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Abstract

An ultrasensitive enzyme-free electrochemical sandwich DNA biosensor is described for the detection of ssDNA oligonucleo-
tides. A DNA sequence derived from the genom of Helicobacter pylori was selected as a model target DNA. The DNA assay was
realized through catching target DNA on capture DNA immobilized gold electrode; then labeling the target DNA with reporter
DNA (rpDNA) and initiator DNA (iDNA) co-modified gold nanoparticles (AuNPs). The high density of iDNAs serves as one of
the amplification strategies. The iDNA triggers hybridization chain reaction (HCR) between two hairpins. This leads to the
formation of a long dsDNA concatamer strand and represents one amplification strategy. The electrochemical probe
[Ru(NH;)sL]**, where L stands for 3-(2-phenanthren-9-ylvinyl)pyridine, intercalated into dsSDNA chain. Multiple probe mole-
cules intercalate into one dsDNA chain, serving as one amplification strategy. The electrode was subjected to differential pulse
voltammetry for signal acquisition, and the oxidation peak current at —0.28 V was recorded. On each AuNP, 240 iDNA and 25
rpDNA molecules were immobilized. Successful execution of HCR at the DNA-modified AuNPs was confirmed by gel elec-
trophoresis and hydrodynamic diameter measurements. Introduction of HCR significantly enhances the DNA detection signal
intensity. The assay has two linear ranges of different slopes, one from 0.01 fM to 0.5 fM; and one from 1 fM to 100 fM. The
detection limit is as low as 0.68 aM. Single mismatch DNA can be differentiated from the fully complementary DNA.
Conceivably, this highly sensitive and selective assay provides a general method for detection of various kinds of DNA.

Keywords DNA biosensor - Isothermal amplification - Signal amplification - Intercalative binding - Signal indicator - Ru(Il)
complex - Oligonucleotides - Initiator DNA - Voltammetry - Oxidation peak current

Introduction

As a molecule test approach, DNA detection has been of great
importance in many applications, such as molecular biology,
forensic science, and clinical diagnostics. The DNA levels in
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physiological samples are usually very low [1, 2]. The prereg-
uisites for realizing DNA detection in physiological samples
include high sensitivity and sequence-specificity. By primer-
mediated enzymatic amplification, polymerase chain reaction
(PCR) method has significantly advanced DNA detection sen-
sitivities [3, 4], playing significant role in many applications.
However, the PCR procedure is complex, expensive (requir-
ing enzyme), and time-consuming. In addition, the DNA
quantification range with PCR is narrow [5, 6].

The efforts have been focused on the development of DNA
biosensors possessing < femtomolar detection limits to meet
the requirements for very low level DNA detection [2, 6—-10].
For enhancing the DNA biosensor sensitivity, various strate-
gies have been developed, mainly including nanomaterial-
based signal amplification [8—11], and isothermal sequence
specific amplification [2, 12—16]. Appropriate nanomaterials
can offer superior specific surface area to facilitate biomole-
cule immobilization, and excellent signal transducing
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properties. Au nanoparticles (AuNPs) have become one of the
most-employed nanomaterials for fabricating sensitive nucleic
acid biosensors. AuNPs possess the advantages of large sur-
face to volume ratio, excellent biocompatibility, terrific elec-
trocatalytic activity, and excellent chemical and physical sta-
bility [6, 9, 17, 18]. In contrast, isothermal sequence amplifi-
cation strategies can be divided into two categories: enzymat-
ic, and enzyme-free. Although the enzymatic strategies, such
as rolling circle amplification, can amplify specific DNA se-
quences with high sensitivity, they encounters some inevitable
drawbacks such as high cost and instability. Hybridization
chain reaction (HCR) is an enzyme free amplification strategy
that is operated with the alternate assembly of two DNA hair-
pins in the presence of target to form a DNA concatamer
[13—15, 19]. The HCR strategy shows high sensitivity and
selectivity without participation of enzyme molecules, thereby
avoiding the limitations of thermo unstable protein enzymes
and the requirements of specific recognition site for nicking
endonuclease [20]. It has been used very often as an amplifi-
cation strategy for fabrication of various biosensors towards
the analysis of nucleic acids, proteins and small molecules
[19, 21-24].

However, up to now, only few DNA biosensors can reach
or approach attomolar detection limits [2, 6, 17]. We have
developed an enzyme-free electrochemical sandwich DNA
biosensor towards a 43-mer single strand target DNA
(tDNA) sequence specific in Helicobacter pylori (H. pylori)
[9]. The detection limit is down to 1 fM. The DNA biosensor
is simple, repetitive, sensitive, and selective. H. pylori infec-
tion is the main cause of gastroduodenal diseases including
peptic ulcer disease, gastritis and gastric cancer in human [25].
In many countries, H. pylori infection is one of the most fre-
quent and persistent bacterial infections because of its wide-
spread prevalence and persistent living strategies in human
stomach [26]. Therefore, sensitive and selective detection of
H. pylori DNA sequence is of great importance for accurate
diagnosis, large epidemiological studies, and point of care
detection of gastroduodenal diseases. However, the detection
sensitivity with the detection limit of fM is still not good
enough to realize PCR-free detection of H. pylori in real phys-
iological samples [27].

In this study, HCR was introduced to the electrochemical
sandwich DNA biosensor as one of the amplification strate-
gies to further enhance the detection sensitivity (Scheme 1).
Two sequences of single strand DNA (ssDNA) were modified
on AuNPs, one is the reporter DNA (rpDNA) that is comple-
mentary to one end of the 43-mer tDNA, and the other is an
HCR initiator DNA (iDNA). The presence of tDNA would
result in the formation of a sandwich DNA structure (iDNA-
AuNP-rpDNA/tDNA/cpDNA, where cpDNA denotes for
capture DNA) on the electrode. The iDNA strands were mod-
ified on the AuNPs at high density, which serves as one of the
amplification strategies. They can autonomously trigger HCR
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between two hairpins (H1 and H2) to form many long strands
of double strand DNA (dsDNA) concatamer. Thereafter, the
signal indicator [Ru(NHs)sL]**, where L denotes for 3-(2-
phenanthren-9-ylvinyl)-pyridine, intercalated with the
dsDNA. Multiple [Ru(NH;)sL]** molecules can intercalate
on one dsDNA chain [28], serving one of the three amplifica-
tion strategies. Finally, the electrode was subject to differential
pulse voltammetry (DPV) measurement to record the electro-
chemical oxidation current of the intercalated signal indicator,
for signal acquisition. The modification of rpDNA and iDNA
on the AuNPs was characterized, and the initiation of HCR at
the iDNA-AuNP-rpDNA nanoparticles was verified. The bio-
sensor fabrication conditions were optimized. The detection
sensitivity and selectivity of the optimum DNA biosensor was
evaluated.

Experimental
Materials

Hydrogen tetrachloroaurate (III) hydrate, tris-(2-
carboxyethyl)phosphine hydrochloride (TCEP),
hexaamineruthenium (III) chloride (RuHex), N,N-
dimethylformamide (DMF), and 6-mercapto-1-hexanol
(MCH) were purchased from Alfa Aesar (Massachusetts,
U.S.A., www.alfa.com). The [Ru(NH;3)sL]** complex was
prepared by mixing equimolecular amount of
[Ru(NH3)5(HzO)]2+ and L solutions for 30 min at room
temperature [29]. The [Ru(NH3)s(H,0)]** and L were
synthesized according to the literature [30, 31] with some
modifications [10] (Supplementary Material). KNO3 (99.
99% metals basis grade) was obtained from Aladdin
Industrial (Shanghai, China, www.aladdin-e.com). Agarose
was from Shanghai Yubo Bio Tech Co., Ltd. (Shanghai,
China, www.shybio.net). DNA Marker (100-1500 bp) was
from TransGen Biotech (Beijing, China, www.transgen.com.
cn). Ethidium bromide (EB) was purchased from Solarbio
Biosience & Techology (Beijing, China, www.solarbio.
com). Deionized water was obtained from a Millipore water
system, and used throughout the experiment.

The compositions of the buffer solutions, including Tris
—HCI buffer (10 mM, pH 7.0), phosphate buffer solution
(PB, 10 mM), TE buffer (pH 8.0) are described in the
Supplementary Material. The detection buffer is the
10 mM PB supplemented with 100 mM KNOs3. The immobi-
lization buffer consists of 10 mM PB, 1.0 mM EDTA (ethyl-
ene diamine tetraacetic acid), and 0.6 M NaCl.

Oligonucleotide sequences (listed in Table 1) were custom-
made by Shanghai Sangon Biotechnology Co. (Wwww.sangon.
com, China). The 43-mer tDNA sequence was selected by
computational restriction endonuclease analysis on the UreB
gene of H. pylori [9]. Cy5 and FAM (two fluoresceins) were
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Scheme 1 Schematic illustration of the fabrication procedures for the HCR and AuNPs based sandwich DNA sensor, and the signal detection strategy

labeled at the end of the rpDNA and iDNA sequences, respec-
tively for characterization of DNA amount on the AuNPs.
ncDNA and mtDNA denotes for noncomplementary target
and one nucleotide mismatched target, respectively.

Instruments

AuNPs were observed with transmission electron microscopy
(TEM, FEI Tecnai G2 20, www.fei.com, operated at 200 kV)
and atomic force microscopy (AFM, Solver NEXT, NT-MDT
Spectrum Instruments, www.ntmdt-si.com). Modification of
DNA on AuNPs was confirmed by using UV —vis
spectroscopy (UV-2450 spectrophotometer, Shimadzu
Scientific Instrument, Japan, www.ssi.shimadzu.com). DNA
modification amount on AuNPs were characterized with

fluorescence spectroscopy (F-4500FL spectrofluorometer,
Hitachi, Japan, www.hitachi.com). HCR reaction on AuNPs
was characterized by using UV — vis spectroscopy, DLS Nano
Particle Size Analyzer (NanoPlus-3, Micromeritics
Instrument 1td, www.micromeritics.com), and agarose gel
electrophoresis (DY'Y-6D electrophoresis apparatus, Beijing
Liuyi Instrument Factory, China, www.bjliuyi.com). The
electrophoresis gels were imaged with an imaging system
(G:BOX Chemi XT4, Syngene, UK, www.syngene.com).
Electrochemical measurements were performed using an
electrochemical analyzer (CHI660E, Shanghai Chenhua
Instrument, China, www.chinstr.com) at room temperature
(~25 °C). They were with a three-electrode system: a gold
working electrode, a platinum counter electrode, and an
Ag|lAgCl]3 M KCI reference electrode. All potentials in this

Table 1 The DNA sequences

used in this study

Name

Sequence

tDNA
HS-cpDNA
rpDNA-SH
iDNA
iDNA-SH
H1

H2

Cy5-rpDNA-SH
FAM-iDNA-SH
mtDNA
ncDNA
hpDNA-SH

5'TAA TCG TGG ATT ACA CCG GTA TTT ATA AAG CGG ATA TTG GTA T-3'

5’-HS-(CH,)s-ATA CCA ATA TCC GCT TTA T-3'

5-TAC CGG TGT AAT CCA CGA TTA~(T), 5-(CHy);-SH-3'

5""AGT CTA GGA TTC GGC GTG GGT TAA-(CH,)s.3’

5'"AGT CTA GGA TTC GGC GTG GGT TAA-(CH,)s -SH-3’

5'-TTA ACC CAC GCC GAA TCC TAG ACT CAA AGT AGT CTA GGA TTC GGC
GTG-3’

5"AGT CTA GGA TTC GGC GTG GGT TAA CAC GCC GAA TCC TAG ACT ACT
TTG-3’

5’-Cy5-TAC CGG TGT AAT CCA CGA TTA~(T);s-(CHa);-SH-3’

5.FAM-AGT CTA GGA TTC GGC GTG GGT TAA-(CH,)s -SH-3’

5'TAA TCG TGG ATT ACA CCG GTA TTT ATA AAG CAG ATA TTG GTAT-3’

5'TGA TAA TGC TTA GGA TCT ACG TAT ATA GTC CAT CAG GTT CGA T-3’

5-GCG CAA CAA CGC TTC TTT TGA ACT CTT GTT GCG CTT TTT-(CH,);-SH-3
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paper are quoted versus this reference electrode. The working
electrode and the counter electrode are disk electrodes with a
diameter of 2 mm (CHI, www.chinstr.com).

Synthesis and characterization of iDNA-AuNPs-rpDNA

AuNPs with ~13 nm in diameter were prepared by using the
well-known Frens procedure [9, 32] (Supplementary
Material). The AuNPs concentration was estimated based on
its absorbance at 520 nm (Supplementary Material) [33]. The
iDNA-AuNPs-rpDNA nanoparticles were synthesized
through coupling iDNA-SH and rpDNA-SH on AuNPs with
formation of Au-S bond. Before the coupling reaction, both
iDNA-SH and rpDNA-SH were treated with TCEP for 1 h to
reduce residual disulfide bonds. Then 36 uL various concen-
trations of iDNA-SH solution (15 uM, 18 uM, 20 uM,
22 uM, and 24 uM) was mixed with 8§ puL. 10 uM rpDNA-
SH solution, followed by addition of 140 uL 50 mM PB,
10 uL 0.1 M EDTA, and 500 uL 3.6 nM AuNPs. The mixture
was incubated at 30 °C for 5 h under protection from light.
Then 2 M NaCl in 10 mM PB was gradually added to a final
NaCl concentration of 0.6 M within 4 h. The reaction mixture
was incubated for 16 h. The product was cleaned with centri-
fugation twice, and then kept at 4 °C. For determination of the
DNA modification amount, Fam-iDNA-SH and Cy5-rpDNA-
SH were used for DNA coupling, and the supernatant was
subject to fluorescence analysis. The reaction system without
AuNPs was used as control. The average number of iDNA
and rpDNA molecules coupled on each AuNP was calculated
based on DNA fluorescence—concentration calibration plots.

Confirmation of HCR with the designed iDNA, H1,
and H2 sequences

To evaluate the feasibility of the designed iDNA, H1, and H2
sequences, HCR was executed from both free iDNA and the
immobilized iDNA on AuNPs. Right before HCR, 0.5 uM H1
and 0.5 uM H2 solutions in the immobilization buffer, respec-
tively, were denatured at 95 °C for 5 min, and then cooled to
room temperature. At the same time, the free iDNA solution
(0.5 uM) was denatured at 95 °C for 10 min, and then cooled
in ice bath immediately. The free iDNA solution or the iDNA-
AuNP-rpDNA nanoparticles (30 nM AuNPs) were mixed
with the H1 and H2 solutions at equal volumes. The mixtures
were shaken at 30 °C for 100 min for reaction. The H1/H2/
iDNA-AuNP-rpDNA nanoparticles were washed with centri-
fugation and then re-suspended in the immobilization buffer.
The H1/H2/iDNA product was characterized by agarose gel
electrophoresis. The H1/H2/iDNA-AuNP-rpDNA product
was characterized by UV — vis spectroscopy, agarose gel elec-
trophoresis, and particle size analysis. In addition, to further
confirm the happening of HCR on AuNPs, the H1/H2/iDNA-
AuNP-rpDNA product was treated with dithiothreitol (DTT)
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to release DNA from the AuNPs. The DTT treated product
was then subject to 2% agarose gel electrophoresis under
120 V using EB as a staining dye.

Biosensor fabrication and target DNA (tDNA)
detection

The gold electrode was cleaned by being polished with 0.3 and
0.05 um alumina powder, and then sonicated in ethanol bath
and water bath consecutively. The electrode was then activated
with cyclic voltammetry (CV) in 0.5 M H,SOy,. Finally, it was
sonicated in water and dried under nitrogen. For immobiliza-
tion, the HS-cpDNA solution was treated with TCEP, and then
diluted to various concentrations (0.05, 0.09, 0.1, 0.2, and
0.5 uM) with the immobilization buffer. The TCEP treated
HS-cpDNA was immobilized on the activated gold electrode
by applying a potential of +0.4 at the electrode for 500 s in the
various dilutions of cpDNA solution. The electrode was then
passivated via submergence in 1 mM MCH solution at 30 °C
for 1 h. Finally, the electrode was washed, and then soaked in
the immobilization buffer, ready for tDNA detection.

For detection of tDNA, 200 uL tDNA solution of various
concentrations in the immobilization buffer was added onto
the cpDNA/gold electrode surface. The electrode was kept at
40 °C for various periods (1 h, 2 h, 2.5 h, 3 h, and 4.5 h) under
gentle shaking for DNA hybridization. Thereafter, the elec-
trode was washed, and 200 pL of the iDNA-AuNP-rpDNA
nanoparticle solution (1.8 nM based on AuNPs) was dropped
onto the electrode surface. The electrode was sealed and kept
at 47 °C for various periods (1 h, 2 h, 2.5 h, and 3 h), for
hybridization of the labeled rpDNA with tDNA. This step
resulted in iDNA-AuNP-rpDNA/tDNA/cpDNA sandwich
DNA structure. The temperatures for DNA hybridization were
set under consideration of the melting temperatures of the
corresponding dsDNA. The later was estimated by using
Mfold web server (http://unafold.ma.albany.edu). Then, after
the electrode was washed, 200 uL 0.5 uM H1 solution and
200 uL 0.5 uM H2 solution in the immobilization buffer were
dropped onto the electrode for HCR. The HCR was
implemented at 110 rpm and 30 °C for various time periods
(60 min, 80 min, 100 min, 120 min, and 180 min). The DNA
structure on the electrode was then intercalated by
[Ru(NH;)SL]2+ complex from the PB buffer (§ mM, pH 7.4)
containing 80 mM KNOs and 50 puM [Ru(NH;)sL]**. The
intercalation was realized via applying linear sweep
voltammetry (LSV) scanning at the electrode. The LSV was
run 200 cycles from —0.6 to 0.1 V at a scan rate of 0.1 Vs .
The electrode was then washed and subject to DPV detection
(from —0.6 V to +0.1 V; amplitude, 0.05 V; pulse width, 0.
01 s; pulse period, 0.02 s). All DPV curves were baseline-
corrected using the software embedded in the CHI660E in-
strument. The oxidation peak current (Ip) at the potential of
—0.28 V in the DPV detection was recorded, and the values
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were used as DNA detection signal intensities in the following
quantitative comparisons, evaluations, and calibrations. For
evaluation of the sensing selectivity, control DNA sequences
and some surface-active serum components, including the
ncDNA, the mtDNA, human serum albumin (HSA), glucose,
ascorbic acid (AA), and dopamine, were also detected.

Electrochemical characterization of the biosensor
fabrication process

The biosensor fabrication process was monitored and charac-
terized by using CV and electrochemical impedance spectros-
copy (EIS) techniques. The CV experiment was executed with
5 mM K;3Fe(CN)g in 1 M KCl as a probe. The EIS measure-
ment was performed at +0.226 V in equimolar [Fe(CN)6]37/ 4
~(10/10 mM) supported by 0.1 M KCI with AC frequency
from 0.1 Hz to 100 kHz. The effective surface area of the bare
gold electrode was determined by running CVs in the 5 mM
K3Fe(CN)g solution, according to the Randles-Sevcik equa-
tion (Detailed in Supplementary Material). The surface densi-
ty of the immobilized cpDNA was measured by using
chronocoulometry technique with RuHex as a probe accord-
ing to the Cottrell equation, as described by Steel et al. [34]
(See Supplementary Material).

Results and discussion

Synthesis and characterization of iDNA-AuNP-rpDNA
nanoparticles

For synthesis of iDNA-AuNPs-rpDNA nanoparticles, AuNPs
were firstly synthesized and characterized. Both TEM and
AFM micrographs (Fig. S-1 in Supplementary Material) show
that the AuNPs are monodispersed spherical particles. They
have a narrow particle size distribution. The diameter of the
AuNPs is 13+ 1 nm, analyzed by using DigitalMicrograph
software. The UV —vis spectrum of AuNPs (curve a in
Fig. 1) exhibits an absorption peak at 520 nm. This is a surface
plasmon resonance (SPR) band, characteristic for ~13 nm di-
ameter AuNPs [35]. The UV — vis result is consistent with the
TEM and the AFM images. After modification with iDNA
and rpDNA (curve b in Fig. 1), only a modest shift of the
SPR peak (from 520 to 523 nm) is observed, suggesting that
the modified AuNPs are highly dispersed. The absorption
peak at 260 nm (a characteristic absorption peak of nucleic
acids) became pronounced with the DNA modification. This
result suggests successful coupling of DNA on AuNPs.

The immobilization amount of rpDNA and iDNA on
AnNPs was then determined. The fluorescence spectra and
the fluorescence—concentration calibration plots of Cy5-
rpDNA-SH and FAM-iDNA-SH are illustrated in the
Supplementary Material (Fig. S-2 and Fig. S-3, respectively).

Absorbance

300 400 500 600 700 800
Wavelength / nm

Fig. 1 UV-Vis spectra of the (a) AuNPs, (b) iDNA-AuNP-rpDNA, and
(c) HI/H2/iDNA-AuNPs-rpDNA

The fluorescence analysis data (Table S-1, Supplementary
Material) indicate that the feeding ratio of iDNA: rpDNA:
AuNP =333: 33: 1 (i.e., iDNA: rpDNA = 10:1) produces an
iDNA-AuNPs-rpDNA with the composition of iDNA:
rpDNA: AuNP =240: 25: 1. This feeding ratio results in an
optimum tDNA detection signal, as shown in the following
Section 3.5. The immobilized iDNA: rpDNA ratio is similar
with the feeding ratio, suggesting that these DNA molecules
exhibit similar reaction rates with AuNPs.

Confirmation of HCR

Successful execution of HCR is prerequisite for the DNA
biosensor. The gel electrophoresis image of the HI/H2/
iDNA system shows many obvious bands of higher molecular
weights (in the range of ~100 bp — 500 bp), in addition to a
very vague band at the position of H1 and H2 (smaller than
100 bp) (Fig. 2a). This result indicates that HCR happens with
the free iDNA. The immobilized iDNA on AuNPs can also
successfully initiate HCR. Firstly, the UV-vis absorbance (at
260 nm) of the H1/H2/iDNA-AuNP-rpDNA HCR product
(curve c in Fig. 1) is larger than that of the iDNA-AuNP-
rpDNA nanoparticles, suggesting a higher DNA amount on
AuNPs after HCR. Secondly, the dynamic diameter of the H1/
H2/iDNA-AuNPs-rpDNA is ca. 99.4 nm (Fig. 3b), drastically
larger than that of iDNA-AuNP-rpDNA nanoparticles (ca.
44.9 nm, Fig. 3a). Finally, the gel electrophoresis results fur-
ther confirms successful HCR with the immobilized iDNA.
As shown in Fig. 2a, the DTT treated H1/H2/iDNA-AuNPs-
rpDNA HCR product shows the bands at the similar positions
with the HI/H2/iDNA system. It should be noted that the
iDNA-AuNPs-rpDNA shows a ‘black’ band, because the
EB staining is optically quenched by the AuNPs. In contrast,
in the images taken with a photo camera (Fig. 2b), the iDNA-
AuNPs-rpDNA exhibits a wine-red band, coming from the
plasma resonance of AuNPs. The H1/H2/iDNA-AuNPs-
rpDNA HCR product shows many wine-red bands at larger
molecular weight positions than iDNA-AuNPs-rpDNA, fur-
ther confirming successful HCR with the immobilized iDNA.
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500 bp

200 bp
100 bp
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Fig. 2 Gel electrophoresis images that was (a) imaged on the G:BOX
Chemi XT4 imaging system, and (b) taken with a photo camera. M: DNA
molecular markers. The black band (in a) and the wine-red band (in b) of
the iDNA-AuNPs-rpDNA nanoparticles are pointed in red circles. The
feeding ratio of iDNA-SH to rpDNA-SH in preparation of the iDNA-
AuNPs-rpDNA was 10:1. The HCR time was 100 min
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Fig. 3 Hydrodynamic diameter results of the (a) iDNA-AuNPs-rpDNA,
and (b) HI/H2/iDNA-AuNPs-rpDNA
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For the DTT treated H1/H2/iDNA-AuNPs-rpDNA HCR
product, the blue-purple band at the sample loading position
is from the aggregated AuNPs. Releasing of DNA by DTT
replacement causes the aggregation of AuNPs.

Probing the biosensor fabrication process

In order to monitor and characterize the biosensor fabrication
process, EIS and CV techniques were used. EIS with
Fe(CN)s>* as probes was used to monitor the inter-facial
resistance during the biosensor fabrication process. In the
Nyquist plots (Fig. 4a), the semicircles at high frequency do-
main are mainly contributed by the charge-transfer resistance
(R¢y) and the double-layer capacitance (Cy)) of the electrode
surface. The R values were determined with the assistance of
ZSimpWin software (Princeton Applied Research) using two
modified Randles circuits (Inset I for curve a, b, and ¢; Inset 1T
for curve d, e, and f, in Fig. 4a). During the fabrication of the
biosensor, the R value almost monotonically increased, ex-
cept a slight decrease with tDNA hybridization on the MCH-
cpDNA/gold electrode. Detailedly, the cpDNA/gold electrode

a
2500 Ca
R,
2000 Inset I: —EI—LE%;‘—
Caq
§ 1500 Inset II: —%—Ecg H RQj_
= ; f
1000 =
’}l
500
0 T . . r T
0 1000 2000 3000 4000 5000 6000
b Z'/ Ohm
30
20

Current / pA
o o

00 14 2 3 4 5 6 7
Potential / V

Fig. 4 (a) The EIS, and (b) the cyclic voltammograms of (a) bare gold,
(b) cpDNA/gold, (c) MCH-cpDNA/gold, (d) tDNA/MCH-cpDNA/gold,
(e) iDNA-AuNPs-rpDNA/tDNA/MCH-cpDNA/gold, and (f) H1/H2/
iDNA-AuNPs-rpDNA/tDNA/MCH-cpDNA/gold electrodes, in (a)
[Fe(CN)6]*"* (10/10 mM), and (b) 5 mM K;5[Fe(CN)g], scan rates:
0.05 V s~'. The feeding ratio of iDNA-SH to rpDNA-SH in preparation
of the iDNA-AuNPs-rpDNA was 10:1. The concentration of cpDNA and
tDNA was 107 M and 10 "> M, respectively. The incubation time of
tDNA as well as iDNA-AuNPs-rpDNA on the electrode were both 3 h.
The HCR time was 2 h
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exhibits an R value 0f 920 €2 (curve b), much bigger than that
of the bare gold electrode (45 €2, curve a). ssDNA is a non-
conductive and negatively-charged molecule. Immobilization
of cpDNA interferes the [Fe(CN)g]® ~* anion probes from
accessing the electrode surface. The surface density of the
immobilized cpDNA was estimated through determination
of the effective surface area of the electrode and the RuHex
amount bound at the immobilized cpDNA (Fig. S-4 in
Supplementary Material). It is ~5.90 x 10'? molecules cm .
After passivated with MCH, the R value of the electrode
increases to 2990 ) (curve c), indicating that the defects of
the cpDNA layer are passivated. In contrast, capturing tDNA
results in a slight decrease of the R value to 2790 2 (curve d).
The decrease in R, may be the result of an R, increase (due to
the non-conductivity and negative-charge of tDNA), and an
R decrease due to the higher electrical conductivity of
dsDNA than ssDNA. Thereafter, both hybridization of the
iDNA-AuNPs-rpDNA nanoparticles with the captured
tDNA (curve ¢€), and HCR (curve f) leads to the increases of
the R, values to 3290 2 and 3860 (2, respectively. Firstly,
introduction of the nanoparticle complex sterically hinders
the EIS probes from access to the electrode. Secondly, the
negative charges of the introduced DNA electrostatically re-
pels the probes from accessing the electrode surface.

The cyclic voltammograms (CVs) of the electrodes using
[Fe(CN)s]® as a probe are illustrated (Fig. 4b). The bare gold
electrode displays a pair of well-defined redox peaks (curve
a). The peak potential separation (AEp) is 62 mV, indicating a
reversible electrochemical redox reaction of the probe. With
the cpDNA immobilization and MCH passivation, the redox
peak currents decreases from 25.8 Ampere (shorted as A)
(curve a) to 23.6 A (curve b) and 13.7 A (curve c), respective-
ly. These are accompanied by the increases of AEp to 73 mV
and 201 mV, respectively. Both cpDNA immobilization and
MCH passivation decrease the electrode electron transfer
rates. In contrast, hybridization of tDNA with the immobilized
cpDNA results in a very slight increase of the redox peak
currents (14.1 A, curve d). For the iDNA-AuNPs-rpDNA hy-
bridization (curve ¢), and the HCR (curve f) steps, the redox
peak currents slightly decrease to 12.5 A and 11.2 A, respec-
tively. The CV results are in agreement with the above EIS
results.

Feasibility of signal amplification through HCR

HCR can form DNA concatamers with initiation of alternate
assembly of two hairpins in the presence of iDNA. The en-
hancement effect of signal amplification with HCR in com-
parisons to that with our previous biobarcode (i.e. hpDNA) [9]
was then evaluated. The DPV signals of the biosensors in
response to 100 fM tDNA are shown in Fig. 5. The DPV
oxidation peak at the peak potential of ca. -0.28 V is from
the electrochemical oxidation of the intercalated

1.8 -
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1.4 -

Current / pA

124 , , : :
-6 -4 -2 0.0 2
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Fig. 5 The DPV signals in response to 100 fM tDNA of the sandwich
biosensors of various compositions. (a) With iDNA as a biobarcode with-
out HCR (i.e. iDNA-AuNPs-rpDNA/tDNA/MCH-cpDNA/gold), (b)
with hpDNA as a biobarcode (i.e. hpDNA-AuNPs-rpDNA/tDNA/
MCH-cpDNA/gold, (c) with iDNA initiating HCR, forming long DNA
concatamers as biobarcode (i.e. HI/H2/iDNA-AuNPs-rpDNA/tDNA/
MCH-cpDNA/gold). The feeding ratio of iDNA-SH to rpDNA-SH in
preparation of the iDNA-AuNPs-rpDNA was 10:1. The concentration
of cpDNA and tDNA was 107 Mand 10 M, respectively. The incu-
bation time of tDNA as well as iDNA-AuNPs-rpDNA on the electrode
were both 3 h. The HCR time was 2 h. Inset: the corresponding statistic
Ip values with standard deviation as the error bar (independent biosensor
preparation and detection number, n = 3). ** and *** represent that the p
values are less than 0.01 and 0.001, respectively, in the t test

[Ru(NH3)5L]2+ molecules. The DPV signal of the HCR-
based DNA biosensor (curve c) is significantly stronger than
that of the hpDNA-based DNA biosensor (curve b), and con-
ceivably larger than that without the execution of HCR (curve
a). The many long DNA concatamers (about 100-500 bp, as
determined in the above gel electrophoresis measurement)
formed in the HCR process can accommodate much more
[Ru(NH;)sL]** molecules than the 15 bp hpDNA (sequence
shown in Table 1), thus dramatically enhancing the DPV de-
tection signal.

Biosensor optimization and analytical performances

The biosensor fabrication conditions were then optimized.
The DPV detection signals in response to 100 fM tDNA reach
peak values at the HS-cpDNA concentration of 9 x 10°® M
(Fig. S-5A), the iDNA: rpDNA feeding ratio of 10:1 (Fig. S-
5B), and the HCR time of 100 min (Fig. S-5C), respectively.
In contrast, the DPV signals attain to plateaus with the tDNA
incubation time and the iDNA-AuNPs-rpDNA incubation
time increased to 3 h (Fig. S-5D) and 2.5 h (Fig. S-5E),
respectively.

At the optimum fabrication conditions, the analytical per-
formances of the DNA biosensor were evaluated. The DPV
curves for various concentrations of tDNA are illustrated in
Fig. 6a. The semilogarithmic plot of DPV peak current (Ip)
versus the logarithmic tDNA concentration (Cipna) (insets in
Fig. 6a) exhibits two linear ranges: from 0.01 fM to 0.5 fM,
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Fig. 6 DPYV curves recorded from the DNA biosensor, (a) in response to
difference concentrations of tDNA (from curve a to h, the Cipya was 0,
0.01, 0.05, 0.50, 1, 10, 50, and 100 fM, respectively), and (b) in response
to (a) blank PB, (b) 107> M ncDNA, (c) 10 > M mtDNA, and (d)
107" M tDNA. Inset in A: the semilogarithmic plots of Ip vs.
1g(Cipna)- Plot I and Plot 11 in the inset are the two linear ranges with
standard deviation as the error bar, and dotted lines showing 95% confi-
dence intervals. Inset in B: bar plot of the corresponding statistic Ip
values. The repetitive experimental number (i.e. independent biosensor
preparation and detection number, n) was 3. ** and *** represent that the
p values are less than 0.01 and 0.001, respectively, in the t test

and from 1 fM to 100 fM. The regression equations are Ip
(LA)=0.984 4+ 0.053 x 1g(Cipna) (M), and Ip (LA)=7.82+
0.51 x 1g(Cipna) (M), with regression coefficients of 0.9538
and 0.9993, respectively. The lower detection limit (LOD) of
the DNA sensor (S/N =3) is 0.68 x 10 '® M (i.e. 0.68 aM),
much lower than that of our hpDNA-based DNA biosensor (1
M) [9]. The LOD value of the DNA biosensor is compared
with those of some nanostructure-based electrochemical and
electrochemiluminescence sandwich DNA sensors [6, 7, 9,
10, 17] (Table S-2). The DNA sensor reported in this paper
exhibits dramatically higher sensitivity than most of the re-
ported values. The ultrahigh detection sensitivity is attributed
to the triple-amplification strategies: (a) Many iDNA mole-
cules (about 240) are immobilized on each AuNP. (b) Each
single iDNA gives rise to formation of a long DNA
concatamer (about 100 bp — 500 bp long) via HCR. (c) Each
dsDNA chain can be intercalated by many [Ru(NH;)sL]**
probes. This gives a strong electrochemical signal. It is known
that about four bases of dsDNA bind one probe [28]. The

@ Springer

presentation of two linear ranges in the calibration plot (Fig.
6a) should be a result of the ‘semilogarithmic’ scale function.
For reasoning, the plot of Ip versus Cipna is illustrated (Fig. S-
6). It can be seen that the Ip value increases faster at lower
Cipna- This phenomenon is very often and reasonable for
chemical/biological analysis. At low substrate/analyte con-
centration, their conversion ratio, here the DNA hybridization
efficiency, is higher than that at high substrate concentration.
However, in the ‘semilogarithmic’ plot, the ‘logarithmic’
function of the Cpna does not reflect an equidifferent scale.
Atlow Cipna value, the ‘Cipna difference’ for the same value
of ‘logarithmic difference’ is much smaller than that at high
Cipna Vvalue, resulting in a lower linear slope at the low
1gCipna Value in the ‘semilogarithmic’ plot.

The selectivity of the HCR-based sandwich DNA sensor
was evaluated by detecting the control DNA sequences (Fig.
6b) and some human serum components (Fig. S-7), including
107> M ncDNA, 10> M mtDNA, 10 mg mL ™' HSA,
4.4 mM glucose, 10.0 mM AA, and 10.0 mM dopamine.
The DPV signal towards the ncDNA is very small (Ip,
69.7 nA). The intensity is similar to that towards the blank
sample (63.6 nA). For the mtDNA, the detection signal is
127.8 nA, about twice the signal towards the ncDNA, but
one-tenth of that towards the complementary tDNA
(1.39 pA). The DPV signals towards the human serum com-
ponents are similar or less than that towards the blank sample.
These results indicate that the DNA sensor exhibits very good
sensing selectivity to tDNA. One single mismatched DNA can
be differentiated from the complementary tDNA. The signal
molecule [Ru(NH;3)sL]** binds with the H1/H2/iDNA-
AuNPs-rpDNA/tDNA/MCH-cpDNA biosensor interface
mainly through dsDNA intercalation binding mode [9], thus
can greatly reduce background noise and interferences. The
sample detection time with the DNA biosensor is about 7 h.
This detection time is not very ideal, but acceptable for clinical
diagnosis. Further improvement for DNA biosensor design
and fabrication is ongoing in our group.

Conclusions

An ultrasensitive and selective electrochemical biosensor for
detecting DNA sequences has been developed. The biosensor
achieves the high sensitivity by multiplying three amplifica-
tion strategies: AuNPs serving as the nano-substrate for im-
mobilization of high amount iDNA; HCR converting the
iDNA to long dsDNA concatamer; electrochemical active sig-
nal molecule [Ru(NH;)sL]** intercalating into dsDNA with
multiple intercalators on each dsDNA chain. In addition, di-
rect intercalative binding of the [Ru(NH;)sL]** signal indica-
tor obviates complicated covalent modification procedures in
biosensor fabrication, and minimizes background and interfer-
ences in detection. This ultrasensitive DNA biosensor should
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be able to detect H. pylori in physiological samples, and the
sensor fabrication approach may provide a general platform
for detection of various interest DNA in many important
applications.
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