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ABSTRACT: Intracellular enzyme cascades are essential for various biological
processes, and mimicking their functions in artificial systems has attracted significant
research attention. However, achieving convenient and efficient spatial organization
of enzymes on interfaces remains a critical challenge. In this work, we designed a
simple single-DNA scaffold using triblock polyA single-stranded DNA for the
arrangement of coupled enzymes. The scaffold was assembled onto a gold electrode
through the affinity of polyA-Au, and two enzymes (glucose oxidase and horseradish
peroxidase) were captured through hybridization. The molecular distance between
the enzymes was regulated by changing the length of the polyA fragment. As a proof
of concept, a glucose biosensor was constructed based on the enzyme cascade
amplification. The biosensor exhibited excellent detection capability for glucose in
human serum samples with a limit of detection of 1.6 μM. Additionally, a trienzyme
cascade reaction was successfully activated, demonstrating the potential scalability of
our approach for multienzyme reactions. This study provides a promising platform
for the development of easy-to-operate, highly efficient, and versatile enzyme cascade systems using DNA scaffolds.
KEYWORDS: polyA, enzyme cascade, electrode, glucose

■ INTRODUCTION
Intracellular enzyme cascades play vital roles in biological
systems,1 enabling various complex and sophisticated bio-
logical activities such as metabolic pathways2 and biological
signaling processes. Drawing inspiration from the remarkable
specificity and efficiency of natural enzyme cascades,3 extensive
research has been conducted4 to mimic their functions in
artificial systems.5 For instance, enzyme cascades6 have been
successfully applied to develop time-saving and cost-effective
drug synthesis technologies,7 as well as highly specific and
sensitive biosensors.8

The reaction efficiency of biomimetic enzyme cascades
heavily depends on the spatial organization of the multi-
enzymes on confined artificial interfaces.9 Numerous strategies
have been studied for the spatial regulation of enzyme
couples10 addressing two main challenges in enzyme
assembly.11 The first challenge lies in achieving a perfect 1:1
adjacent distribution of enzyme couples on heterogeneous
interfaces, which directly impacts the reaction efficiency. The
second challenge involves precisely manipulating the distance
between each couple of enzymes within the critical coupling
length (CCL) to facilitate efficient substrate transport.
To address these challenges, nanomaterials12 have been

explored as potential frameworks for the controllability of

assembled enzyme pairs. For instance, Willner’s group13

realized successful 2-enzyme and 3-enzyme biocatalytic
cascades in metal−organic framework nanoparticles. However,
challenges related to enzyme leakage and instability persist
with the application of a nanomaterial-based enzyme frame-
work.
DNA nanotechnology14 provides a powerful tool for precise

space-arrangement15 due to its structure variety,16 dynamic
regulation,17 biocompatibility,18 enzyme binding stability, etc.
Several self-assembled DNA nanostructures, including DNA
swinging arm,19 DNA nanocage,20 and DNA rectangle,21 have
been successfully constructed for the enzyme arrangement. In
this field, DNA nanostructures22 work as promising scaffolds
for enzyme organizing on the nanoscale based on their
programmable self-assembly.23

To simplify the enzyme arrangement process24 on interfaces,
researchers have focused on developing convenient and cost-
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effective solutions using fewer DNA strands. For instance,
spatially addressable rectangular DNA origami contains 227
DNA strands, and a DNA tweezer consists of 9 DNA strands
to precisely regulate the distance between two enzymes. Most
recently, Zuo’s group realized multienzyme catalytic cascade
on an electrochemical interface using tetrahedral DNA
framework with 4 DNA strands. However, it is still imperative
to develop more easy-operating and low-cost strategies for
ultimately practical engineering of multienzyme systems.
In this work, we developed a straightforward method for the

arrangement of coupled enzymes on the interface. To achieve
this, we utilized a triblock single- stranded DNA (ssDNA)
containing a central polyA fragment flanked by two capture
probes, resulting in a probe-polyA-probe (PAP)25 structure.
The PAP scaffold was assembled onto a gold electrode through
polyA-Au affinity. By employing DNA hybridization, we were
able to synchronously capture two enzymes, namely, glucose
oxidase (GOx) and horseradish peroxidase (HRP). Interest-
ingly, the molecular distance was accurately regulated by
conveniently changing the length of the polyA fragment. As a
proof of concept, a glucose biosensor was constructed based on
the efficient enzyme cascade amplification.

■ RESULTS AND DISCUSSION

Construction of the Enzyme Cascade on a Triblock Probe

Two DNA-enzyme complexes were prepared by connecting
two linker DNA strands with the enzyme molecules (GOx-L1
and HRP-L2). The successful formation of the DNA-enzymes
was confirmed through PAGE gel analysis (Figure S1) and UV
spectroscopy (Figure S2). Subsequently, a triblock probe
consisting of a central polyA fragment and two flanking probes
(PAP) was self-assembled onto the electrode surface by using
covalent binding between adenines and Au. Once the PAP-
covered electrode was prepared, the two DNA-enzymes were
introduced and anchored at opposing ends of the polyA probe

through hybridization. This arrangement facilitated the
formation of highly efficient one-to-one enzyme cascades
(GOx and HRP) at the interface.
In our experiment, the polyA block on the PAP served

multiple purposes. It not only exhibited high affinity for the
electrode surface, enabling the construction of a stable and
well-structured self-assembling layer (SAM), but also allowed
for accurate manipulation of the molecular distance between
the two enzymes by conveniently adjusting the length of the
polyA segment (Figure 1A).
An enzyme-cascade reaction was initiated between two

enzymes with the addition of glucose as the trigger molecule.
The glucose was catalyzed by GOx, resulting in the formation
of hydrogen peroxide. H2O2 then served as the oxidizing agent
for the subsequent HRP catalysis. 3,3′,5,5′-Tetramethylbenzi-
dine (TMB) was used as the substrate of HRP and also acted
as the electron-transfer mediator on the electrode, generating a
detectable electrochemical catalysis signal. Cyclic voltammetry
(CV) and amperometry (I−t) were used to investigate the
electrochemical behavior of the enzyme-cascade reaction. As
depicted in Figure 1B, the CV results revealed two pairs of
well-defined redox peaks. Notably, upon the addition of 10
mM glucose (red line in Figure 1B), a significant increase in
the peak signal at approximately 300 mV was observed. The
quantitative amperometry results (Figure 1C) further
supported this finding, showing that the current value for 10
mM glucose was nearly 100 times higher than that for the
blank. These results demonstrate the low background and high
signal-to-noise ratio (S/N) characteristic of the PAP-based
electrochemical enzyme-cascade reaction.
Precise Regulation of the Molecular Distance Using the
PAP

Precisely regulating the molecular distance between a pair of
enzymes is crucial for subsequent enzyme cascade reactions
and their biological applications, such as biosensing and

Figure 1. (A) Schematic illustration of the enzyme cascade-based electrochemical glucose biosensor and electrochemical analysis results in the
absence and presence of 10 mM glucose. (B) CV circles, scan rate = 50 mV/s. (C) I−t curves, potential = 100 mV.
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bioengineering. In this study, we developed a polyA-modified
self-assembled monolayer (PAP SAM) to improve the
arrangement of enzymes. The polyA block, consisting of a
specific number of adenines, provided both reliable affinity to
the electrode surface and controllable molecular distance by
occupying the corresponding surface space between enzymes.
By utilizing PAP, we achieved a precise yet easy-to-operate
SAM that enabled accurate one-to-one neighborhood capture
and high control over the molecule distance.
To evaluate the capability of the distance arrangement, two

6 nm diameter gold nanoparticles (AuNP-L1 and AuNP-L2)
were combined with PAP through DNA hybridization. These
nanoparticles served as visible labels for the two enzymes.
Transmission electron microscopy (TEM) was used to
examine the dispersibility and distribution of the specifically
combined AuNPs on the surface. As shown in Figure 2a, TEM
results of polyA50 exhibited predominantly paired dispersion
of the AuNPs. Conversely, without the connection of PAP, the
AuNPs were randomly distributed on the surface. TEM
measured distance between the AuNPs is 10.83 nm when

connected by polyA50, and the control without PAP
connection was about 60 nm. Compared with AFM results,
the TEM result was small, mainly due to the different sampling
of TEM. Atomic Force Microscope (AFM) imaging was then
employed to study the arrangement of the AuNPs. As depicted
in Figure 2b, clear pairing of AuNPs was observed, and
notably, DNA strands were detected between the AuNPs in
several AFM images. The AFM measurement of the distance
between AuNPs (Figure 2c) provided valuable reference data
for the surface arrangement of the enzymes, considering that
both were realized on the PAP covered gold interface.
Supporting Information (Figure S3−S13) showcased further
TEM and AFM results of PAP using different length
(polyA10−100). Figure 2d illustrates that the distance between
AuNPs increased as polyA fragments extended from 10 to 50
nt, eventually reaching a plateau beyond 50 nt. Consequently,
polyA50 was selected as the optimal length of the PAP for
subsequent experiments. However, as a flexible single-strand
DNA, the capability of space arrangement of PAP was limited
below 50 A (polyA50 = about 18 nm); when the length of

Figure 2. (a) TEM image of PolyA50-directed assembly of AuNPs on gold surface and a control result without PAP. (b) AFM images of AuNP
pairs. (c) The measurements of the distance between AuNPs, (d) The distance measured using different length of polyA (polyA10 to polyA100),
(e) Using a representative region of 1000 × 1000 nm, we divided it into a 5 × 5 matrix to measure the interparticle distance. The heatmap provided
an overview of the average interparticle distance for each square (200 × 200 nm) within the matrix. Overall, the average interparticle distance for
the entire area was found to be 18.5 ± 0.3 nm. (f) A control experiment without PAP. The AuNPs were added onto a bare gold surface and
measured by AFM. The length of polyA is 50 nt in the PAP used in this section.
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polyA was further extended beyond 60 A, the distance
remained about 20 nm, and the configuration of DNA on
interface may lead to vibration of the distance in AFM results
as shown in Figure 2b. Fortunately, we successfully achieved
spatial arrangement within the range of 10 to 20 nm, which has
been commonly reported as the experimental dimension of
enzyme-cascade reactions.
By comparing the large field view of AFM, it can be

observed that in the presence of polyA, AuNPs exhibited
predominately pairing (Figure 2e and Figure S14a). However,
in the absence of polyA, the AuNP pairs were rare (Figure 2f
and Figure S14b) on the gold surface. These results further
demonstrated PAP’s capability of molecular arrangement.
Verification of Enzyme Cascade Reaction

The enzyme cascade reaction on the electrode was studied by
combining two enzymes (GOx-L1 and HRP-L2) onto two
ends of the PAP through hybridization. As expected, upon the
addition of glucose as a reaction trigger, the current signal
exhibited a significant increase in the presence of a commercial
TMB substrate. Control experiments were performed to
demonstrate the construction of the enzyme cascade. First, a
negligible blank signal was observed without any enzymes
being combined on the electrode. Subsequently, single-enzyme
electrodes (GOx-L1 or HRP-L2) were prepared by combining
only one enzyme onto the PAP-covered electrode. However,
none of the single-enzyme electrodes exhibited a detectable
current signal compared to the blank condition (Figure 3A).
To optimize the GOx/HRP enzyme cascade reaction, we

investigated the effect of varying the length of polyA fragments
on the PAP probes and evaluated the resulting current signal.
Remarkably, we found a close relationship between the
catalytic efficiency and the spacing of the enzymes. As the
results showed in Figure 3B, the current signal increased as the
polyA fragments were extended, and the polyA50 exhibited the
highest catalytic signal among all different probes from
polyA10 to polyA100. Notably, the current signal slightly
diminished when the length of polyA exceeded 60 nt. This
finding aligns well with the AFM measurement (Figure 2d and
Figure S15), which indicated that 60 nt served as the threshold
for achieving controllable molecular spacing. Hence, we
selected 50 nucleotides (nt) as the optimized length of
polyA in this experiment. We believe the polyA fragment
influences the final enzyme cascade signal through various

factors, including gold electrode affinity, probe surface density,
and most importantly, the spacing between two enzyme
molecules.
Different assembly probes were also compared. First, we

applied two SH-DNA probes instead of the PAP and
conducted the enzyme cascade reaction between GOx or
HRP. The signal-to-noise (S/N) was found to be approx-
imately 1/4 of our PAP based biosensor (Figure S16A).
Subsequently, we employed two polyA-probes, each containing
a single polyA fragment, as comparison to the PAP for glucose
analysis under the same experimental conditions. The
amperometric result (Figure S16B) demonstrated a decrease
of approximately 50% compared to our three-block PAP-
electrode. This observation suggests that approximately half of
the enzymes did not effectively participate in the cascade
reaction due to the absence of a precise spacing arrangement.
In this case, the two enzyme molecules were randomly
distributed on the surface without the necessary regulation for
achieving one-to-one spacing.
Optimization of the Experimental Condition

Several critical experimental parameters were optimized to
achieve optimal performance of the PAP-based enzyme
cascade biosensor. First, the concentration of the PAP for
self-assembling was found to affect the amount and density of
capture probes on the gold electrode surface. Through
comparisons ranging from 0.1 μM to 5 μM, a concentration
of 1.0 μM was determined as optimal (Figure S17A).
Second, the total amount of the enzyme pair (GOx-L1 and

HRP-L2) was optimized to be 0.05 nM (Figure S17B). More
importantly, their molecular ratio was fine-tuned to achieve
balanced cohybridization at both ends of the PAP, considering
their distinct chemistry, dimensions, and DNA-enzyme
hybridization efficiency. As the results showed (Figure
S17C), the highest signal-gain was achieved using a molar
ratio of 10:1 (GOx-L1: HRP-L2) between 0.2:1 to 20:1.
Additionally, we studied the addition of 6-Mercapto-1-hexanol
(MCH) after PAP assembling, and finally proved that an
optimized concentration of 0.1 mM was ideal (Figure S17D).
This concentration of MCH was capable of blocking the
unspecific adsorption and keeping the PAP upright for the
subsequent hybridization; however, an excessive amount of
MCH may replace the PAP on the electrode surface.

Figure 3. (A) Comparison of the electrochemical signals using different enzymes hybridized onto our PAP: (a) no enzyme, (b) GOx-L1
individually, (c) HRP-L2 individually, or (d) GOx-L1 and HRP-L2. (B) Current signal from the enzyme cascade reaction using different lengths of
the polyA fragment in the PAP system. The two red lines represent the error bars of the columns.
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The amount of N-succinimidyl 3-(2-pyridyldithio)-propio-
nate (SPDP) used for the conjugation of the DNA-enzyme
played a crucial role in both the efficiency of conjugation and
the catalytic activity of the final product. As Figure S18 shows,
the highest electrochemical signal was observed when the
enzyme-to-SPDP ratio reached 1:10 for the conjunction of
both GOx and HRP. Consequently, the enzyme-to-SPDP ratio
of 1:10 was selected for DNA-enzyme conjugation.
Performance for the Enzyme Cascade-Based Biosensor
We conducted a systematic investigation into the detection
performance of our enzyme-cascade-based biosensor with
glucose as the target analyte. Figure 4A shows the I−t curve,
indicating an increase in amperometric current as the
concentration of glucose rises from 50 μM to 10 mM.
Furthermore, we obtained a strong linear relationship between
the amperometric current response and glucose concentration
(Figure 4B). The linear regression equation was determined as
y = 0.184x + 11.397, with a high correlation coefficient of
0.997. The corresponding detection limit (LOD) was found to
be 1.6 μM (3σ). When compared to previously reported
methods for the glucose assay (Table 1), our strategy

demonstrated a wider linear range and a lower LOD, which
can be attributed to the utilization of a highly effective enzyme
cascade reaction within the enzyme cascade system.
We evaluated the practicality of the sensor by detecting

glucose in real samples. Human serum was spiked with three
different concentrations of glucose (5, 12, and 20 mM final
concentration) and analyzed using our biosensor. The
quantification results and the corresponding recovery were
listed in Table 2. As the results showed, the practicability was
strongly demonstrated, because the recovery results were all
close to 100% with a relative standard deviation (RSD) below

5.0%. To further validate the accuracy of our sensor, we
analyzed these samples by ID LC-MS/MS and ID GC-MS.
Figure 5A illustrates the excellent agreement between the
results obtained from our PAP-based biosensor and those from
ID LC-MS/MS and ID GC-MS for the three different levels of
glucose, confirming the reliability and accuracy of our sensor.
Additional detailed information can be found in Figures S19
and S20.
Additionally, we evaluated the specificity of the proposed

biosensor by analyzing five similar sugars (galactose, fructose,
sucrose, xylose, and mannose) using the same condition.
Figure 5B clearly demonstrates that, in comparison to glucose,
all the nonspecific sugars generated minimal signals even at
concentrations two times higher than that of glucose. These
findings provide compelling evidence of the exceptional
specificity of our glucose biosensor.
Generalizability of our PAP System for Enzyme Cascade
An important advantage of our polyA-based cascade system is
its potential scalability to multienzyme reaction by conven-
iently using multiblock polyA probes.
When more enzyme molecules are captured onto the same

probe, more complex multienzyme cascade reaction can be
performed. To demonstrate the generalizability of our polyA-
based enzyme cascade on electrochemical interface, we
constructed a trienzyme cascade reaction, by designing a 5-
block probe (PAPAP, probe1-polyA-probe2-polyA-probe3).
Similar to the two-enzyme system, the amyloglucosidase
(AM)-DNA combined with the probe and catalyzed the
hydrolysis of amylos, producing glucose as the initiator of the
following GOx/HRP enzyme reactions. Just as Figure 6 shows,
when amylos was added onto the trienzyme electrode, the
cascade reaction of AM/GOx/HRP was successfully activated.
As a reliable comparison, a blank sample without amylos
produced only a negligibly weak current signal.

■ CONCLUSIONS
Biomimetic enzyme cascades have been attracting considerable
amounts of research energy in various fields; however, the

Figure 4. (A) The I−t curves of our biosensor in the presence of different concentration of glucose (bottom to top: 0 0.05, 0.1, 0.2, 0.4, 0.5, 0.8,
1.0, 2.0, 5.0, and 10.0 mM). (B) Calibration plot showing current plotted against glucose concentration ranging from 0.05 to 1.0 mM.

Table 1. Comparison of the Proposed Biosensor with Other
Reported Works for Glucose Detection

Analytical method Detection limit (μM) Linear range (mM)

Colorimetric26 3.2 0−0.02
Colorimetric27 15 0.02−0.67
Fluorescent28 5.4 0.01−0.1
Fluorescent29 0.8 0.002−0.17
Electrochemiluminescent30 3.3 0.01−0.2
Electrochemical31 17 0.05−0.7
Electrochemical32 1.86 0.01−2
Electrochemical (this work) 1.6 0.05−1

Table 2. Recoveries of Glucose in Human Serum Samples
(N = 3)

Sample Added (mM) Detected (mM) Recovery (%)

1 5 5.09 ± 0.25 101.8
2 12 11.88 ± 0.45 99.0
3 20 20.40 ± 0.77 102.0

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00673
JACS Au 2024, 4, 228−236

232

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00673/suppl_file/au3c00673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00673/suppl_file/au3c00673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00673/suppl_file/au3c00673_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00673?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00673?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00673?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00673?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


spatial regulation of the enzymes on the interface was a critical
challenge. In this work, we successfully constructed an enzyme
cascade system on a triblock polyA probe (PAP) and realized
the electrochemical analysis of glucose. Our approach utilized
self-assembled polyA probes to anchor two DNA labeled
enzymes (GOx and HRP) onto the electrode surface, forming
a high-efficiency one-to-one enzyme cascade. The polyA-based
interface not only provided stable and well-arranged self-
assembling layers but also allowed for convenient control of
the molecular distance between the enzymes. We demon-
strated the precise regulation of the molecular distance using
the polyA probe, which greatly influenced the catalytic
efficiency of the enzyme cascade reaction.
We verified the enzyme cascade reaction and optimized

various experimental conditions to achieve the optimal
performance of the biosensor. The PAP-based biosensor
exhibited excellent detection capability for glucose, with a
linear range from 0.05 to 1 mM and a low detection limit of 1.6
μM. The practicality of the sensor was demonstrated by
successful detection of glucose in human serum samples, with
recoveries close to 100% and low relative standard deviation.

Furthermore, the biosensor showed excellent specificity for
glucose detection compared to other similar sugars.
The generalizability of our enzyme cascade system was

proven by constructing a trienzyme cascade reaction, which
successfully activated the cascade reaction of AM/GOx/HRP.
This demonstrated the potential scalability of our approach for
multienzyme reactions. However, the challenge of long DNA
synthesis and surface arrangement of multifragment DNA still
need to be solved for further development of the enzyme
cascade reaction on multiblock polyA DNA probes.
In summary, our electrochemical biosensor, based on an

enzyme cascade reaction, provides a promising platform for the
development of point-of-care testing. It offers several
advantages, including high sensitivity, easy operation, and
high efficiency. Importantly, its versatility can be further
extended by the introduction of other enzyme cascade systems.

■ EXPERIMENTAL SECTION

Materials

DNA oligonucleotides were synthesized and purified by
Shanghai BiOligo Biotech (Table 3). Glucose oxidase
(Aspergillus niger), horseradish peroxidase (Type VI-A),
HEPES sodium salt, tris-buffered saline (pH 8.0), tris(2-
carboxyethyl) phosphine hydrochloride (TCEP), 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) and dimethyl sulfoxide (DMSO) were purchased from
Sigma-Aldrich and used without further purification. SPDP and
TMB substrate were purchased from Thermo scientific. 13C6-D-
glucose was purchased from Cambridge Isotope Laboratories,
Inc. Galactose, fructose, sucrose, xylose, mannose, and glucose
were purchased from Sinopharm Chemical Reagent Co. Ltd.
All the buffer solutions were prepared with Milli-Q water

from a Millipore system (18.2 MΩ·cm at 25 °C) and stored at
4 °C in dark. The immobilization buffer (pH 7.4) contained 10
mM Tris, 1 M NaCl and 1 mM EDTA. The hybridization
buffer (pH 7.4) contained 10 mM phosphate buffer and 1 M
NaCl. The washing buffer (pH 7.4) contained 10 mM
phosphate buffer and 10 mM NaCl. The TBE buffer (pH
8.2) contained 89 mM Tris, 89 mM boric acid, and 10 mM
EDTA. The TBS buffer (pH 8.0) contained 50 mM Tris, 138
mM NaCl, and 2.7 mM MgCl.

Figure 5. (A) A comparison of glucose quantification results in human serum samples using our sensor, ID LC-MS/MS, and ID GC-MS. (B) A
selectivity test for glucose detection, where the glucose concentration was 5 mM while the other sugars were at 10 mM. The error bars represent
the standard deviation of three repeated measurements.

Figure 6. Analysis result of amylos using the trienzyme cascade
system of AM/GOx/HRP. The inset is a schematic illustration of the
trienzyme cascade reaction.
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Preparation of DNA-Tagged Enzyme (DNA-Enzyme)

Two DNA-enzyme complexes were prepared following a
previously reported method21 with slight modifications. To
begin, 100 μL of 40 μM GOx in 50 mM HEPES (pH 7.5) was
mixed with 2, 5, 10, or 20-fold SPDP and incubated for 2 h at
room temperature in the dark. Excess SPDP was eliminated by
passing the reaction mixture through a 30-kD cutoff filter
(Amicon). Simultaneously, thiol-modified DNA (L1 for GOx)
was freshly prepared by incubating it with a 20-fold excess of
TCEP for one h at room temperature in the dark. Excess
TCEP was removed using a 3-kD cutoff filter (Amicon). Next,
the SPDP-modified enzymes were conjugated to a 10-fold
excess of SH-DNA by incubating them together for 2 h at
room temperature in the dark. The same procedure was
repeated for coupling HRP with L2 DNA. Finally, the excess
SH-DNA was washed and filtered using Amicon 30 kD cutoff
filters to obtain the desired DNA-enzyme complexes.
Treatment of the Electrode and Construction of the SAM

The surface of a gold electrode (2 mm in diameter) was
polished with 0.05 μm alumina particles on microcloth and
then sonicated in ethanol and Milli-Q water for 3 min each.
Subsequently, the electrodes underwent electrochemically
treatment through a series of oxidation and reduction cycling
in 0.5 M H2SO4 solution. Finally, the electrodes were rinsed
with water and dried with nitrogen.
Following the cleaning process, the electrodes were

incubated overnight at room temperature in immobilization
buffer containing 1 μM triblock polyA capture probe (CP50).
The probe-modified electrodes were then treated with 0.1 μM
MCH for 30 min at room temperature, followed by thorough
rinsing with a washing buffer. Subsequently, the electrodes
were incubated for 2 h at 37 °C in a hybridization buffer
containing 0.5 μM GOx-L1 and 0.05 μM HRP-L2. Finally, the
electrodes were rinsed again with the washing buffer and
subjected to electrochemical measurements.

Electrochemical Measurement

Electrochemical measurements were performed in the TMB
substrate using a CHI 630E electrochemical workstation and a
conventional three-electrode system, which contains a Ag/
AgCl reference electrode, a Pt counter electrode, and a gold
working electrode. Cyclic Voltammetry (CV) was carried out
at a scan rate of 50 mV/s. Amperometric detection was
performed at 100 mV and the electrochemical reduction
current was recorded for 100 s after the HRP catalytic reaction
reached steady state.
Polyacrylamide Gel Analysis

Polyacrylamide gel electrophoresis was performed with a Bio-
Rad mini-protean tetra system. The DNA samples were loaded
onto 8% native polyacrylamide gel in the Tris/borate/EDTA
(TBE) buffer for 1.5 h at 120 V. After staining by DNA Gel
Stain for 30 min, gel images were obtained by Bio-Rad imaging
system.
Preparation of AuNP-DNA (AuNP-L1 and AuNP-L2)

The conjugation of AuNPs with sulfhydryl DNA (L1 and L2
separately) was performed mainly based on a previously
reported method: “freezing method”.26 First, the DNA solution
and AuNPs were mixed at a mole ratio of 100/1 and then
shaken vigorously for 5 min for thorough mixing. After that the
mixture was placed under −20 °C for 1 h, followed by 3
repeated centrifugation steps at 15 000 rpm for 20 min each,
and finally quantified by a UV/vis spectrophotometer. The
produced sulfhydryl DNA-modified AuNPs (AuNP-L1 and
AuNP-L2) were abbreviated as Au-DNA in this manuscript.
AFM Characterization of the AuNPs on the PAP Covered
Surface

To combine AuNP-L1 and AuNP-L2 onto the PAP interface,
the following steps were followed: First, PAP was added onto
the surface of a gold flake (Au111) and incubated overnight at
room temperature for approximately 8 h. Subsequently, it was
washed with deionized water and dried by using N2. Next, 10
uL of AuNP (consisting of AuNP-L1 and AuNP-L2) was

Table 3. DNA Sequences in This Work

Name Sequence (5′-3′)
PolyA10 TATCATCCTTACACCTCACTAAAAAAAAAAACCCTCTAACTCCATCACA
PolyA 20 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAACCCTCTAACTTCCATCACA
PolyA 30 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCTCTAACTTCCATCACA
PolyA 40 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCTCTAACTTCCATCACA
PolyA 50 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCTCTAACTTCCATCACA
PolyA 60 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCTCTAACTTC

CATCACA
PolyA 70 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCC

TCTAACTTCCATCACA
PolyA 80 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAACCCTCTAACTTCCATCACA
PolyA 90 TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAAAACCCTCTAACTTCCATCACA
PolyA
100

TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAAAAAAACCCTCTAACTTCCATCACA

CP1-SH TATCATCCTTACACCTCACTTTTTTTTTTT-SH
CP2-SH SH-TTTTTTTTTTACCCTCTAACTTCCATCACA
L1 AGTGAGGTGTAAGGATGATATTTTTTTTTT-SH
L2 SH-TTTTTTTTTTTGTGATGGAAGTTAGAGGGT
CP1-
polyA

TATCATCCTTACACCTCACTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

CP2-
polyA

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAACCCTCTAACTTCCATCACA
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added onto the PAP-covered gold surface and allowed to
incubate for 2 h at room temperature. Finally, the gold flake
was characterized using a liquid atomic force microscope
(AFM, Bruker, MultiMode 8).
TEM Characterization of the AuNPs on the PAP Covered
Surface

To begin with, two conjugations of DNA-AuNP (AuNP-L1
and AuNP-L2) were allowed to react with PAP in a solution
for 2 h at room temperature. The resulting incubation product
was then deposited onto ultrathin carbon films and left to
stand for 10 min. Subsequently, the carbon films underwent
three rounds of washing with deionized water, followed by
baking under an infrared lamp at 30 °C for 30 min. Finally, all
the carbon films were sequentially imaged using field emission
transmission electron microscopy (TEM, FEI, TECNAI G2).
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