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Herein, an amplified and renewable electrochemical biosensor was developed via bienzymatic cascade catalysis
of glucose oxidase (GOx) and horseradish peroxidase (HRP), which were confined in a functional Y-shaped DNA
nanostructure oriented by a dual-thiol-ended hairpin probe (dSH-HP) with a paired stem as a rigid scaffold and
unpaired loop as enclosed binding platform. For proof-of-concept assay of sequence-specific biomarker DNA
related to Alzheimer’s disease (aDNA), GOx and redox ferrocene-modified HRP (Fc@HRP) were chemically
conjugated in two enzyme strands (GOx-ES1 and Fc@HRP-ES2), respectively. The repeated recycling of aDNA
was powered by the displacement of GOx-ES1 by aDNA and exonuclease III (Exolll)-assisted cleavage reaction for
amplified output of numerous GOx-ES1 as dependent transducers, together with Fc@HRP-ES2 which was
simultaneously hybridized with dSH-HP to assemble this DNA structure. Rationally, the bienzymatic cascade
catalysis was motivated through GOx-catalyzed glucose oxidization to in situ generate hydrogen peroxide (H202)
and overlapped HRP-catalyzed HyO, decomposition to promote the electron transfer, producing significantly
enhanced electrochemical signal of Fc with an ultrahigh sensitivity down to 0.22 fM of aDNA. Benefited from the
unique design of dSH-HP-oriented bienzymatic cascades, this one-step strategy without non-specific blockers
passivation was simple and renewable, and would pave a promising avenue for sensitive electrochemical assay of

biomolecules.

1. Introduction

Most biochemical processes occurred efficiently and specifically in
vivo are implemented and mediated by a series of enzyme reactions,
which depended on the appropriate spatial arrangement of multiple
enzymes [1-3]. Enzymatic cascade reaction, as an efficient signal
amplification tool, has been widely used for the highly sensitive detec-
tion of nucleic acids, proteins, ions or others [4-7]. In a typical case, the
reaction product of one enzyme can be used as a catalytic substrate for
another enzyme [4,5]. Currently, great efforts have been made to
investigate the distance dependency of enzyme cascade catalysis [8,9].
Once the enzymes are organized in an appropriate distance, the cascade
reaction can generate efficient mass transfer and increase the local
concentration of substrates, thereby resulting in high catalytic efficiency
of enzyme cascade reaction [10]. For example, glucose oxidase (GOx)
firstly catalyzes glucose to generate gluconic acid and hydrogen
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peroxide (H205), and Hy0», as the substrate of horseradish peroxidase
(HRP), can be further catalytically reduced into HoO [11]. As HRP has a
much higher turnover rate than GOx, the diffusion distance of HoO will
be a critical factor influencing the rate of this enzyme cascade catalysis
[1]. Our group has already done several interesting works on the enzyme
cascade systems [12-14]. For instance, a distance-controllable DNA
tweezer was designed to dynamically regulate the interenzyme spacing
for efficient enzyme cascade amplification [12]. However, the reaction
was totally taken place in a homogeneous solution without any sepa-
ration operation, resulting in high electrochemical background signal.
Inevitably, the real detection for targeting analytes at ultralow level was
limited. Also, a rigid DNA tetrahedron scaffold was developed to regu-
late the distance of interenzymes in a cascade system, where the un-
certainty of GOx or HRP catalysis easily caused false-positive signals
[13]. Therefore, it is significant to explore a new enzyme cascade-based
strategy by improving the catalysis efficiency to minimize false-positive
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background signal.

In biological researches, DNA nanomaterials are considered as
excellent materials for signal translation, biosensing, enzyme immobi-
lization, and et al., because of good biocompatibility, high specificity,
structure controllability and sequence programmability [15-17]. Ver-
satile DNA nanomaterials with unique structural features have been
applied for the accurate quantification of targeting molecules, or even
cell imaging in biosensing systems, such as i-motif, DNA tetrahedron,
and hairpin DNA [18-23]. Among them, functional Y-shaped DNA
nanostructures have been widely used in the construction of biosensors
[24-26]. For example, by simply adding two kinds of sequence-specific
DNA probes to interact with the targeting DNA strand, a functional
Y-shaped DNA structure was assembled, with which a sensitive
biosensor was successfully developed, achieving fast and low-cost
detection [26]. In the other hand, stem-loop-structured DNA hairpins
labeled with thiol (-SH) or amino (-NHjy) have been used as fascinating
recognizable elements for constructing electrochemical biosensors
[27-29]. As reported by Li and his co-workers, a dually -SH-ended
hairpin as a capture probe could be rapidly and robustly assembled on a
modified electrode surface and kept proper upright orientation confor-
mation. As such, the proposed biosensor showed a highly specific
recognition to the targeting molecule, as well as an impressive ability to
suppress background signal [27]. In the dual —-SH-labeled hairpin DNA,
the paired stem acted as a rigid scaffold to keep it upright conformation,
while the unpaired loop could provide diversity of constructing an
enclosed platform with more modification or binding sites, particularly
the guided conjugation or immobilization of multienzymes. By inte-
grated with this, a functional Y-shaped DNA structure was assembled to
enable one-step modification of electrode with simplification and
convenience.

Based on bienzymatic cascade catalysis confined in a functional DNA
structure oriented by a dual-SH hairpin probe (dSH-HP), an amplified
electrochemical biosensor was developed to quantify Alzheimer’s dis-
ease biomarker DNA (aDNA). To this end, bienzymes GOx and ferrocene
(Fc)-modified HRP were chemically conjugated in two enzyme strands
(GOx-ES1 and Fc@HRP-ES2), respectively. Using magnetic Au@Fe304
composites as substrate, the input aDNA was dependently translated
into numerous GOx-ES1 output through exonuclease III (ExolIl)-assisted
cleavage recycles of aDNA. The output GOx-ES1 together with Fc@HRP-
ES2 was captured by dSH-HP, assembling this Y-shaped structure to
orient the cascade catalysis of GOx and HRP in the presence of glucose
and oxygen. Glucose was catalyzed by GOx to in situ generate gluconic
acid and H30, and resultantly HyO», as the substrate of HRP, was
further reduced into HyO and oxygen. With this harmonization of
cascade reactions, the electron transfer of Fc oxidization was greatly
promoted, outputting significantly enhanced electrochemical signal.
Without non-specific blocker passivation, this cascade-based electro-
chemical strategy was simple and renewable, and could pave a prom-
ising avenue for sensitive biosensing and bioanalysis.

2. Experimental
2.1. Reagents and chemicals

Magnetic surface-aminated Fe304 microspheres (Fe3O4) were pur-
chased from BaseLine ChromTech Research Centre (Tianjin, China).
Mercaptohexanol (MCH), carboxylated ferrocene (Fc), chloroauric acid
(HAuCl4-4H50), dithiothreitol (DTT), glucose, N-(3-(dimethylamino)
propyD)-N'-ethylcarbodiimide ~ hydrochloride = (EDC),  N-hydrox-
ysulfosuccinimide (NHS), N-succinimidyl-3-(2-pyridyldithio) propio-
nate (SPDP), and hexaammineruthenium (III) chloride ([Ru(NH3)6]3+,
RuHex) were obtained from Sigma-Aldrich (St. Louis, MO, USA). J&K
Chemical Technology Co., Ltd. (Beijing, China) provided us with GOx,
HRP, and tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCI)
(pH 7.4). Exolll and all HPLC-purified oligonucleotides were purchased
from Sangon Biotech Co. Ltd (Shanghai, China), and Table S1 illustrated
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the detailed base sequence. 0.1 M phosphate-buffered saline (PBS, pH
7.2) containing KHyPO4, NagHPO4, NaCl and KCl was obtained from
Beijing Dingguo Changsheng Biotechnology Co. Ltd (Beijing, China),
which was adjusted to pH 7.0 by adding HCI as the working solution.

2.2. Apparatus

By using a conventional three-electrode system with a glassy carbon
electrode (GCE, in 4 mm diameter) as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode (E° = +0.2412 V),
and a platinum wire as the auxiliary electrode, the CHI 760 E electro-
chemistry workstation (Shanghai Chenhua Instruments Co., Ltd., China)
was to monitor cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and square wave voltammetry (SWV) of the devel-
oped electrodes. Polyacrylamide gel electrophoresis (PAGE) of different
samples in a loading buffer containing 8% nondenaturing poly-
acrylamide gel was conducted in a DYY-8C electrophoretic apparatus
(Beijing, Wo De Life Sciences Instrument Co., Ltd., China) at 120 V for
80 min in 1 x TBE buffer (pH 8.0), and after stained with ethidium
bromide (EB) the gel images were taken by an imaging system (Hercules,
CA, USA) under UV light illumination. The morphology of prepared
nanomaterials was tracked by using scanning electron microscopy (SEM,
S-4800, Hitachi, Tokyo, Japan) at a voltage of 20 kV and the trans-
mission electron microscope (TEM, H600, Hitachi, Japan). The X-ray
photoelectron spectroscopy (XPS) was carried out by VG Scientific
ESCALAB 250 spectrometer (Thermoelectricity Instruments, USA).
UV-visible (UV-Vis) spectrum (UV-2501 PC Spectrometer, Shimadzu,
Japan) recorded in the range from 350 nm to 750 nm. Scanning electron
micrograph (SEM) was obtained by the scanning electron microscope
(SEM, S-4800, Hitachi, Japan).

2.3. Modification and conjugation of GOx-ES1 and Fc@HRP-ES2

Each 200 pL of enzyme strand 1 (ES1) with 4 bases of T (T4) close to
3’ terminus and enzyme strand 2 (ES2) (4 pM) were separately pre-
treated with DTT (1 pL, 10 M) for 2 h to avoid the formation of S-S
bonds. After 0.5 mg carboxylated Fc was dissolved in 100 pL PBS (pH
7.2) containing 10 mM NHS and 40 mM EDC for 1 h to activate -COOH
groups, 100 pL HRP (2 pM) was added and kept at room temperature for
4 h, allowing the conjunction of Fc and HRP (Fc@HRP) via -COOH and
—NH, combination. When 200 pL of GOx (1 pM) or Fc@HRP was sepa-
rately treated with 1 pL SPDP (4 M) for 2 h, followed by corresponding
addition of the activated ES1 (200 pL, 4 pM) into GOx and ES2 (200 pL,
4 uM) into Fc@HRP. After 2 h, the products, GOx-ES1 and Fc@HRP-ES2,
were obtained.

2.4. GOx-ES1 output by aDNA-activated Exolll cleavage recycling

Briefly, Au nanoparticles (AuNPs) were prepared by quickly adding
0.5 mL sodium citrate (1%, w/w) in 100 mL boiled HAuCl4 solution (1%,
w/w) for keeping 15 min, followed by cooling down to ambient tem-
perature. In 1 mL of the prepared AuNPs, 100 pL NHy-modified Fe3O4
(0.5%, w/w) magnetic microspheres were added and sonicated for 20
min. After the resultant mixture was shaken overnight at 4 °C and then
undergone repeated magnetic centrifugation and washing using PBS (pH
7.2) at least three times, the obtained Au@Fe304 sediment was collected
and again re-dispersed in 1 mL PBS (pH 7.2). Next, 10 pL of Au@Fe304
was mixed with 100 pL helper strand (HS) (2 pM) and reacted overnight,
allowing the binding of HS onto Au@Fe304 surface through Au-N bond.
Upon treated with 20 pL. MCH (0.5 mM) as non-specific absorption
blockers for 1 h, 100 pL GOx-ES1 (2 pM) was added for another 2 h,
within which the base pairing of HS and ES1 reached to equilibrium.
Finally, 20 pL AD-biomarker DNA (aDNA) (1 pM) and 1 pL ExollI (100
U) were introduced at 37 °C for 2 h, dependently releasing numerous
GOx-ES1 as transducers. It should be noted that each step in the above
process was followed by repeated magnetic separation and washing
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using Tris-HCI (pH 7.4) at least three times. Likewise, we also used other
GOx-ES1 to implement the above aDNA-activated Exolll cleavage
recycling for their dependent output. The magnetic substrate Au@Fe304
composites were characterized by recording TEM image, UV-Vis ab-
sorption spectra and XPS (Fig. S1).

2.5. Fabrication of the electrochemical biosensor

A bare glassy carbon electrode (GCE) with a diameter of 4 mm was
cleaned by polishing using Al;03 powder (0.3 and 0.05 pm), and soni-
cated in DI water and anhydrous ethanol, followed by the electrodepo-
sition in HAuCly solution (1%, w/w) at —0.2 V potential for 30 s (depAu/
GCE). The SEM images of bare GCe and depAu/GCE were shown in
Fig. S2. The next introduction of 10 pL dual-thiol hairpin probe (dSH-
HP) (2 pM) for 100 min at room temperature led to its stable immobi-
lization via dual Au-S bonds in the modified electrode surface (dSH-HP/
depAu/GCE). Then, each 10 pL of the above-collected GOx-ES1 and Fc@
HRP-ES2 (2 pM) was simultaneously incubated for 2 h (GOx-
ES1+Fc@HRP-ES2/dSH-HP/depAu/GCE), allowing stable assembly of
this Y-shaped DNA structure through the hybridization reaction with the
unpaired loop of dSH-HP. This fabricated biosensor was stored at 4 °C
for subsequent electrochemical measurements. Similarly, other elec-
trodes with GOx-ES1 (ES1 tethering Ty, Ty, Ty and T;5) instead of GOx-
ES1 (ES1 tethering T4) were also fabricated. Upon treated with 10 pL of
the competitive strand (C*) (2 pM) for 2 h, this developed electrode can
be regenerated by dehybridizing GOx-ES1 from the “Y-shaped” DNA
nanostructure. It should be noted that dSH-HP with 12 bp stem was
firstly used, and others with 5, 8, 10 and 15 bp stem were used for
control experiments.
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2.6. Electrochemical measurements

To monitor the stepwise fabrication of the developed electrodes,
both CV and EIS were measured in 5 mM [Fe(CN)g] 3-/4- (pH 7.4). CV
curves were obtained in the potential range from —0.2 to 0.6 V with a
scan rate of 100 mV s~!, and EIS was performed with ac frequency from
107! to 10° Hz, excitation signal of 5 mV and formal potential of 220
mV. The SWV response of the proposed electrode in different conditions
was scanned in PBS (pH 7.0) containing 4 mM glucose (optimized) from
0.1 V to 0.4 V potential. In all SWV plots, the difference (AI, pA) of the
peak current at about +0.27 V (characteristic oxidation potential of Fc)
vs. the Blank without aDNA in this system was used to investigate the
analytical performances of our biosensor.

3. Results and discussion
3.1. Design of the electrochemical biosensor

To achieve rapid and reliable electrochemical detection of sequence-
specific biomarker DNA, bienzymatic cascade catalysis confined in one-
step assembled functional Y-shaped DNA structure would be desired to
obtain high catalysis efficiency. In this typical cascade system (as shown
in Scheme 1), GOx firstly catalyzed the oxidization of glucose in the
presence of oxygen to in situ generate gluconic acid and HzO3. Resul-
tantly, HoOy as the substrate of HRP could be further catalytically
reduced into HoO and oxygen, cooperatively promoting the electron
transfer of redox-active ferrocene (Fc) oxidation in response to the
variable Alzheimer’s disease biomarker DNA (aDNA) as a model. The
reaction equations of cascade catalysis are schematically as follows [4,5,

Target aDNA { {
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Au@Fe,0, Recycling 5
/Ll . e |~
e )
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L& Magnetic VA ' ,
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Scheme 1. Schematic diagrams of aDNA-activated Exolll cleavage recycling for GOx-ES1 output, and fabrication of electrochemical biosensor with signal ampli-
fication implemented by bienzymatic cascade catalysis of GOx and HRP confined in dSH-HP-oriented functional Y-shaped structure.



J. Gao et al.

11,121

Here, when the Fc-conjugated working electrode was scanned into
positive potential from 0.1 V to 0.4 V, the oxidation of Fceq into Fcox was
driven to produce SWV signal. Concurrently, two cascade reactions
catalyzed by GOx and HRP were initiated by glucose (GOx-catalyzed
oxidation) added in the testing PBS solution, where the electron trans-
fers (i.e. current) was overlapped with that of Fc oxidation, coopera-
tively enhancing the SWV signal. As a proof-of-concept, HRP was firstly
modified with Fc (Fc@HRP), and then GOx and Fc@HRP were chemi-
cally conjugated in two enzyme strands (GOx-ES1 and Fc@ HRP-ES2).
Prior to cascade amplification, the background interference of trans-
lating input aDNA into GOx-ES1 output was minimized by using mag-
netic Au@Fe304 as substrate (see Scheme 1A, where HS was initially
combined in Au@Fe30, surface via Au-N bonds to hybridize with GOx-
ES1. The subsequent presence of aDNA and Exolll activated the repeated
and progressive recycling of aDNA by displacing GOx-ES1 and ExollI-
recognizable cleavage of the formed duplex, achieving the aDNA-
responsive output of numerous GOx-ES1 after stepwise magnetic
centrifugation. Rationally, a dually -SH-ended hairpin probe (dSH-HP),
which encoded a paired stem as a rigid scaffold and an unpaired loop as
an enclosed binding platform, captured the output GOx-ES1 and
Fc@HRP-ES2, stably orienting the structural function in the electrode
surface. As expected, the confined GOx and HRP were able to provide
the desired spatial distance for a highly efficient cascade reaction
[12-14], greatly promoting the electron transfer of Fc oxidation in the
sensing interface. Thus, the electrochemical signal was significantly
enhanced to gain a high sensitivity of aDNA detection. Notably, by
utilizing the upright dSH-HP with rigidity to orient GOx and HRP, this
developed biosensor was simplified without non-specific blocker
passivation and also renewable through the structure disassembling by a
competitive strand (C*) to take off Fc@HRP-ES2. Thus, the electro-
chemical strategy would pave a new avenue for convenient, specific and
sensitive biosensing and bioanalysis. The PAGE image of different DNA
samples was listed in Fig. S3.

3.2. Electrochemical characterization

CV and EIS of the stepwise fabrication of the electrochemical
biosensor were conducted in [Fe(CN)g] 3-/4 (pH 7.4). Notably, to better
understand the electrochemical response, the electrode was fabricated
by using HRP-ES2 without conjugation of Fc in HRP. Obviously from
Fig. 1A and B, we can see a pair of well-defined and reversible CV
response for bare GCE (curve a), and increased CV signal and decreased
electron-transfer resistance (Rey) in Nyquist plots (curve b) after elec-
trodeposited in HAuCly solution. But the incubation of non-conductive
dSH-HP resulted in the decreasing of CV current and the increasing of
EIS (curve c), and the same change for CV and EIS was also observed
upon introducing GOx-ES1 and HRP-ES2 (curve d), revealing the
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simultaneous hybridization among dSH-HP, GOx-ES1 and HRP-ES2. As
shown in the inset in Fig. 1B, the fitted Randle equivalent circuit cor-
responds to EIS curves included Re;, the ohmic resistance of the elec-
trolyte solution (R;), the capacitance (CPE) and the Warburg impedance
(Zw) [28].

To investigate the electrochemical readout of Fc conjugated in HRP-
ES2 in response to aDNA, we compared the SWV signal of the electrode
depAu/GCE before and after continuously modifying dSH-HP and
Fc@HRP-ES2. As shown in Fig. 1C, almost no SWV response was
observed in PBS (pH 7.0) containing glucose (4 mM) for depAu/GCE
(curve b) and dSH-HP/depAu/GCE (curve c), because of the absence of
electron mediator in the electrode surface. After introducing GOx-ES1
and Fc@HRP-ES2, the SWV current was significantly increased (curve
e), suggesting the formation of Y-shaped structure with orienting GOx
and HRP for cascade catalysis.

3.3. Electroactive surface area of depAu/GCE and dSH-HP-immobilized
estimation

The stable immobilization of dSH-HP in the electrode surface has a
substantial effect on the upright orientation of DNA structure to
implement the highly efficient cascade reaction of GOx and HRP. This is
directly dependent on the electroactive surface area (A, mm?) after Au-
electrodeposition in GCE (depAu/GCE). Based on the above observa-
tions, we firstly investigated the optimum base number of a paired stem
of dSH-HP, as well as the binding time of dSH-HP, the reaction time of
Exolll, the glucose concentration in the electrolyte, and the incubation
time of GOx-ES1 and Fc@HRP-ES2. Under the optimized experiment
conditions (Fig. S4), the A of depAu/GCE was evaluated by measuring
the CV response at different scan rates (v). As displayed in Fig. 2A, the
CV current gradually increased with the rising of v, while the anodic
peak current (Ip) was proportional to the square root of v %) with a
regression equation of I,(pA) = 693.7v/%217.923 and a correlation co-
efficient (r) of 0.9998. According to Randles-Sevcik equation (I, = 2.69
x 10°ADY2n%/%y1/2¢ where D is the diffusion coefficient of 6.20 x 10~°
em?s! at 25 °C, n is the electron transfer number, and ¢ is the con-
centration, 5 mM) [30,31]. So, the electroactive surface area A of
depAu/GCE was calculated to be 20.7 mm?, which was larger about 65%
than the physical area of bare GCE with 4 mm of diameter (12.6 mm?)
after rapid and simple Au electrodeposition.

To further estimate the immobilization content (e.g. density, I'ss) of
dSH-HP in depAu/GCE, we also recoded the chronocoulometry (CC)
signal of the modified electrode dSH-HP/depAu/GCE in 10 mM Tris-HCl
(pH 7.4) without and with RuHex as electron mediator [32]. By scanning
from O to 0.5 s, the plotted curves between the charges (Q) vs. the square
root of scan time (tl/ 2) were shown in Fig. 2B. Two intercepts at t =
0 respectively corresponded to the total charge (Qyotal) in the presence of
RuHex and the double-layer charge (Qq;) in the absence of RuHex,

300 5
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Fig. 1. (A) CV and (B) EIS signals of stepwise modified electrodes in [Fe(CN)g]>"* (pH 7.4): (a) GCE, (b) depAu/GCE, (c) dSH-HP/depAu/GCE, and (d) GOx-ES1+
HRP-ES2/dSH-HP/depAu/GCE without the conjugation of Fc (the inset is the fitted Randle equivalent circuit). (C) SWV response measured in PBS (pH 7.0) con-
taining glucose (4 mM): (b) depAu/GCE, (c) dSH-HP/depAu/GCE, and (e) GOx-ES1+Fc@ HRP-ES2/dSH-HP/depAu/GCE.
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Fig. 2. (A) Linear correlation plotted by the anodic peak current (I, pA) vs. VY2 (Inset is CV signal of depAu/GCE measured in [Fe(CN)g] 3/4 (pH 7.4) at different v:
a-k, 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13, 0.15, 0.17, 0.19 and 0.21 V-s~1). (B) Chronocoulometry signal of dSH-HP/depAu/GCE in 10 mM Tris-HCI (pH 7.4) before

(a) and after (b) adding 50 pM RuHex. Error bars: standard deviation (s), n = 5.

respectively. So, the surface-confined ssDNA charge (Qss = Qtotal-Qq1) in
the electrode sensing interface can be easily obtained. In this case, the
density I'ss of dSH-HP immobilized in depAu/GCE was estimated using
the equation of I'ss = [(QssNa)/(nFA)1(z/m) [33], where N and F are
Avogadro constant and Faraday constant, z = 3 is the charge of RuHex,
and m = 56 is the nucleotide number of dSH-HP. Based on all the ob-
tained data, the I'ss discussed here was calculated to be about 9.8 x 10!
molecules-cm ™2, demonstrating that a large amount of dSH-HP can be
highly efficiently conjugated in depAu/GCE via dual Au-S bonds. As
expected, all the immobilized dSH-HP might self-adopt a more compact
style with stronger binding capability [27], which would facilitate the
subsequent combination of two enzyme strands to orient a functional
DNA nanostructure for confining GOx and HRP.

3.4. Verification of no non-specific blockers passivation

Benefited from this subtle design, the high specificity of the devel-
oped biosensor was maintained without using non-specific absorption
blockers for the electrode surface passivation. We compared the SWV
signal by adding aDNA (100 pM) in the human serum samples before
and after incubating the blocker MCH. From Fig. 3A and B, no significant
difference of SWV currents without and with MCH was observed, sug-
gesting that non-specific blockers were unnecessary in this detection
system. This might be attributed to such a fact that the stable upright
hairpin conformation of dSH-HP was highly specific and responsive to
orient the Y-shaped structure for bienzymatic cascade catalysis. In
principle, no treatment and occupation of blocking small molecules in
electroactive sensing surface were more advantageous to minimize the
background interference.

St
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2+
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3.5. Demonstration of bienzymatic cascade catalysis

In this work, the electrochemical signal amplification was imple-
mented by two sequential cascade reactions involving in GOx and HRP.
The most efficient catalysis might be relied on the harmonization of
glucose, GOx and HRP, as well as the suitable spatial distance for the
catalytic substrate transfer. Under the optimized conditions, we moni-
tored the SWV response in the absence of glucose, GOx and/or HRP.
From Fig. 4A, much lower SWV peak currents were observed without
glucose, GOx or HRP in the detection system, demonstrating the utility
of cascade reaction to promote the electron transfer and enhance the
electrochemical signal. Of note, the absence of HRP caused no SWV
response, because of the disabled conjugation of Fc in ES2 without HRP
as a bridge. Furthermore, we explored the cascade efficiency influenced
by different spatial distances of GOx and HRP. By changing the T base
numbers tethered in ES1 close to 3’ end (Table S1), the SWV current
gradually went up and went down at 4 of T (Fig. 4B). Based on the model
of Y-shaped structure, T numbers of 0-12 in ES1 corresponded to the
spatial distance of 7.8 nm-11.9 nm roughly estimated by totalizing the
base sequence (23- to 35-nt) of GOx-conjugated ES1 and HRP-
conjugated ES2. Similar to those results reported in other cascade stra-
tegies, the most efficient catalysis in our study was occurred at
approximately 9.1 nm (ES1 with Ty4) of spatial distance between GOx
and HRP, while it was disabled at shorter or longer distance than 9.1 nm.
This might originate from the crowding effect at a smaller distance or
the invalid diffusion of the intermediate product at a bigger distance
[12-14].

3.6. Analytical performance of the electrochemical biosensor

By introducing different concentrations of aDNA in the detection
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Fig. 3. (A and B) SWV responses of different electrodes with MCH and without MCH as non-specific blocker for passivation. Error bars: s, n = 5.
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Fig. 4. The SWV responses of Fc on different electrodes (A) in the absence of glucose, GOx or HRP, and (B) using different ES1 tethering different numbers of T base

(Ty) close to 3’ end. Error bars: s, n = 5.

system under the optimal conditions, the SWV response was measured in
PBS (pH 7.0) with 4 mM glucose. Apparently, the SWV signal gradually
increased with the rising of aDNA and reached to the highest at 10 nM
(Fig. 5A). With the difference (AI) of the corresponding peak current
deducting that of the Blank, the calibration curve was plotted in
response to the logarithm of aDNA concentrations (Igc,pna) in the range
of 0.5 fM to 10 nM (Fig. 5B). A good linear relationship (AI =
1.1351gcapna+4.164) was obtained with a correlation coefficient (r) of
0.9974. The limit of detection (LOD) was evaluated according to Al =
Aly+ksg recommended by IUPAC [34], where Al is the SWV peak of the
background and sg is its standard deviation, and the coefficient k equals
three to allow a confidence level of 99.9%. By using Al (nA) obtained
from the average Al and sp of five parallel measurements, LOD was
calculated to be 0.22 fM. From Table S2, our biosensor was comparable
with or superior to some reported methodologies for the electrochemical
detection of different DNAs.

3.7. Stability, repeatability, specificity and regeneration

Under the optimal experimental conditions, five modified electrodes
were prepared in one-batch and five-batch using 100 fM of aDNA. After
the five electrodes in one-batch were stored for 4, 8, 12 and 16 days, the
SWYV currents retained 97.9%, 95.6%, 92.7% and 90.3% of the initial
values (Fig. 6A). When compared the SWV signals with those in five-
batch, the relative standard deviation (RSD) of 3.5% for inter-assay
and 4.2% of intra-assay were obtained (Fig. 6B). Moreover, by using
M1-aDNA, M2-aDNA and M3-aDNA as interferents, the specificity of our
biosensor was investigated by measuring the SWV response to aDNA
(100 fM) under the same experiment conditions. The obtained results in
Fig. 6C indicated a satisfactory selectivity because the SWV currents
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caused by these interferents (10 pM), almost the same as that of the
Blank, were much lower than aDNA. All the observations revealed our
electrochemical biosensor was stable, repeatable and specific.

Due to the one-step assembly of the functional DNA structure for
bienzymatic cascade catalysis, our biosensor might be renewable by
using a competitive strand (C*) to take off Fc@HRP-ES2 via comple-
mentary hybridization. Fig. 6D displayed the SWV currents of five
electrodes before and after repeatedly treated with C* and Fc@HRP-ES2
for six times. Obviously, the treatment led to the sharply decreasing of
SWV currents, indicating the absence of GOx-ES1 and redox-active Fc in
the electrode sensing interface and disabled cascade catalysis due to the
disassembly of Y-shaped structure. When introducing Fc@HRP-ES2
once again in the resultant electrode surface, the SWV signal could
recover to 90.2% of the initial value after six repeated recycles,
demonstrating the good regeneration of our biosensor.

3.8. Recovery in human serum samples

By using the standard addition method, we investigated the recovery
of aDNA in the clinical human serum samples kindly provided by the
Army Medical University, Xinqiao Hospital (Chongging, China).
Different concentrations of aDNA (10 fM to 1 nM) were spiked into the
serum samples. After undergoing the stepwise fabricating process, the
SWV signal of our biosensor was measured in PBS (pH 7.0) containing 4
mM of glucose. Based on the above linear equation, the recoveries of
aDNA in these serums were obtained as 90.7%-108% with RSD from
2.1% to 4.6% (Table S3), suggesting the preliminary applicability of this
electrochemical protocol in real samples.
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Fig. 5. (A) SWV responses of our biosensor for different concentrations of aDNA: 0, 0.5, 1, 10, 100 fM, 1, 10, 100 pM, 1 and 10 nM. (B) The resultant linear
calibration curve plotted by the SWV peak current of Fc deducting the Blank (AI, pA) vs. the logarithm of aDNA concentration (Igcapna). Error bars: s, n = 5.
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responsive to aDNA (100 fM) against Blank, M1-aDNA, M2-aDNA, and M3-aDNA with the same concentration of 10 pM. (D) SWV responses for repeated re-

generations, and the schematic regeneration of the biosensor. Error bars: s, n = 5.

4. Conclusions

In conclusion, we developed a simple and renewable electrochemical
biosensor for determining sequence-specific biomarker DNA with the fM
detection limit. The innovative recognition and amplification fashion
relied on the unique design of dSH-HP as a capture probe and the highly
efficient bienzymatic cascade catalysis confined in a dSH-HP-oriented Y-
shaped DNA structure. Especially, the paired stem of dSH-HP was acted
as a rigid scaffold to keep it adopting proper upright and compact
conformation in the electrode surface. Importantly, the unpaired loop as
an enclosed binding platform could capture two enzyme strands, which
were chemically conjugated with GOx and Fc-modified HRP. The former
was dependently released from Exolll-cleaved recycling in response to
the target aDNA. In this assembled functional DNA structure, the
cascade reaction was continuously driven by GOx-catalyzed oxidization
of glucose, in situ generating HyO», and simultaneously HRP catalyzed
the decomposition of the resultant HyO,, significantly promoting the
electron transfer of Fc oxidization. The obtained results demonstrated
the detection feasibility and reliability of this sensitive, specific and
renewable strategy, being a great promise to provide a new paradigm for
biosensing and bioanalysis. Nonetheless, in the future exploring more
elaborate DNA architectures would be desired to facilitate the efficient
electron transfer of Fc as redox mediator.
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