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Atom transfer radical polymerization as a form of controlled/living radical polymerization is particularly
attractive. In this work, dual atom transfer radical polymerization (ATRP) is reported for ultrasensitive
DNA detection. Firstly, a peptide nucleic acid (PNA) modified with a thiol group was self-assembled on
an electrode surface to capture target DNA (TDNA). The initiator of the first ATRP (ATRP-1),
a-bromoisobutyric acid (BIBA), was linked to forming PNA/DNA heteroduplexes via coordination of
Zr4+. The polymer chain formed by the monomer of ATRP-1 (2-(2-bromoisobutyryloxy) ethyl methacry-
late, BIEM) was also one of initiators of the second ATRP (eATRP-2). The other initiator of eATRP-2 was
additional BIBA. ATRP-1 involves activator regeneration by electron transfer (ARGET) ATRP, regulated
via excess reducing agent. eATRP-2 is electrochemically mediated ATRP which can control the polymer-
ization via an appropriate applied potential. Compared with one ATRP, more monomers of eATRP-2 mod-
ified with ferrocene are attached to electrode surface. Under optimal conditions, this dual ATRP strategy
provides a low limit of detection (25 aM, ~150 molecules) with satisfactory selectivity and stability.
Importantly, this strategy presents a useful prospect for the field of biomolecule detection.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

The term biomarker generally refers to measurable biomole-
cules for diagnosis and prognosis [1]. Real-time monitoring of
biomarkers may be of great help for the early diagnosis of a range
of diseases [2]. Nevertheless, disease-related nucleic acids are at
extremely low levels in the early stages of a disease. Also, diagnos-
tic devices need to be portable, highly sensitive and inexpensive in
practical applications. A biosensor is usually applied to detect bio-
molecules quantitatively, and has powerful practicability due to its
advantages of miniaturization, low cost and high sensitivity [3].
Therefore, it has always been a focus in the field of analytical
chemistry. For the above reasons, it is also of great significance
to improve the sensitivity of biosensor for biomolecules detection.

Over the years, many strategies have been proposed to improve
the sensitivity of a biosensor. The ways for improving the detection
signal commonly use catalytic labels, nanoparticles and polymeric
electroactive probes [4–6]. Amongst those strategies, the introduc-
tion of polymeric electroactive probes is a direct way to achieve
signal amplification. Radical polymerization is one of widespread
ways of forming polymeric materials. Macromolecules with
uniform size and predetermined molecular weight are synthesized
via surface-initiated controlled/living radical polymerization
(SI-CRP) [7–9]. Amongst those radical polymerization techniques,
atom transfer radical polymerization (ATRP) is widely applied for
surface modification by virtue of its precisely controlled molecular
weight and unprecedented control over polymerization [10,11].
More importantly, the length of polymeric chains is uniform
because of the relatively low disparities (Mw/Mn < 1.1) of ATRP
[12]. It is worth noting that many efforts have been made to reduce
the usage of metal catalyst, and the essential issue is the regener-
ation of activator (metal complex with lower oxidation state) from
deactivator which is metal complex with higher oxidation state.
Activator regeneration by electron transfer (ARGET) ATRP is that
deactivator continuously accumulated in the reaction system is
reduced to activator by using excess reducing agent [13–15]. Fur-
thermore, many ways can be utilized to regulate ATRP, and electro-
chemically mediated ATRP (eATRP) is particularly outstanding
from those methods [16–20]. An applied potential is provided via
electrochemical technologies to start ATRP, and high valence metal
cation is reduced to low valence metal cation in-situ [21]. Thus, the
amount of metal catalyst in this system can be well controlled via
applied potential to reduce the use of metal catalysts. More impor-
tantly, eATRP can also improve the oxygen tolerance during an
eATRP process [22]. Recently, eATRP has developed rapidly in
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surface modification [23,24], and ATRP reacted in aqueous solvent
has greatly promoted the functionalization of biomolecules [25].
Therefore, eATRP can be utilized to achieve ultrasensitive detection
of biological molecules via introducing a large number of electroac-
tive probes. Bontempo et al. reported a protein-polymer conjugate
complex via streptavidin as the initiator of ATRP [26]. Yuan and co-
workers have proposed an immunosensor to achieve ultrasensitive
detection of TNF-a based on surface-initiated ATRP [27].

Inspired by the above opinion, we demonstrated a novel strat-
egy to achieve highly sensitive DNA detection by dual ATRP in this
work. A thiolated peptide nucleic acid (PNA) is modified onto an
electrode surface by Au-S to capture TDNA. The first ATRP (ATRP-
1) is (ARGET) ATRP, and the initiator of ATRP-1(a-
bromoisobutyric acid, BIBA) is introduced to the electrode surface
by phosphate-Zr4+-carboxylate chemistry. The external stimuli of
ATRP-1 is reducing agent, and high valence metal catalyst is
reduced to low valence metal catalyst via ascorbic acid. More
importantly, the polymeric chains formed by ATRP-1 monomer
(pBIEM) are also one of initiators of the second ATRP (eATRP-2).
The polymeric chains (pBIEM) and extra BIBA are both used as
eATRP-2 initiators. eATRP-2 is activated via electrochemical tech-
niques. Compared with one ATRP [1], more monomers modified
with electroactive probes are attached to the electrode surface.
The sensitivity of electrochemical DNA biosensor has been extre-
mely improved, and the selectivity and practicality in human
serum is satisfactory. Moreover, it has relatively clinical applicabil-
ity due to the advantages of low cost and portable.
2. Experimental section

2.1. Materials and reagents

The details was seen in the Supplementary Material.

2.2. Apparatus

The details was seen in the Supplementary Material.

2.3. Preparation of this DNA electrochemical biosensor

The pretreatment of Au electrode was according to our previous
work [28]. PNA (0.5 lM, 5.0 lL) was dropped onto an Au electrode
surface, and the electrode was kept at 37 �C for 1.5 h, following by
rinsing with ultrapure water. The PNA-modified electrode was
immersed into 2.0 mM MCH which was dissolved in 70% ethanol
at 37 �C for 0.5 h to block the nonspecific binding sites. After wash-
ing with 70% ethanol and ultrapure water respectively, TDNA
(10 lL) was added onto the electrode surface, and the electrode
was incubated at 37 �C for 1.5 h to form PNA/DNA heteroduplexes.
Subsequently, the modified electrode was washed with Tris-HCl
buffer to remove the unhybridized TDNA. Afterwards, 5.0 mM
ZrOCl2 dissolved in 10% ethanol was used to incubate electrode
at 37 �C for 15 min, following by washing with 10% ethanol and
ultrapure water. Then the electrode was immersed into 1.0 mM
BIBA at 37 �C for 0.5 h to attach the ATRP-1 initiator to the PNA/
DNA heteroduplexes. Hereafter, 15% ethanol and ultrapure water
were used to remove the unbound initiator. The electrode was
immersed into 400 lL of ATRP-1 cocktail at 37 �C which contained
20 mM AA, 10 mM BIEM and 10 mM Cu(II)Br/Me6TREN to intro-
duce the ATRP-1 monomer (BIEM). The electrode was washed with
DMF and ultrapure water. Then, the electrode was immersed into
the eATRP-2 cocktail which contained 8.0 mL of 0.1 M KPF6,
0.1 mL of 10 mM Cu(II)Br/Me6TREN, 0.1 mL of 10 mM FMMA and
1.8 mL DMF, and the electroactive probe (FMMA) was attached
to the electrode surface via eATRP-2. eATRP-2 is stimulated under
a potentiostatic condition. Immediately, LSV (Potential range: 0 V
to 0.2 V; Scan rate: 1.0 V s�1) was applied to treat electrode, then
DMF and ultrapure water were used to rinse electrode surface to
remove residual Cu(0) and FMMA. Finally, 1.0 M LiClO4 as support-
ing electrolyte was employed to monitor the oxidation current of
FMMA via SWV and the potential range was 0 V–0.6 V [29]. The
construction process of this DNA electrochemical biosensor was
illustrated in Schematic 1.
3. Results and discussion

3.1. The principle of this biosensor

In this work, PNA was employed as immobilized probe to cap-
ture TDNA. The affinity of PNA/DNA heteroduplexes is higher than
DNA/DNA double helix due to weaker electrostatic repulsion in
PNA/DNA heteroduplexes than that in DNA/DNA double helix. It
was note that PNA was without phosphate groups which guaran-
teed that Zr4+ was only attached to TDNA. Subsequently, the initia-
tor of ATRP-1 was introduced to the electrode surface via
phosphate-Zr4+-carboxylate chemistry, then dual ATRP began.

The mechanism of dual ATRP was illustrated in Schematic 2.
ATRP-1 was (ARGET) ATRP which was chemical stimuli to modu-
late ATRP. In the initiation of (ARGET) ATRP, deactivators (Cu(II)
Br/Me6TREN) were reduced to Cu(I)/Me6TREN by excess reducing
agent (AA) to activate polymerization, meanwhile, AA was oxidized
to dehydroascorbic acid (DHA) [30,31]. In the chain extension of
(ARGET) ATRP, activators (Cu(I)/Me6TREN) snatched the halogen
atom of dormant alkyl halides initiators (BIBA, R-Br)13. Then, initi-
ating radicals (R�) were produced via this reaction, and Cu(I)/
Me6TREN was once more oxidized to Cu(II)Br/Me6TREN [32]. The
produced Cu(II)Br/Me6TREN was reduced by AA to regenerate Cu
(I)/Me6TREN. Thus, Cu(I)/Me6TREN activators were continuously
regenerated via excess AA, and excess reducing agent also
improved the oxygen tolerance of ATRP-1. ATRP-1 monomers
(BIEM) were introduced to the electrode surface via R� propagating
with BIEM and terminating to form polymer (pBEIM, Rn-Br), and
pBEIM (Rn-Br) also acted as one of initiators of eATRP-2.

eATRP-2 was based on electrochemistry to regulate ATRP pro-
cess. In the initiation of eATRP, Cu(II)Br/Me6TREN were electro-
chemically reduced to Cu(I)/Me6TREN in situ via accepting an
electron to start polymerization under a negative potentiostatic
condition [33,34]. In this process, electron was employed as ‘reduc-
ing agents’ which could prevent the byproducts during the regen-
eration of activator. In the chain extension of eATRP, the halogen
atom of dormant species were seized by Cu(I)/Me6TREN, and then
Cu(II)Br/Me6TREN was produced and returned back to eATRP cock-
tail, then Cu(I)/Me6TREN regenerated by electrochemical method
[1]. Pn� reacted with FMMA, and numerous electroactive probes
were introduced to electrode surface [28]. It was worth noting that
dormant species in eATRP-2 included Rn-Br forming in ATRP-1 and
extra dormant alkyl halides initiators (BIBA, R-Br). A dynamic equi-
librium was established between dormant species (Rn-Br or R-Br)
and propagating radicals (Pn�) [29]. The above reactions were
repeated, and long polymeric chains formed. Propagating radicals
(Pn�) reacted with monomers (FMMA) and terminated to form
polymeric chains.
3.2. The characterizations of this electrochemical DNA biosensor

Selection of an appropriate applied potential (Eapp) is primary to
activate eATRP-2 for reducing Cu(II)Br/Me6TREN to Cu(I)/Me6TREN.
CV was employed to acquire Eapp in eATRP cocktail before eATRP-2.
In Fig. 1A, two pairs of redox peaks were shown which might
respectively represent the redox of Cu(II) and FMMA. The potential



Schematic 1. The illustration of construction process of this DNA electrochemical biosensor.

Schematic 2. The illustration of mechanism of this dual ATRP.
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(�0.52 V) was chosen as the Eapp, which could be seen from Fig. 1A.
The cathode peak potential (�0.52 V) was the reduction potential
of Cu(II) to Cu(I). At a more negative Eapp, more Cu(II)Br/Me6TREN
could be reduced to Cu(I)/Me6TREN at the electrode surface,
according to Eq. (1):
Eapp ¼ EO þ RT
F

ln
CuðIIÞ
CuðIÞ ð1Þ

where Eo represents the standard potential (or half-wave potential)
of the Cu(II)/Cu(I) couple [1], R and F is respectively gas constant



Fig. 1. (A) CVs of the PNA/MCH/TDNA/Zr4+/BIBA/BIEM-modified Au electrode. Supporting electrolyte was eATRP cocktail. (B) SWVs of the PNA/MCH/TDNA/Zr4+/BIBA/BIEM/
FMMA-modified electrode (a, black line), and in the absence of PNA (b, red line), TDNA (c, green line), Zr4+ (d, blue line), BIBA (e, cyan line), BIEM (f, magenta line), Cu(II)Br/
Me6TREN-1 (g, yellow line), AA (h, dark yellow line), Cu(II)Br/Me6TREN-2 (I, navy line) or FMMA (j, purple line). (C) CVs of the PNA/MCH/TDNA/Zr4+/BIBA/BIEM/FMMA-
modified electrode at different scan rates from 50 mV s�1 to 1000 mV s�1. Inset: The linear relationship between anodic (red line) and cathodic (black line) peaks and scan
rates. (D) The Nyquist plots of the bare gold electrode (a, black line), PNA (b, red line), PNA/MCH (c, blue line), PNA/MCH/TDNA (d, magenta line), PNA/MCH/TDNA/Zr4+ (e,
olive line), PNA/MCH/TDNA/Zr4+/BIBA (f, navy line), PNA/MCH/TDNA/Zr4+/BIBA/BIEM (g, violet line) or PNA/MCH/TDNA/Zr4+/BIBA/BIEM/FMMA-modified gold electrode (h,
wine line).
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and Faraday constant. However, polymerization rate would be too
quick which resulted in out of control of polymerization. While Eapp
was more positive, the ratio of Cu(II)/Cu(I) would increase, and the
control of polymerization was easier but polymerization rate would
slow down. In view of above reasons, �0.52 V was selected as Eapp.

SWV was applied to confirm the feasibility of ultrasensitive
electrochemical detection of DNA via dual ATRP. The potential
was from 0 V to 0.6 V, and the supporting electrolyte was 1.0 M
LiClO4. As shown in Fig. 1B, an obvious oxidation peak was
observed at potential of 0.34 V, if all the reagents were present.
The potential (0.34 V) was in the oxidation potential range of fer-
rocene into ferrocenium (Fig. 1B, a). Merely weak oxidation current
could be seen in the absence of PNA (Fig. 1B, b). If PNA was not
added into this biosensor, TDNA was not captured to electrode sur-
face. Therefore, ATRP-1 initiator (BIBA) was not introduced to elec-
trode surface by phosphate-Zr4+-carboxylate chemistry. The
disabled capture of ATRP-1 initiators led to the failure introduce
of ATRP-1 monomer which also resulted in the failure introduce
of eATRP-2 initiators. Likewise, if any of TDNA (Fig. 1B, c), Zr4+
(Fig. 1B, d) or BIBA (Fig. 1B, e) was absent from this biosensor, only
weak oxidation current could be observed. If any of BIEM (Fig. 1B,
f), Cu(II)Br/Me6TREN-1 which is the catalyst of ATRP-1 (Fig. 1B, g)
or AA (Fig. 1B, h) was not added, no oxidation peaks were observed.
The absence of monomer, catalyst or reducing reagent of ATRP-1
led to the failure of ATRP-1. BIBA could be also used as alkyl halides
initiators of eATRP-2, and eATRP-2 successfully reacted. Therefore,
eATRP-2 monomers modified with ferrocene were also introduced
to electrode surface. More importantly, the oxidation peak of dual
ATRP (Fig. 1B, a) was obviously higher than that of one ATRP
(Fig. 1B, f, g, h). This result also indicated that the sensitivity of this
strategy via dual ATRP was improved when it was compared with
one ATRP. If any of Cu(II)Br/Me6TREN-2 which is the catalyst of
eATRP-2 (Fig. 1B, i) or FMMA (Fig. 1B, j) was not added to biosen-
sor, the anodic peaks were also feeble, suggesting that the initiator,
catalyst and monomer was prerequisite of eATRP-2. Thus, FMMA
was not successfully introduced to electrode surface. Those results
verified that this method of ultrasensitive electrochemical DNA
detection via dual ATRP amplification was feasible.
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CV was utilized to characterize modified ferrocene on the elec-
trode surface in 1.0 M LiClO4, and scan rates were 50 mV s�1,
75 mV s�1, 100 mV s�1, 150 mV s�1, 300 mV s�1, 400 mV s�1,
500 mV s�1, 750 mV s�1 and 1000 mV s�1. The potential was from
0 V to 0.6 V. As shown in Fig. 1C, the anodic and cathodic peaks
which were generated due to the redox of ferrocene presented a
good linear relationship with different scan rates, indicating that
the redox of ferrocene was not diffusion dependent. Namely, fer-
rocene was modified onto the electrode surface via covalent bond,
which also indicated the feasible of ATRP. Thus, this strategy for
ultrasensitive electrochemical DNA detection via dual ATRP was
reliable.

EISwas employed to characterize the constructionprocess of this
biosensor in 0.1MKNO3 contained5.0mM[Fe(CN)6]3�/4�with a fre-
quency range from 0.1 Hz to 100 kHz, and the open circuit potential
was 0.18 V. The diameter of hemicycle at high frequency represents
charge transfer resistance (Rct) of [Fe(CN)6]3�/4� between electrode
surface and electrolyte in Nyquist plots. The diameter of bare elec-
trode was smallest as a result of fast charge transfer between inter-
face of solution and electrode (~150X, Fig. 1D, a). The Rct gradually
increased if PNA and MCH were modified onto electrode due to the
obstacle of self-assembledmolecular layer of PNA andMCH (~325X
and ~690 X, Fig. 1D, b-c). After modifying of TDNA to the electrode
surface, Rct further increased because of the steric hindrance and
negatively charged phosphate backbone (~980X, Fig. 1D, d). When
ZrOCl2 and BIBA were modified onto electrode surface, Rct continu-
ously increased due to further increase of steric hindrance
(~1350X and ~1810X, Fig. 1D, e-f). An obvious increase of Rct was
observed after ATRP-1 and eATRP-2, indicating that polymeric
chains of BIEM and FMMA were smoothly grafted on the electrode
(~13800X and ~22470X, Fig. 1D, g-h). The above results indicated
that the construction process of this electrochemical DNA biosensor
was smooth and effective.

The morphology of Au electrode surface was characterized via
AFM. As shown in Fig. S1, the surface height of PNA/MCH/TDNA/
Zr4+/BIBA-modified Au electrode was 25.8 nm (Fig. S1, A). After
ATRP-1, the surface height of PNA/MCH/DNA/Zr4+/BIBA/BIEM-
modified Au electrode was 34.0 nm (Fig. S1, B). After the FMMA
was modified onto electrode surface via eATRP-2, the surface
height was 40.6 nm (Fig. S1, C). The height of electrode surface fur-
ther increased. Those results suggested that this strategy was
effective and successful.
3.3. The PNA self-assembled monolayer on Au electrode surface

The PNA was used as the capture probes of TDNA, and it was
necessary to calculate the electrochemical parameters of PNA
Fig. 2. (A) The effects of different ATRP-1 reaction time. (B) CVs of the PNA/MCH/TDN
oxidation peaks versus eATRP-2 time.
self-assembled molecular on the electrode surface. The finally cur-
rent signal was directly related to area of Au electrode, therefore
the effective area of Au electrode (Aeff) was firstly estimated. CV
was applied to evaluate the Aeff in 0.1 M KNO3 containing
5.0 mM [Fe(CN)6]3�, according to Eq. (2):

Ip ¼ 2:69� 105n
3
2Aeff Do

1
2#

1
2CO ð2Þ

where Ip is anodic peak current of [Fe(CN)6]3�, n is the electrons
transferred of [Fe(CN)6]3�, Aeff is the effective area of Au electrode,
Do represented the diffusion coefficient of 5.0 mM [Fe(CN)6]3� in
0.1 M KNO3, t and Co is respectively scan rate of CV and the redox
species concentration. As shown in Fig. S2, the Ip was 6.39 � 10�5 A,
and the electrons transferred (n) of [Fe(CN)6]3� was 1. The diffusion
coefficient of 5.0 mM [Fe(CN)6]3� in 0.1 M KNO3 (Do) was 2.4 � 10�6

cm2 s�1 based on the Randle-Sevcik equation [35]. The scan rate of
CV (t) and redox species concentration (Co) were respectively
1.0 V s�1 and 5 mM. Thus, the Aeff was 0.031 cm2.

The surface coverage of PNA self-assembled molecular on Au
electrode surface was estimated via EIS according to Eq. (3):

h ¼ 1� RAu
ct

RSAM
ct

 !
ð3Þ

where h is surface coverage of PNA self-assembled molecular, RAu
ct

and RSAM
ct are respectively the charge transfer resistance of bare Au

electrode and PNA-modified electrode. As shown in Fig. 1D, RAu
ct

and RSAM
ct were 150 X and 325 X. The surface coverage of PNA

SAM (h) was 0.538.

3.4. Optimization of conditions

The catalyst is one of prerequisites for ATRP. The ligand that
forms complex with catalyst is a factor related to catalyst. The
ligand plays a role in stabilizing the metal catalyst and increasing
the solubility of complex. pH is a significant condition for the for-
mation of Cu(II)Br/Me6TREN and Cu(I)/Me6TREN. When ATRP cock-
tail is under acidic conditions, ligand (Me6TREN) is easily
protonated that is unfavorable to the stability of Cu(II)Br/Me6TREN
and Cu(I)/Me6TREN. When ATRP cocktail is alkaline, Cu(II)OH/Me6-
TREN would be formed because OH– is easier to coordinate with Cu
(II) than Br�. Hence, pH = 7.0 was the appropriate pH of ATRP-1 and
eATRP-2 in this strategy.

The ATRP time is also a significant factor for polymerization. It
is important to optimize conditions to realize the best results.
The peak current of ferrocene gradually increased before 90 min,
then reached equilibriumwhich was observed in Fig. 2A. Therefore,
100 min was selected as the optimal time of ATRP-1. As shown in
A/Zr4+/BIBA/BIEM/FMMA-modified electrode in eATRP-2 cocktail. (C) The plots of



Fig. 3. (A) SWVs of different concentrations of 10 pM TDNA (a, black line), 1.0 pM TDNA (b, red line), 0.1 pM TDNA (c, blue line), 10 fM TDNA (d, magenta line), 1.0 fM TDNA
(e, olive line), 0.1 fM TDNA (f, navy line). (B) The calibration plots between the oxidation current of ferrocene and the logarithm of TDNA concentration.
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2C, CV was employed to real-time record oxidation current of fer-
rocene. At first 50 min the oxidation current increased, and then
arrived at equilibrium. Thus, 60 min was chosen as appropriate
time of eATRP-2.

3.5. Analytical performance

Under optimal conditions, SWV was utilized to detect different
TDNA concentrations from 0.1 fM to 10 pM in 1.0 LiClO4, and the
potential was from 0 V to 0.6 V. An obvious peak was observed
Table 1
Comparison of this method with other methods for DNA detection.

Method Linear range LOD Refs

Colorimetry 0.02 pM-1 pM 0.01 pM [36]
Electrochemistry 5 fM-80 pM 1.6 fM [37]
Electrochemistry 100 fM-5 nM 92 fM [38]
Electrochemistry 0.1 pM-100 nM 81 fM [39]
Electrochemistry 0.1 fM-0.1 nM 72 aM [1]
Electrochemistry 0.1 fM-10 pM 25 aM This work

Fig. 4. (A) SWVs of TDNA (a, black line), SBM (b, red line), TBM (c, blue line) and CDNA
TDNA, SBM, TBM and CDNA (1.0 pM, 10 lL).
at the potential of 0.340 V from Fig. 3A, and peak current increased
with the increase of TDNA concentrations. A good linear relation-
ship was presented between peak current and the logarithm of dif-
ferent TDNA concentrations from 0.1 fM to 10 pM which was seen
from Fig. 3B. The linear regression equation was I (lA) = 6.176 + 0.
996 lg [CDNA/pM] (R2 = 0.98), and LOD was 25 aM (S/N = 3). As
shown in Table 1, this LOD was much lower than many other
methods. The numerous electroactive probes were modified onto
the electrode surface in situ via dual ATRP. This strategy achieved
ultrasensitive electrochemical DNA detection.

3.6. Selectivity analysis

The SWV responses of single base mismatched DNA (SBM),
three bases mismatched DNA (TBM), and control DNA (CDNA)
were compared with that from TDNA to access the selectivity of
this strategy. As shown in Fig. 4, the SWV response of SBM is
26.2% of that from TDNA, revealing that this strategy for DNA
detection presented satisfactory selectivity. The response of SBM
is relatively high, which was because that a very small amount of
DNA hybridized with PNA would lead to the attachment of ATRP
(d, magenta line) in 1.0 LiClO4. (B) SWV responses at the potential of 0.34 V toward



Fig. 5. SWV responses at the potential of 0.34 V toward 1 pM, 0.1 pM and 10 fM
TDNA in Tris-HCl and human serum.
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initiator via phosphate-Zr4+-carboxylate chemistry and the high
efficiency of dual ATRP caused the relatively high response of
SBM. However, the SWV response of SBM (26.2%) was in acceptable
range [1,4,29]. The SWV response of TBM is about 14.8% of that
from DNA, and the SWV response of CDNA was almost same as
background signal. While bases mismatched DNA hybridized with
PNA, the number of phosphate groups was reduced due to high
specificity of PNA/DNA heteroduplexes. Therefore, the amount of
ATRP initiator introducing by phosphate-Zr4+-carboxylate chem-
istry was greatly reduced, which led to a significant signal differ-
ence. Thus, this strategy showed a favorable selectivity.

3.7. Stability and reproducibility analysis

Biosensor is an instrument that is sensitive to biological sub-
stances, and it has the advantages of miniaturization, low cost
and high sensitivity. The stability of the biosensor is one of impor-
tant factor to evaluate this biosensor. The long-term stability of the
electrode suggests that this biosensor has application value. To
evaluate the stability of this dual amplified strategy, a long-term
experiment was carried out. The prepared PNA/MCH/TDNA/Zr4+/
BIBA/BIEM/FMMA-modified electrode was stored in a moisture-
saturated surrounding at 4 �C for 14 days. The SWV responses of
those electrodes were compared with the response that came from
the freshly prepared electrode, and the recovery was obtained. The
recovery was 93.7%, suggesting that this strategy presented a sat-
isfied stability.

The intra-assays and inter-assays were performed to assess the
reproducibility of this biosensor for electrochemical DNA detection
via dual ATRP. Seven repetitive assays were completed at TDNA
concentrations of 10 pM, and the relative standard deviation
(RSD) of intra- and inter-assays were respectively 4.27% and
4.51%. The above results suggested that this method had satisfied
reproducibility.

3.8. Anti-interference of this strategy in human serum

To assess the anti-interference of this strategy, SWVwas used to
detect TDNA dissolved in human serum. 1 pM, 0.1 pM and 10 fM
TDNA were dissolved in 5% human serum, and the SWV responses
of TDNA from 5% human serum samples were respectively com-
pared with that from 0.1 M Tris-HCl. As shown in Fig. 5, the SWV
responses from 5% human serum were respectively 98%, 96.8%,
96.1% of that from the Tris-HCl for 1 pM, 0.1 pM and 10 fM TDNA.
The anti-interference of this strategy was satisfactory, and pre-
sented certain potential in practical applications.
4. Conclusion

In summary, an ultrasensitive electrochemical DNA detection
via dual ATRP amplification was firstly reported. The monomer of
the first ATRP is also the initiator of the second ATRP. Thus, more
monomers modified with electroactive probes of the second ATRP
are attached to the electrode surface via dual ATRP. The sensitivity
of electrochemical DNA biosensor is extremely improved, and the
selectivity and practicality in human serum is satisfactory. More-
over, this strategy would be also applied to achieve various biomo-
lecules detection.
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