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a  b  s  t  r  a  c  t

A  novel  electrochemical  strategy  was  designed  for the  detection  of  DNA  based  on the  bionic  cataly-
sis  of  porphyrin.  The  detection  probe  was  prepared  via  the assembly  of  thiolated  double  strand  DNA
(dsDNA)  with  gold  nanoparticles  (AuNPs),  and  then  interacted  with  cationic  iron  (III)  meso-tetrakis  (N-
methylphyridinum-4-yl)  porphyrin  (FeTMPyP)  via  groove  binding  along  the  dsDNA  surface.  The  resulting
nanocomplex  was  characterized  with  transmission  electron  microscopy,  UV–vis  absorption  and  circular
dichroism  spectroscopy.  The  FeTMPyP–DNA–AuNPs  probe  on  gold  electrode  demonstrated  the  excel-
lent  electrocatalytic  behaviors  toward  the reduction  of  O2 due  to  the  largely  loading  of  FeTMPyP  and
good conductivity.  Based  on bionic  catalysis  of  porphyrin  for  the  reduction  of O2, the resulting  biosen-

−12

lectrochemistry
NA
old nanoparticles

sor  exhibited  a good  performance  for the  detection  of  DNA  with  a wide  linear  range  from  1  ×  10 to
1  ×  10−8 mol  L−1 and  detection  limit of  2.5  × 10−13 mol  L−1 at the  signal/noise  of  3.  More  importantly,  the
biosensor  presented  excellent  ability  to discriminate  the  perfectly  complementary  target  and  the  mis-
matched  stand.  This  strategy  could  be conveniently  extended  for detection  of  other  biomolecules.  To  the
best of our  knowledge,  this  is  the  first  application  of bionic  catalysis  of  porphyrin  as  detection  probe  and

 for  se
opens new  opportunities

. Introduction

The sensitive detection of DNA sequences has become attrac-
ive interesting due to its broad applications in many fields, such
s molecular diagnostics, genetics therapy, and early screening of
ancers [1–3]. Some signal amplification strategies with the fast
atalytic reactions of enzymes have been developed to amplify
etection signal for the sensitive detection of DNA [4–11]. However,
nzymatic reactions are limited by the mass transfer of substrate
olecules toward sensing surfaces due to the blocking effect of

arge size of enzyme labels [12]. In some cases, poor long-term
tability and complex preparation procedures of labeled enzymes
ake it difficult to obtain highly reproducible assay results. Thus it

s urgent to seek a new catalytic label to replace the enzyme, which
s required to be high stability, excellent catalysis, low molecular

eight, and easy immobilization on a sensing surface.
Porphyrins as an important class of conjugated organic

olecules can mimic  the active site of many important enzymes
13–16], and can be well used as electron media to catalyze

any life-related molecules [17–20].  The controlled organization
f porphyrins into highly ordered nanomaterials are expected to

ave chemical activities significantly different from those of the

ree porphyrins [21–23],  and may  lead to applications as elec-
roactive materials. In our previous works, a series of porphyrin

∗ Corresponding authors. Tel.: +86 25 83593593; fax: +86 25 83593593.
E-mail addresses: jpl@nju.edu.cn (J. Lei), hxju@nju.edu.cn (H. Ju).

013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.08.002
nsitive  detection  of  biorecognition  events.
© 2012 Elsevier Ltd. All rights reserved.

functionalized carbon-based nanomaterials were designed to elec-
trocatalyze towards the biological molecules such as peroxyacetic
acid, trichloroacetic acid, sulfite and chlorite [24–27]. Nevertheless,
to date, there is no report that porphyrins are used as signal labels to
replace enzyme labels for highly signal amplification in detection of
DNA. Challenges in the development of porphyrin-based detection
systems are mainly focused on the organization of the porphyrins
on detection probe.

The interactions between porphyrins and DNA have been inten-
sively studied since the pioneering work of Gupta and Pasternack
and their coworkers [28–31].  Porphyrins and porphyrin derivatives
can associate with DNA in “three-mode binding model”: intercala-
tive binding, groove binding or outside binding with self-stacking
[29]. In general, free-base porphyrin can intercalate into the GC-rich
regions of DNA, while those having axially bound ligands exhibit an
outside binding mode [30]. The axially liganded metalloporphyrins,
such as Mn3+, Fe3+ and Co3+ derivatives are able to interact more
intimately with the bases of poly(dA–dT) than of poly(dG–dC) [31].
DNA sensing on glassy carbon electrode was developed by using
hemin as the electrochemical hybridization label [32]. In this work,
a detection probe was prepared by the assembly of cationic iron (III)
meso-tetrakis (N-methylphyridinum-4-yl) porphyrin (FeTMPyP)
with double strand DNA (dsDNA) on gold nanoparticles (AuNPs)
via groove binding along the dsDNA surface.
Porphyrin-based nanocomposites can show unique electro-
chemical properties, and enhanced stability and catalytic rate
due to the aggregated structure and the greater surface area for
biosensing. Here, a novel electrochemical strategy was  designed

dx.doi.org/10.1016/j.electacta.2012.08.002
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:jpl@nju.edu.cn
mailto:hxju@nju.edu.cn
dx.doi.org/10.1016/j.electacta.2012.08.002
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doubled-distilled water, 4 �L the as-prepared detection probe was
casted to the electrode and reacted for 1 h at room temperature.
Finally the electrode surface was  washed with water to remove the
unbound detection probe for electrochemical measurement.
4 J. Li et al. / Electroch

or the detection of DNA based on the bionic catalysis of
eTMPyP–DNA–AuNPs probe. The FeTMPyP–DNA–AuNPs probe on
old electrode demonstrated the excellent electrocatalytic behav-
ors toward the reduction of O2, since both AuNPs and DNA
ccelerated the electron transfer between FeTMPyP and the elec-
rode, and increased the amount of adsorbed FeTMPyP. Based on
nhanced catalytic current, the designed strategy exhibited a good
erformance for the detection of DNA, and could be extended to
pply in sensitive detection of other biomolecules.

. Experimental

.1. Materials and reagents

FeTMPyP is a gift from Kanazawa University (Japan).
hloroauric acid (HAuCl4·4H2O) and trisodium citrate were
btained from Shanghai Reagent Company (Shanghai, China).
ris-(2-carboxyethyl)phosphine hydrochloride (TCEP) and
ris(hydroxymethy) aminomethane (Tris) were purchased from
igma–Aldrich (USA). Phosphate-buffered saline (PBS) was pre-
ared by mixing the stock solutions of NaH2PO4 and Na2HPO4.
ris–HCl (0.01 mol  L−1, pH 7.4) containing 0.001 mol  L−1 ethylene-
iaminetetraacetic acid (EDTA) and 0.1 mol  L−1 NaCl was used as
NA immobilization buffer. Ultrapure water obtained from a Mil-

ipore water purification system (≥18 M�,  Milli-Q, Millipore) was
sed in all assays. All other reagents were of analytical grade and
sed as received. The oligonucleotides were purchased from San-
on Biological Engineering Technology & Co. Ltd. (Shanghai, China)
nd purified using high-performance liquid chromatography. Their
equences are as follows:

Capture 1: 5′HS-TTTTTGTCGAACGGAA-3′;
Capture 2: 5′-AGGTCTCTTCGGTTTTT-SH3′;
Target: 5′-CCGAAGAGACCTTTCCGTTCGAC-3′;
Help 1: 5′HS-(A)25-3′;
Help 2: 5′-(T)25-3′;
Single-base mismatched: 5′-CCGAAGAGACGTTTCCGTTCGAC-3′;
Three-base mismatched: 5′-CCGATGAGACGTTTCCCTTCGAC-3′.

.2. Apparatus

Electrochemical measurements were performed on a CHI 630D
lectrochemical analyzer (Chenhua, Shanghai, USA) with a con-
entional three-electrode system. Gold disk electrode (2 mm in
iameter), saturated calomel electrode (SCE) and a Pt electrode
ere used as the working electrode, reference electrode, and aux-

liary electrode, respectively. Differential pulse voltammetry (DPV)
as adopted to record the signal due to the high sensitivity and

ow blank signal. Transmission electron micrographs (TEM) were
btained using a JEM-2100 TEM (JEOL, Japan). The UV–vis spectra
ere performed with an UV-3600 UV-vis spectrophotometer (Shi-
adzu, Japan). The circular dichroism (CD) spectra were obtained
ith J-810/163-900 Circular Dichroism Chiroptical Spectrometer

Jasco, Japan).

.3. Preparation of detection probe

The colloidal AuNPs were prepared according to the published
rotocol [33]. Briefly, trisodium citrate (2.5 mL  1%) was added to a
oiling solution of HAuCl4 (100 mL  0.01%) accompanied with a color

hange from pale yellow to deep red. The mixture was  allowed to
eat another several minutes to ensure complete reduction, and
as then slowly cooled to room temperature with stirring to obtain

he AuNPs colloid.
Acta 83 (2012) 73– 77

The as-prepared AuNPs were further co-functionalized with the
dsDNA probe formed via the hybridization between 5′HS-(A)25-3′

and 5′-(T)25-3′, and the capture 2 [34]. In brief, the thiolated dsDNA
probe and the capture 2 were activated by treatment with 1.5 equiv.
of TCEP for 1 h at acetate buffer (0.05 mol  L−1, pH 5.2) at room tem-
perature. 3 mL  of AuNPs (3.94 × 10−9 mol  L−1) was incubated with
a mixture of dsDNA probe (10 �L, 1 × 10−4 mol L−1) and capture
2 (2 �L, 5 × 10−5 mol  L−1) for 16 h at room temperature with gen-
tly stirring. Then the mixture was  “aged” by gradually addition of
2 mol  L−1 NaCl and 0.1 M PBS buffer every 8 h until the solution
contained 0.1 mol  L−1 NaCl and 0.01 mol  L−1 PBS in 24 h at room
temperature. The obtained DNA–AuNPs were purified two times by
centrifugation (14,000 rpm for 25 min) in order to remove exces-
sive DNA. Then the DNA–AuNPs were dispersed in 0.01 mol  L−1 PBS
(pH 7.4) containing 0.1 mol  L−1 NaCl to get the DNA–AuNPs solu-
tion. Finally, FeTMPyP (100 �L, 3 × 10−4 mol  L−1) was added to the
as-prepared DNA–AuNPs solution for 0.5 h at room temperature,
and obtained the FeTMPyP–DNA–AuNPs probe after washing with
Tris–HCl buffer solution twice.

2.4. Fabrication of the biosensor

The fabrication procedure of the biosensor is shown in Scheme 1.
Prior to modification, the gold electrode was successively polished
to a mirror finish using 1.0 and 0.05 �m alumina slurry (Beuh-
ler). After successive sonication in ethanol and double-distilled
water, the electrode was  electrochemically polished by cycling in
1 mol  L−1 H2SO4 at a potential scanning between −0.2 V and 1.7 V
vs SCE until a reproducible cyclic voltammogram was obtained
[35]. Then it was rinsed with doubled-distilled water and allowed
to dry at room temperature. 4 �L of thiolated capture 1 DNA
(5 × 10−3 mol  L−1) was  doped to the cleaned electrode. Prior to
incubation the disulfide bond, the capture 1 DNA was reduced
for 1 h by reaction with 0.01 mol  L−1 TCEP. After 16 h, the DNA-
modified electrodes were thoroughly rinsed with water to remove
the weakly adsorbed capture DNA. Then 4 �L target DNA was
applied to the electrode and hybridized for 1 h. After raised with
Scheme 1. Schematic representation of assembling processes and detection strat-
egy of the designed biosensor.
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Fig. 1. (A) Photos of AuNPs (a) and DNA–AuNPs (b) in 0.01 

. Results and discussion

.1. Characterization of the detection probe

Fig. 1 displays the photos of AuNPs and DNA–AuNPs in
.01 mol  L−1 NaCl. The freshly prepared AuNPs dispersed well in
ater and showed a red color. But in certain salt concentration

0.01 mol  L−1 NaCl), AuNPs were easily aggregated and appeared a
urple color (Fig. 1A, photo a) (For interpretation of the references
o color in this sentence, the reader is referred to the web version
f the article.). After assembling with the thiolated DNA, AuNPs
re able to maintain a good dispersion and showed the red color
ust like the newly prepared AuNPs (Fig. 1A, photo b) (For inter-
retation of the references to color in this sentence, the reader

s referred to the web version of the article.). In order to further
dentify the good dispersion of the DNA–AuNPs, the TEM images
f AuNPs and DNA–AuNPs were investigated in Fig. 1B and C. The
repared AuNPs exhibited a good dispersion with the diameter of
round 15 nm (Fig. 1B). After assembling with the thiolated DNA
nd adding 0.01 mol  L−1 NaCl, no obvious change can be observed
nd the particles also showed a good dispersion (Fig. 1C), indicating
hat the DNA was covalently linked to AuNPs and ‘protected’ AuNPs
rom aggregation, which is in accordance with previous report [36].

The resulting DNA–AuNPs could be as platform for the immobi-
ization of porphyrin. In order to prove the binding model between
sDNA and FeTMPyP, the CD spectra were investigated in Fig. 2. In
H 7.4 Tris–HCl buffer, the dsDNA showed a characteristic ‘dou-

le peak’ around 275 nm,  indicating that a steady right-handed
-helix dsDNA was formed, providing ideal groove binding sites

or FeTMPyP [37]. Furthermore, there is a positive band at 217 nm,
hich is characteristic for right-handed deoxyadenosine (dA)

Fig. 2. CD spectra of dsDNA (a), FeTMPyP–dsDNA (b) and FeTMPyP (c).
1 NaCl, and TEM images of (B) AuNPs and (C) DNA–AuNPs.

stacking within the strand (Fig. 2a). Upon addition of FeTMPyP, the
band intensity at 217 nm decreased (Fig. 2b), further indicating the
groove binding between FeTMPyP and dsDNA, which decreased the
interaction among A bases in the original dA stacking [37]. Com-
pared with the fact that there was  no obvious CD signature on the
solution of FeTMPyP (Fig. 2c), it is confirmed that FeTMPyP was
bound to the dsDNA via groove binding model.

In addition, the UV–vis spectra also gave the evidence of the
interaction between dsDNA and FeTMPyP. The Soret band of
FeTMPyP is 424 nm (Fig. 3, curve b) and exhibited a red-shift of
5 nm upon binding to the dsDNA (Fig. 3, curve a). Obviously the
absorption intensity of FeTMPyP–dsDNA reduced greatly compared
to the same concentration of FeTMPyP. This result clearly showed
that FeTMPyP was  self-stacking on the dsDNA and thereby affected
the electronic transition capability of FeTMPyP [31,38].

3.2. Electrochemical behaviors of FeTMPyP–DNA–AuNPs
modified Au electrode

Cyclic voltammograms of FeTMPyP–DNA–AuNPs modified Au
electrode showed the stable and well-defined redox peaks at
−0.118 V and −0.163 V vs SCE in N2-saturated Tris–HCl (Fig. 4,
curve a and inset), which should be attributed to the redox
couple of Fe(III)TMPyP/Fe(II)TMPyP. Moreover, the separation of
peak potentials of 0.045 V is smaller than 0.058 V for tetra-
phenylporphyrin/carbon nanotubes modified electrode [39].

Fig. 4 also shows the electrocatalytic response of O2 at

DNA–AuNPs and FeTMPyP–DNA–AuNPs modified Au electrode.
Cyclic voltammograms of DNA–AuNPs showed no peak current in
the potential range from −0.6 V to 0.2 V vs SCE (Fig. 4, curve b).
Comparing with the DNA–AuNPs, FeTMPyP–DNA–AuNPs modified

Fig. 3. UV–vis spectra of FeTMPyP–dsDNA (a) and FeTMPyP (b).
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Fig. 4. Cyclic voltammograms of FeTMPyP–DNA–AuNPs probe on gold electrode in
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2-saturated (a) and O2-saturated (c) Tris–HCl buffer, and (b) is cyclic voltammo-
ram of DNA–AuNPs in O2-saturated Tris–HCl buffer. Inset: amplification of curve
.  Scan rate: 100 mV s−1.

u electrode has a large response at −0.228 V vs SCE (Fig. 4, curve
), which suggested that FeTMPyP has the excellent electrocatal-
sis to O2 reduction. The possible mechanism is that Fe(III)TMPyP
as firstly reduced to Fe(II)TMPyP at electrode surface, followed by

inding with O2 to form the ferrous-peroxo intermediate, and at a
ore negative potential the complex was further reduced to give

he product and release Fe(II)TMPyP [13]. Moreover, the probe was
table enough to maintain its catalytic activity even for a month and
4.3% of the signal was still observed, suggesting the structure of
eTMPyP–DNA–AuNPs modified electrode was efficient for retain-
ng the activity of FeTMPyP and preventing it from leaking out of
he biosensor. Based on the enhanced current, a sensitive and stable
iosensor should be constructed for the detection of target DNA.

.3. Optimization of fabrication of the probe

In order to obtain the enhanced sensitivity, the molar ratio of
FeTMPyP]/[dsDNA] was investigated. Fig. 5 shows the CD spec-
ra of dsDNA at the different molar ratio of [FeTMPyP]/[dsDNA].

hen the molar ratio of [FeTMPyP]/[dsDNA] is 0 (curve a), dsDNA
xhibited characteristic bands at 217 nm and a ‘double peak’ around

75 nm.  Upon addition of FeTMPyP, the intensities of band at
17 nm decrease (curves b and c), which indicating that FeTMPyP
as bound to the dsDNA and diminished the dA stacking [37]. When
he ratio measured up to 30 (curve d), no obvious CD signal could

ig. 5. CD spectra of FeTMPyP–dsDNA at the molar ratio of [FeTMPyP]/[dsDNA] of
 (a), 4 (b), 20 (c) and 30 (d).
Fig. 6. DPV curves at target concentrations of 0 (a), 1 × 10−12 (b), 1 × 10−11 (c),
1  × 10−10 (d), 1 × 10−9 (e) and 1 × 10−8 (f) mol L−1. Inset: linear relationship between
peak current and the logarithm of target DNA concentration.

be observed, which may  be attributed to that DNA-binding sites
were all occupied by FeTMPyP and minimized dA stacks within the
strand. So the molar ratio of 30 is enough for loading of FeTMPyP
during the preparation of the detection probe.

3.4. Amperometric sensing of target DNA

Under the optimal conditions, the sensitivity of our detection
strategy was  investigated by varying the target DNA concentra-
tion. Fig. 6 shows typical DPV curves of the sensor with the
target DNA at different concentration. The blank should derivate
from the nonspecific adsorption of FeTMPyP–DNA–AuNPs probe
on the electrode (Fig. 6, curve a). The response was  logarithmically
related to the target concentration across a range of 1 × 10−12 to
1 × 10−8 mol  L−1 with a detection limit of 2.5 × 10−13 mol L−1 at a
signal-to-noise ratio of 3 (Fig. 6, inset). The regression equation
was I = −5.94 − 0.48 × log c with a correlation coefficient of 0.9993,
where I is the peak current of the biosensor, and c is the concentra-
tion of target DNA. The detectable concentration range of 4 orders
of magnitude was relatively wide. This high sensitivity highlighted
the importance of using DNA–AuNPs to carry numerous FeTMPyP
and significantly amplified the current based on the bionic catalysis.

Selectivity is also an important parameter for a biosensor. The
specificity of the proposed DNA biosensor was investigated by

exposing it to three kinds of DNA sequences, including perfect
complementary target, single-base mismatched oligonucleotide
and three-base of mismatched oligonucleotide at the same con-
centration (1 × 10−9 mol L−1). As shown in Fig. 7, the biosensor

Fig. 7. Histograms of peak currents for complementary sequence (a), single-base
mismatched sequence (b), three-base mismatched sequence (c) and blank (d).
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resented good performance to discriminate complementary tar-
et and the bases mismatched oligonucleotides. The signals of
ingle-base mismatched oligonucleotide and three-base of mis-
atched oligonucleotide are 3.7 and 4.5 times lower than that

f target DNA, respectively, and are closed to the response of
lank. These results demonstrated that the proposed approach was
ble to effectively detect the target with specificity. The repro-
ucibility of the biosensor was examined at the same modified
lectrode. The relative standard deviation for six measurements
as 2.7%, thus giving good intra-reproducibility. In addition,

he relative standard deviation of signals for measurement of
 × 10−9 mol  L−1 target at six independently prepared biosensors
as 3.1%, which proved good reproducibility of the biosensor
reparation.

. Conclusions

A novel electrochemical strategy was developed for the detec-
ion of DNA based on the bionic catalysis of porphyrin. The
etection probe of porphyrin–DNA–AuNPs was  successfully pre-
ared via groove binding between FeTMPyP and DNA–AuNPs
long the dsDNA surface, leading to a densely FeTMPyP on the
NA–AuNPs. The FeTMPyP–DNA–AuNPs probe on gold electrode
emonstrated the excellent electrocatalytic behaviors toward the
eduction of O2, since both AuNPs and DNA accelerated the elec-
ron transfer between FeTMPyP and the electrode, and increased
he amount of adsorbed FeTMPyP. Based on bionic catalysis of
orphyrin, the resulting biosensor exhibited a good performance
or the detection of DNA with a 4-order wide linear range, effec-
ive discrimination to specific target, and acceptance fabrication
eproducibility. Moreover, the advantage of the biosensor was that
he whole experiment is carried out without oxygen removal. This
trategy based on bionic catalysis of porphyrin as detection probe
rovides a new concept for the development of analytical method,
nd could be conveniently extended for sensitive detection of other
mportant biomolecules.
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