattice-like DNA Tetrahedron
Nanostructure. In this work, for orderly manipulating the
array arrangement of cascade enzymes, lattice-like DNA
tetrahedron nanostructure as a superior scaffold was prepared
based on the successive and alternate assembly of two types of
DNA tetrahedron (TDN; and TDN,). To verify the successful
preparation of lattice-like nucleic acid scaffold, the poly-
acrylamide-gel electrophoresis experiment was first performed
and the results are shown in Figure 3. In Figure 3A, obvious
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Figure 2. Kinetic assay: (A,C) correlation of initial reaction velocity
with the varied glucose concentrations for different cascade enzymes
systems with non-array arrangement and array arrangement,
respectively. The corresponding double-reciprocal plots (B,D).
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Figure 3. Electrophoresis characterization for the TDN}, TDN, units
(A) and lattice-like DNA tetrahedron nanostructure (B).

bands in lanes 1—4 were observed, which corresponded to the
single strand DNA of S}, S,, S;, and S, respectively. After these
four single strands were mixed for DNA self-assembly, a strong
band with slow migration than any single strand DNA was
noticed in lane S, suggesting the successful preparation of
TDN,. Similarly, lanes 6—9 represented the single strand DNA
(S10) S20r S0 Sao), respectively, and the bright band shown in
lane 10 stood for the assembly product of TDN, unit.
Meanwhile, in the other parallel electrophoresis cell, the
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assembly procedure of the lattice-like nucleic acid scaffold was
validated, and the result is shown in Figure 3B. Here, lane 11
and lane 12 represented the TDN,; and TDN, products,
respectively, which were corresponding to the result in Figure
3A. After TDN, was incubated with TDN, overnight at 4 °C,
the mixture product exhibited the slowest migration rate in
lane 13, which demonstrated the successful preparation of the
lattice-like DNA tetrahedron nanostructure.

The successful formation of lattice-like nucleic acid scaffold
also was verified by AFM (Figure 4). Here, obvious lattice-like

Figure 4. Line profile (A) and 3D view (B) of the AFM images for
proposed lattice-like nucleic acid scaffold.

DNA tetrahedron nanostructure is shown in Figure 4A, and
the TDN unit also could be seen clearly, suggesting that the
lattice-like nucleic acid scaffold was successfully assembled as
we expected. Meanwhile, the enlarged images of TDN units
are shown in the bottom of Figure 4A. Additionally, Figure 4B
showed the corresponding 3D view of AFM images in Figure
4A.

Biosensor Application. Inspired by the high enzyme
cascade catalytic efficiency of cascade enzymes system with
array arrangement, a novel electrochemical biosensor was
designed by utilizing lattice-like nucleic acid scaffold to
regulate the distance between any cascade enzymes. As
illustrated in Scheme 3, free TDN;-GOx, TDN,-HRP and
assisted strands AP1, AP2 were first mixed together, then the

mixture was dropped on the SA/depAu/GCE surface with
incubation at room temperature for 2 h. During this process,
TDN, and TDN, were alternately assembled to obtain the
lattice-like nucleic acid nanostructure; meanwhile, AP1
simultaneously hybridized with two pendent probes (a and
b) in TDN; and TDN, under the assistance of AP2 to form a
flexible switch, which brought the cascade enzymes GOx, HRP
on adjacent TDN units in a closed state. And we named this
state as the semioptimal arrangement for cascade enzymes in
comparison with the randomly arranged cascade enzymes
system. However, in this case, the catalytic efficiency of the
enzyme cascade reaction was limited because the distance
between adjacent enzymes was not optimal. Afterward, output
cDNA converted from target cycling amplification was
introduced, which thus initiated the toehold displacement
reaction to open the forementioned switch and obtain four-
way DNA junction, thereby allowing all GOx, HRP on TDN
units alternately and equidistantly locating on lattice-like
nucleic acid scaffold and realizing the array arrangement of all
cascade enzymes. More importantly, the distance between any
adjacent cascade enzymes was controlled to an optimal
distance (10 nm);*' ™" in this case, invalid diffusion effect of
intermediates between cascade enzymes was avoided and
maximal enzyme cascade catalytic efficiency was achieved. By
monitoring the change of enzyme cascade catalytic response,
target thrombin had been successfully detected.

Validation of Enzyme Cascade Amplification Strat-
egy. In order to demonstrate the occurrence of enzyme
cascade reaction in designed electrochemical detection system,
different electrochemical responses of biosensor incubated
with and without glucose were investigated after electron
media MB was introduced into detection buffer. As can be seen
in Figure SA, the biosensor incubated without glucose caused
weak electrochemical response. However, after adding glucose
in the detection buffer, a significant enhancement was
produced in electrochemical signal, which was attributed to
the occurrence of enzyme cascade catalytic reaction. In this

Scheme 3. Schematic Diagrams of Proposed Electrochemical Biosensor for Target Thrombin Determination: (A) Exo I-
Assisted Target Cycling Amplification Strategy; (B) Fabrication Process of Electrochemical Biosensor Based on Target-
Triggered Enzyme Cascade Electrocatalysis; (C) Enzyme Cascade Electrocatalytic Process in Detection System
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Figure S. (A) DPV responses of biosensor without and with 4 mM
glucose in the PBS detection buffer containing S uM MB; (B) DPV
responses of biosensor incubated with cascade enzymes under
different states, including random arrangement for cascade enzymes
(a); semioptimal arrangement for cascade enzymes (b) and optimal
arrangement for cascade enzymes (c).

process, glucose in the detection buffer was first oxidized by
GOx to yield H,0,, then the resulting H,0, was further
utilized by HRP to accelerate the oxidation of MB with
amplified electrochemical responses.

To further explore the enzyme cascade reaction on modified
electrode surface, a series of control experiments were
performed, and the results are displayed in Figure SB. First,
when the TDN,;-GOx and TDN,-HRP were randomly
modified on an electrode surface, a low electrochemical
response (a) was obtained because uncontrolled distribution
and orientation of cascaded enzymes on TDN may largely limit
the catalytic efficiency of the enzyme cascade reaction. In
comparison with randomly arranged cascade enzymes, the
cascade enzymes system with semioptimal arrangement by
lattice-like nucleic acid scaffold showed an increase in
electrochemical catalytic response, which was ascribed to the
fact that lattice-like nucleic acid scaffold enabled cascaded
enzymes on TDN units under a relatively controlled condition,
thereby decreasing some diffusion effect than random
enzymatic arrangement. What is more, the array arrangement
of cascade enzymes on lattice-like nucleic acid scaffold resulted
in a highest enzyme cascade catalytic response, we could
conclude that the intermediates produced by any GOx in the
array could concurrently diffuse toward four adjacent HRP
enzymes surfaces, thus avoiding invalid diffusion effect of
intermediates between cascade enzymes and improving
enzyme cascade catalytic efficiency.

Analytical Performance of Thrombin Detection.
Under the optimal experimental conditions (see Supporting
Information, Figure S3), the performance of the proposed
biosensor was assessed by detecting different concentrations of
thrombin. It can be seen from Figure 6A that, with the
concentration of target thrombin increasing from 1 pM to 10
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Figure 6. (A) Responses of DPV current to different concentrations
of thrombin from 1 pM to 10 nM. (B) Relationship between the
current response and the logarithm values of thrombin concen-
trations.
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nM, the DPV current response increased gradually. In addition,
a good linear relationship between the DPV current response
and thrombin concentrations was obtained (Figure 6B). The
linear regression equation was I = —0.621 Ig cyrger — 4215 with
a correlation coeflicient of 0.9901. The corresponding
detection limit (30) is 0.32 pM. Moreover, compared with
previously reported electrochemical methods for thrombin
assay, our strategy exhibited a wider linear range and a lower
LOD (see Supporting Information, Table S2), which could be
attributed to the application of highly effective enzyme-assisted
target recycling amplification strategy in the cascade enzyme
system.

Reproducibility, Stability, and Specificity of the
Biosensor. The reproducibility of the proposed biosensor
was explored by measuring five modified electrodes that
incubated with the same concentration of thrombin (1 nM)
under the same conditions. The relative standard deviation
(RSD) of current responses was calculated to be 3.2%, giving a
satisfactory reproducibility. The stability of the biosensor was
tested via storing it in the fridge at 4 °C and measuring every 5
days. After 10 days, about 96.2% of its original response still
retained, which indicated an excellent stability.

Furthermore, four kinds of interfering substances with the
same concentration of 1 nM, including Hb, CEA, PSA, and
IgG, have been used to evaluate the specificity of the proposed
biosensor. The results are shown in Figure 7, and these

1/ pA

% Oé:(’ l)«S‘q 'é’c» % /17,*

Figure 7. Specificity investigation of proposed biosensor for thrombin
(1.0 nM) against other proteins including Hb (100 nM), CEA (100
nM), PSA (100 nM), and IgG (100 nM).

interferents even with higher concentration (100-fold, 100
nM) than thrombin (1.0 nM) still exhibited feeble current
response. Meanwhile, when 1.0 nM thrombin was mixed with
the aforementioned four interfering proteins, no apparent
signal change existed in comparison with the case of only
thrombin. These results suggested the proposed biosensor with
excellent specificity for target detection.

B CONCLUSIONS

In summary, a lattice-like tetrahedron nanostructure was
prepared by alternate and equidistant self-assembly of two
types of DNA tetrahedron (TDN) decorated with different
model enzymes of GOx and HRP to achieve the array
arrangement of all cascade enzymes. Under this circumstance,
the proposed enzyme cascade system enabled intermediates
produced by any GOx catalyzing substrate glucose con-
currently diffuse toward four adjacent HRP enzymes surfaces,
thus avoiding invalid diffusion effect of intermediates between
cascade enzymes and exhibiting much higher catalytic
efficiency than that of randomly arranged cascade enzyme
system. As a proof of concept, the array arrangement of
cascade enzymes with high cascade catalytic efficiency was
further applied in the construction of a sensitive electro-
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chemical detection platform for biomarker thrombin detection,
which also provided a promising strategy for ultrasensitive
monitoring of other biomolecules in sensing analysis and
disease diagnosis.
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