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ABSTRACT: The spatial arrangement of DNA probes on the
electrode surface is of critical significance for the performance
of electrochemical biosensors. However, rational control of the
probe surface remains challenging. In this work, we develop a
capture probe carrying a poly-adenine anchoring block to
construct a programmable self-assembled monolayer for a
“sandwich-type” electrochemical biosensor. We show that with
a co-assembling strategy using a polyA capture probe and 6-
mercapto-1-hexanol, the density of the probes on the gold
electrode can be simply adjusted by the length of polyA. The
electron-transfer effect and thus the hybridization efficiency
can as well be optimized by tuning the polyA length. As a result, we obtained an excellent biosensor performance with a limit of
detection as low as 5 fM for a synthetic DNA target. We demonstrate the practicability of this system by analyzing a PCR product
from Escherichia coli genomic DNA (0.2 pg/μL). On the basis of the ideal electrochemical interface, our polyA-based biosensor
exhibited excellent reusability and stability, which is important for potential applications in the onsite analysis for a wide range of
targets.
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1. INTRODUCTION
Electrochemical nucleic acid biosensors (E-biosensor)1−5 have
attracted growing research interest as promising tools for
quantitative analysis in many important areas including clinical
diagnosis,6−10 microbiological detection,11 antibioterrorism,
and environmental monitoring.12,13 They show unique
advantages such as high sensitivity, high specificity, low cost,
and good portability.14−25 For the construction of a typical
electrochemical DNA biosensor,26,27 a recognition DNA probe
is immobilized onto the electrode to capture the target DNA
molecules through specific hybridization, and subsequently, the
biosensor will transduce the presence of the target DNA to an
electrochemical signal. It is well-recognized that the perform-
ance of the sensors is highly dependent on the spatial
arrangements of the self-assembled monolayer (SAM) of
DNA probes on the electrode surface. In recent decades,
many biosensing strategies have been focusing on building well-
organized DNA SAMs,28 including antibiofouling SAM,29

biotin−avidin SAM,30 and SAM on the nanoscale electrode.31

Especially, the thiolate DNA (SH-DNA) SAM on the gold

electrode has been intensively studied.32−34 For example, Fan’s
group35 demonstrated that the hybridization efficiency was
highly dependent on the well-ordered upright conformation
SH-DNA probes and the electron-transfer rate was highly
related to the density of the DNA monolayer.33 Nevertheless,
critical obstacles still remain for rational control of the SAM
organization, which restrict further improvements of the
performance of DNA biosensors.
Recently, consecutive adenines (polyA) have been exploited

to assemble oligonucleotides on the gold surface with a high
affinity comparable to Au−S chemistry.36−41 Pei et al. reported
a polyA-mediated strategy for DNA assembly on gold
nanoparticles (AuNPs) with precise amount regulation and
well-organized upright conformation.42 Later, near-unity yields
of nanoparticles with fixed valences or even monovalence were
obtained by tuning the length of polyA,11 indicating the strong
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controllability of the DNA arrangements on the gold surface.
Since then, the polyA−AuNP assembly strategy has been
successfully adopted in biosensors targeting DNAs40,43 and
microRNAs44,45 or in applications for intracellular delivery of
functional nucleic acids.46

However, when applied to an electrochemical platform, the
poor electron-transfer efficiency of the pure polyA SAM
seriously hindered the signal-to-noise ratio (S/N) of the
electrochemical biosensor. To develop a polyA-based electro-
chemical interface, in this work, we designed a novel polyA-
based capture probe (polyA-P) consisting of a recognition part
and a polyA anchoring block, toward a sensitive “sandwich-
type” electrochemical biosensor. As a novel kind of label-free
interface on the gold electrode surface, the electrochemical
performance of the polyA-based SAM was systematically
studied. First, different co-assembling molecules including a
short oligo of five consecutive adenines (A5) and 6-mercapto-1-
hexanol (MCH) were compared to achieve the optimized
electron-transfer efficiency. Second, the surface density of the
capture probe was precisely modulated by varying the length of
the polyA block of the probe. On the basis of a series of
optimization studies, we successfully developed a polyA-based
electrochemical biosensor, which was applied in the analysis of
a fragment of Escherichia coli (E. coli) genomic DNA, with a
limit of detection (LOD) of 5 fM, and impressively, the
practicability was as well demonstrated by analyzing a complex
PCR product.

2. EXPERIMENTAL SECTION
2.1. Reagents. Tris(hydroxymethyl)aminomethane was purchased

from Cxbio Biotechnology Ltd. Hexaammineruthenium(III) chloride
([Ru(NH3)6]

3+, RuHex), potassium ferricyanide (K3Fe(CN)6), ethyl-
enediaminetetraacetic acid (EDTA), and MCH were purchased from
Sigma-Aldrich (St. Louis, MO). The 3,3′,5,5′-tetramethylbenzidine
(TMB) substrate was purchased from Neogen in the format of a
ready-to-use reagent (TMB substrate, H2O2 included). The avidin-
horseradish peroxidase (avidin-HRP) was purchased from eBioscience
(San Diego, CA). The diluent buffer was purchased from Fitzgerald
Industries International (Acton, MA). The genomic DNA extraction
kit was purchased from Tiangen Biotech (Beijing) Co., Ltd. The E. coli
strain Dh5α, dNTP mixture, Ex Taq DNA polymerase, and 10× Ex
Taq buffer were from Takara. All solutions were prepared in Milli-Q
water (18 MΩ·cm resistivity) without further purification. All

oligonucleotides were synthesized and purified by Invitrogen Inc.,
and the DNA sequences are shown in Table 1.

2.2. Preparation of the PolyA-P/MCH SAM on Electrode.
Gold electrodes were cleaned following one of our reported work,26

and then, the cleaned electrodes were incubated in immobilization
buffer (pH 7.4, 10 mM Tris·HCl, 1 mM EDTA, 1 M NaCl) containing
polyA-P of appropriate concentrations overnight under room
temperature. Then, the polyA-P-modified electrodes were treated
with 0.1 mM MCH to construct the interface of polyA-P/MCH SAMs.
The prepared electrode was then stored in TE buffer at 4 °C overnight
before being applied for DNA analysis.

2.3. Electrochemical Measurements. Step 1, the target DNA
was mixed with the biotinylated reporter probe (500 nM) in 10 mM
TE buffer (pH 7.4, 10 mM Tris·HCl, 1 mM EDTA) containing 1 M
NaCl for 5 min under 80 °C and then cooled down to room
temperature for 20 min. Step 2, the electrode with certain SAM was
immersed into 150 μL solution from step 1 under 37 °C for 2 h, for
the hybridization between the polyA-P and the target. Step 3, the gold
electrode was rinsed with the washing buffer (pH 7.4, 10 mM Tris·
HCl, 1 mM EDTA containing 0.1 M NaCl) and dried lightly with N2
and then incubated with 3 μL of avidin-HRP (0.5 U/mL) for 15 min
at room temperature. Finally, the sensors were rinsed again with a
washing buffer.

A CHI 630 electrochemical workstation (CH Instruments Inc.,
Austin) was applied for the cyclic voltammetry (CV), amperometry
(I−t), and chronocoulometry (CC) analyses, and an Autolab TYPE III
(Metrohm Autolab Ltd., Switzerland) was applied for the electro-
chemical impedance spectroscopy (EIS) analysis. The classic three-
electrode system was used throughout the experiments following a
reported protocol.57 Particularly, CC was carried out at a pulse period
of 250 ms and pulse width of 700 mV, and the electrolyte buffer was
thoroughly purged with N2 before CC experiments. EIS measurement
was performed in 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) containing
0.1 M KCl by applying an alternating current (ac) voltage of 5 mV
amplitude in a frequency range from 0.01 Hz to 100 kHz under open
circuit potential.

3. RESULTS AND DISCUSSION

3.1. Design of PolyA-Based DNA Sensors. In this work,
we developed a novel two-dimensional (2-D) DNA probe
assembling strategy for the construction of a “sandwich-type”
DNA biosensor on a gold electrode through the strong
combination between polyA and gold surface, and the strategy
is illustrated in Figure 1. A key element of our biosensor was
polyA-P that consisted of two parts: a recognition block which
could specifically capture the target DNA through hybridization

Figure 1. Schematic illustration of the polyA-based electrochemical DNA biosensor.
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and an anchoring block consisting of polyA which could
combine to the gold electrode surface with an affinity
comparable to the thiol group. Our novel label-free SAM was
conveniently obtained under much lower economic cost, and of
particular significance, the surface density of the probe can be
easily controlled by varying the length of the polyA block. In
the presence of the target DNA, the capture probe and the
biotinylated reporter probe formed a sandwich-like structure on
the gold electrode surface, and then, the biotin-labeled reporter
probe could specifically capture an avidin-HRP. With the help
of a commercially purchased TMB co-substrate (H2O2
contained), the HRP enzyme could produce an enzyme
catalytic signal that is quantitatively related to the amount of
target DNA.
3.2. EIS Characterization of the SAM. To investigate the

establishing process of the polyA-based biosensor, EIS was
performed after each step of the experiment in the solution of a
classic electrochemical probe [Fe(CN)6]

3−/4−. The equivalent
circuit (the inset of Figure 2) was chosen to calculate the

obtained impedance data. The components in the equivalent
circuit included the charge-transfer resistance (Ret), Cdl related
to the interfacial double layer capacity, the diffusion impedance
(Zw), and the solution resistance (Rs). Ret of the electrode
accounts for the diameter of the semicircle in the Nyquist plot.
Figure 2 shows the results in the form of Nyquist plots. The
EIS of bare gold electrode exhibited a quite low electron-
transfer resistance (Ret = 0.5 kΩ, Figure 2a), indicating a very
fast electron transfer. When polyA-P was immobilized onto the
electrode surface, the EIS dramatically increased (Ret = 9.2 kΩ,
Figure 2b) because of an increased density of negative charge
and consequently increased electrostatic repulsion for [Fe-
(CN)6]

3−/4− anions. Subsequently, the resultant electrode
surface was treated with MCH, leading to an obvious decrease
of the electron-transfer resistance (Ret = 6.5 kΩ, Figure 2c),
which was attributed to the competitive displacement of the
unspecific adsorption of DNA molecules. Finally, the complex

of target DNA and reporter probe was added to the polyA-P-
covered electrode, and accordingly, we observed that the
electron-transfer resistance increased (Ret = 8.3 kΩ, Figure 2d),
indicating a fact that the hybridization brought a higher density
of negative charge. Interestingly, when the polyA-P-modified
gold electrode was treated with A5 instead of MCH, the
electron-transfer resistance was even higher than polyA-P (Ret =
11.0 kΩ, Figure 2e), probably because a more compact
negatively charged monolayer was formed that insulted the
Fe(CN)6]

3−/4− anions from the electrode surface with the
addition of A5.

3.3. Construction of PolyA-Based SAM. 3.3.1. Co-
Assembling of MCH for Optimized Electron-Transfer Effect.
In previously reported studies, polyA-DNA has shown the
capability to precisely control its density, orientation, and
conformation on the surface of the nanogold particles
(AuNPs), which greatly facilitates the hybridization with the
target. However, when applied in the electrochemical analysis,
the poor electron-transfer effect was found to be a critical
disadvantage toward a highly sensitive biosensor, maybe
because the compact layer of DNA molecules (∼2 nm)
hindered the TMB substrate from penetrating the SAM and
contacting the electrode surface. Thus, in our work, two
different co-assembling molecules (MCH and A5) were tested
and compared using different analysis methods for a better
electron-transfer effect:

3.3.2. CV Investigation of Different SAMs. When CV was
performed, TMB exhibits two pairs of characteristic redox
peaks on the bare gold electrode; however, when polyA-P was
immobilized onto the gold electrode, the reduction peak at
about 0.3 V decreased dramatically, indicating the fact that the
electron transfer was impeded (Figure 3A, blue line). Then, a
very similar electrochemical performance was also achieved
when we immobilized A5 (3′-AAAAA-5′) together with the
polyA-P on the electrode surface (polyA-P/A5) (Figure 3A, red
line). In comparison, when the electrode was modified with a
mixture of polyA-P and MCH, two pairs of well-defined peaks
corresponding to the reduction and oxidation of TMB were
observed (Figure 3A, black curve), probably because MCH
competitively prevented or removed the unspecific adsorption
on the surface and helped the polyA probes to keep upright on
the electrode surface, and thus improved the electron-transfer
efficiency on the electrode surface (Figure 3D).

3.3.3. Electron-Transfer Rate of Different SAMs. The
electron-transfer rate of different SAMs in our research was
then further investigated by CV in 10 mM K3Fe(CN)6
containing 0.1 M KCl. All the CV curves are shown in Figure
S1. With the scan rate increased, the redox peak currents (ip) of
the gold electrodes increased accordingly, accompanied by an
enlarged peak-to-peak separation (ΔEp). With increased CV
scan rate between 100 and 600 mV/s, the redox peak current
increased linearly with the scan rate, indicating a typical surface-
controlled electrode process. According to Laviron’s equation:
ks = mnFv/RT,47 where m is a parameter related to the peak-to-
peak separation, F is the Faraday constant, R is the gas constant,
T is the temperature, and n is the number of electrons
transferred, the electron-transfer rate constant value ks was
estimated to be 0.65 s−1 for bare gold electrode, 0.01 s−1 for
pure polyA-P-modified electrode, 0.07 s−1 for polyA-P/MCH-
modified electrode, and 0.01 s−1 for polyA-P/A5-modified
electrode, indicating the effect of MCH for an obviously
optimized electron-transfer rate, which is consistent with the
CV curve analysis in the last part.

Figure 2. The Nyquist plot for electrochemical impedance measure-
ments performed at different steps on gold electrode: (a) bare gold,
(b) after polyA-P assembling (the length of polyA fragment is 30 nt in
this experiment), (c) after the MCH passivation (polyA-P/MCH), (d)
after the addition of target DNA and reporter probe (polyA-P/MCH/
target/reporter probe), and (e) MCH was replaced with A5 in the
passivation step (polyA-P/A5). All the experiments were performed in
5 mM K3[Fe(CN)6]/K4[Fe(CN)6] solution containing 0.1 M KCl.
The concentration of the target DNA was 1 nM.
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3.3.4. Optimization of MCH Deposition Time. Next, the
MCH deposition time was further studied to achieve an
optimized molecular ratio between the DNA probe and MCH
on the electrode surface. In this part, the analysis effect was
evaluated by analyzing 1 nM target under different MCH
modification time while all other experiment conditions were
fixed. As shown in Figure 3C, when MCH was added to the
surface with increased reaction time from 10 to 60 min, the
background decreased dramatically because MCH replaced
most of the unspecific adsorption of DNA and enzyme, and
meanwhile, the signal slightly decreased after 10 min maybe
because some polyA-Ps were replaced by MCH molecules.
Finally, we obtained the highest S/N when the MCH reaction
time was 30 min, which was then adopted as the optimized
experiment condition during all the following research.
3.3.5. I−t Analysis Performance of Different SAMs. Finally,

when 1 nM target DNA was analyzed by utilizing I−t analysis

with three different SAM (polyA-P/MCH, pure polyA-P, and
polyA-P/A5), a significantly better S/N was achieved with the
polyA-P/MCH sensor, which was at least 15-folds higher than
that from the other two SAMs (Figure 3B). This result
suggested the better electrochemical performance of the MCH-
modified SAM.

3.4. Optimization of PolyA-P Assembling. 3.4.1. Length
of the PolyA Tail. The surface density of the capture probe on
the electrode is recognized as an important factor for the DNA
hybridization efficiency; thus, in this work, the density of polyA-
P was systematically studied by varying the length of the polyA
block in the capture probes, toward an optimized performance
of our biosensor.
The assembling density of polyA-P on the gold electrode was

determined using a reported method.48 Exactly as expected, the
surface density decreased from 2.1 to 0.4 pmol/cm2, when the
length of the polyA block in the capture probe was increased

Figure 3. (A) CV curves of TMB on electrode covered with: pure polyA-P (blue curve), polyA-P together with A5 (red curve), and polyA-P together
with MCH (black curve); (B) I−t analysis results of 1 nM target DNA based on different SAMs. Error bars represent standard deviation (SD) of
three repetitive experiments; (C) analysis results of 1 nM target DNA using different MCH deposition time; and (D) schematic illustration of the
MCH co-assembling.

Figure 4. (A) Analysis results of 1 nM target DNA and blank using polyA-P with different lengths of polyA block (5, 10, 20, and 30 nt, respectively).
(B) Analysis results of target DNA (100 pM) and blank using varied concentrations of polyA30-tailed capture probes. Error bars are SD of three
repetitive experiments using three different electrodes.
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from 5 bases to 40 bases (Figure S2) because more surface area
was occupied by the polyA blocks of the capture probes on the
electrode.
When a sample of 1 nM target DNA was utilized to

investigate the analysis performance of the biosensor with the
polyA length gradually increasing from polyA5 to polyA30, the
current signal increased accordingly, which is a result of the
better hybridization efficiency due to lower surface density. On
the other hand, the background signal roughly decreased when
the length of the polyA tail increased (Figure 4A), and finally,
the highest S/N value was achieved with polyA30.
3.4.2. Concentration of PolyA30 Capture Probe (PolyA30-

P). Then, we studied the concentration of polyA30-P which
affected the final amount of capture probes on the electrode. As
shown in Figure 4B, when the concentration of polyA30-P was
increased, with an inevitable result of increased surface density,
the electrochemical signal decreased accordingly, which was
highly consistent with the study above. Finally, the highest S/N
value was achieved with 0.1 μM polyA30-P; thus, in the
following experiments, 0.1 μM polyA30-P was employed as an
optimized condition.
3.5. Detection Performance of PolyA-Based DNA

Sensors. 3.5.1. Sensitivity of the PolyA-Based DNA Sensor.
Under the optimum conditions described above, we inves-
tigated the sensitivity of our biosensor in the presence of
different concentrations of target DNA. As shown in Figures 5

and S3, the electrochemical current signal obviously increased
with the increase of the target DNA concentration ranging from
10 fM to 1000 pM (six orders of magnitude). The inset
histogram in Figure 5 shows the signal gain for low-
concentration targets: the electrochemical current signal has a
good linear relationship with the logarithm of target DNA
concentration from 0.01 to 1 pM, with a linear correlation
coefficient (R2) of 0.988: y = 26.4 lg x + 109.6, where x is the
concentration of DNA and y is the electrochemical current
signal. The LOD was thus calculated to be 5 fM, when x = S0 +
3δ (S0 = 31.73 nA is the background signal and δ = 5.56 nA is
the SD of S0).

3.5.2. Regeneration and Stability of the PolyA-Based DNA
Sensor. Regenerability and stability are considered as important
indicators for the practicability of a biosensor. To test the
regeneration of our biosensor, an electrode, which has been
used once for the analysis, was treated with urea solution (8 M)
to break the DNA duplexes on the electrode surface and then
applied again for the analysis of 1 nM target DNA sample, and
the whole process was repeated and recorded several times. As
shown in Figure 6, we compared the results from each
regeneration step, and two main results are worth noting: (1)
equivalent level of current signal could be recovered for at least
four times after every “urea-cleaning” and “re-hybridization”
operation, which strongly proved the fact that the conformation
and amount of the capture probes on the electrode surface was
perfectly maintained during the regeneration process. (2) The
background signal decreased to lower than 15 nA, which was
even better than the blank signal before hybridization,
indicating that the DNA duplex and HRP enzyme were
adequately removed by conveniently incubating in urea
solution.
For stability investigation, the polyA30-P/MCH-modified

electrode was stored in TE buffer under 4 °C for 7 days and
then applied it for the analysis of 1 nM target. The current
signal was found to be impressively stable with only slight signal
attenuation (less than 10%), and the SD of the group of
electrodes after 7-day storage was only 120 nA (Figure 6B).
Benefitting from the strong combination between polyA and
the gold electrode and the optimized interface status of the
SAM, we successfully achieved excellent stability and
reproducibility of our biosensor, which is important for the
reliability and economic cost.

3.5.3. Analysis of the PCR Product from Bacterial DNA.
Finally, we investigated the practicability of our biosensor by

Figure 5. Detection results of target DNA using our DNA sensor. The
inserted histogram is the analysis result of low-concentration DNA,
and a buffer solution was analyzed for the blank signal. Error bars are
the SD across three repetitive experiments using three different
electrodes.

Figure 6. (A) Regenerability test results of the polyA-based DNA sensor with 1 nM target DNA: (1) first-round detection, (2) first-round
regeneration, (3) second-round detection, (4) second-round regeneration, (5) third-round detection, (6) third-round regeneration, (7) fourth-round
detection, and (8) fourth-round regeneration. (B) Stability test results of the polyA-based electrochemical DNA sensor with 1 nM target DNA: the
left column was the initial result and the right column was the result from an electrode, which has been stored for 7 days at 4 °C.
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detecting the PCR product, and the E. coli DH5α genomic
DNA was used as the template. In this work, asymmetric PCR
was employed to produce a 250 nt single-strand DNA (ssDNA)
following a reported protocol.49 As shown in Figure 7, when

PCR amplicons from different levels of genomic DNA template
was analyzed by our biosensor, the current signal increased
along with the increase of the template concentration, and as
few as 0.2 pg/μL DNA template in 100 μL unpurified PCR
product was successfully detected, which was at least 4 orders
of magnitude lower than the conventional electrophoresis
(Figure S4). The results strongly demonstrated the promising
potential in the fast analysis for pathogenic microorganism
DNA.

4. CONCLUSIONS
In summary, we constructed a novel electrochemical biosensor
interface, based on the high adenine−gold adsorption affinity,
which was successfully applied for the development of a simple,
economical, and sensitive electrochemical DNA biosensor. In a
considerable number of reported studies, the polyA-based
assembling process has been adopted on different analysis
platforms, including X-ray photoelectron spectroscopy (XPS),
colorimetric,50 fluorescence,51 electrochemiluminescent
(ECL),52 and Raman methods,53 but when applied for the
electrochemical DNA analysis, several critical issues were found.
First, different co-assembling molecules were systematically
studied among polyA-P, A5, and MCH, toward an optimized
electron-transfer effect, through comparison of the CV curves,
electron-transfer rate, and finally S/N ratio, the obvious
superiority of the polyA-P/MCH SAM was strongly demon-
strated; second, by varying the numbers of polyA in the capture
probe, we modulated the surface density on electrode and
successfully improved the hybridization efficiency.

Importantly, several critical experiment conditions were
optimized, including the reaction time of MCH and the
concentration of the capture probe. Finally, excellent biosensor
performance was obtained for the polyA-based electrochemical
biosensor. Our polyA-based electrochemical biosensor success-
fully achieved an LOD as low as 5 fM, which is quite
competitive in electrochemical DNA biosensors using similar
“sandwich-type” strategies (Table 2), and excellent practic-
ability was demonstrated by analyzing a PCR product from E.
coli genome with the template level of 0.2 pg/μL, and we
believe the analysis capability could be further improved by
introducing signal amplification strategies including nanoma-
terials and RCA probes. On the basis of the ideal electro-
chemical interface, our polyA-based biosensor exhibited
excellent reproducibility and stability, which we believe
endow the strategy with great potential for onsite analysis.
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