
Subscriber access provided by Northern Illinois University

ACS Applied Materials & Interfaces is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

DNA Enzyme Decorated DNA Nanoladders as Enhancer
for Peptide Cleavage-Based Electrochemical Biosensor

Beibei Kou, Li Zhang, Hua Xie, Ding Wang, Yali Yuan, Yaqin Chai, and Ruo Yuan
ACS Appl. Mater. Interfaces, Just Accepted Manuscript • DOI: 10.1021/acsami.6b07017 • Publication Date (Web): 17 Aug 2016

Downloaded from http://pubs.acs.org on August 18, 2016

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



1 

 

DNA Enzyme Decorated DNA Nanoladders as Enhancer for Peptide 

Cleavage-Based Electrochemical Biosensor  

Bei-Bei Kou, Li Zhang, Hua Xie, Ding Wang, Ya-Li Yuan∗ ,Ya-Qin Chai, Ruo Yuan∗ 

Key Laboratory of Luminescent and Real-Time Analytical Chemistry (Southwest 

University）, Ministry of Education, College of Chemistry and Chemical Engineering, 

Southwest University, Chongqing 400715, PR China 

ABSTRACT: Herein, we developed a label-free electrochemical biosensor for 

sensitive detection of matrix metalloproteinase-7 (MMP-7) based on DNA enzyme 

decorated DNA nanoladders as enhancer. A peptide and single-stranded DNA S1 

modified platinum nanoparticles (P1-PtNPs-S1) which served as recognition 

nanoprobes were firstly immobilized on electrode. When target MMP-7 specifically 

recognized and cleaved the peptide, the PtNPs-S1 bioconjugates were successfully 

released from electrode. The remaining S1 on electrode then hybridized with ssDNA1 

(I1) and ssDNA2 (I2), which could synchronously trigger two hybridization chain 

reactions (HCRs), resulting in the in-situ formation of DNA nanoladders. The desired 

DNA nanoladders not only were employed as ideal nanocarriers for enzyme loading, 

but also maintained its catalytic activity. With the help of hydrogen peroxide (H2O2), 
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manganese porphyrin (MnPP) with peroxidase-like activity accelerated the 

4-chloro-1-naphthol (4-CN) oxidation with generation of insoluble precipitation on 

electrode, causing a very low differential pulse voltammetry (DPV) signal for 

quantitative determination of MMP-7. Under optimal conditions, the developed 

biosensor exhibited a wide linear ranging from 0.2 pg/mL
 
to 20 ng/mL and the 

detection limit was 0.05 pg/mL. This work successfully realized the combination of 

DNA signal amplification technique with artificial mimetic enzyme catalyzed 

precipitation reaction in peptide cleavage-based protein detection, offering a 

promising avenue for the detection of other proteases. 

KEYWORDS: Matrix metalloproteinases-7; DNA nanoladders; Manganese 

porphyrin (MnPP); Signal amplification; 4-chloro-1-naphthol (4-CN) 

1. Introduction 

Matrix metalloproteinase-7 (MMP-7) is able to degrade a great diversity of 

extracellular matrix (ECM) consisting of type IV collagen, fibronectin as well as 

several non-ECM molecules.
1,2,3

 Studies have shown that MMP-7 is almost closely 

linked to many of fatal diseases such as cancer, which thus is considered as an 

important biomarker for a great many tumors.
4,5

 Until now, a variety of approaches, 

including fluorescence resonance energy transfer (FRET)-based assays
6

, 

enzyme-linked immunosorbent assays (ELISA)
7
, have been developed. However, 

there remain some drawbacks including expensive, fussy, low sensitivities.
8
 A 
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simple and sensitive method is thus urgently needed for detection of MMP-7 in 

diagnostics. 

Electrochemical biosensors with the advantages of low cost, easy operation, 

high sensitivity and good selectivity can meet the above mentioned requirement to a 

certain extent.
9
 To further improve the sensitivity, natural protein assisted enzyme 

amplification are commonly used, which however still suffered from difficult storage 

and fussy labeling progress that restrict their further applications.
10

 In comparison, 

the artificial mimetic enzymes assisted enzyme amplification
11

 achieved the 

relatively high chemical stability and simple synthesis.
12

 More importantly, the 

artificial mimetic enzymes like porphyrin exhibit superior catalytic activity and can 

be immobilized accompanied with the formation of DNA nanowires without fussy 

labeling progress. For instance, manganese porphyrin (MnPP) with excellent 

peroxidase-like activity
13

 can be intercalated into the grooves of negatively charged 

double-stranded DNA nanowires without any label steps for signal amplification
14

. 

Therefore, the number of DNA nanowire is crucial for MnPP associated amplifying 

system. Traditional methods, such as rolling circle amplification (RCA)
15 , 16

, 

hybridization chain reaction (HCR)
17 , 18

, ligase chain reaction (LCR)
19

 and 

polymerase chain reaction (PCR)
20

 can usually obtain just one corresponding DNA 

nanowire triggered by each copy of the initiators, and thus limited the immobilizing 

amount of MnPP, resulting in a low catalytic efficiency. To overcome this drawback, 

an initiator triggers simultaneously multiple assembly processes is required. Zhou et 

Page 3 of 24

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4 

 

al. reported that one initiator could synchronously trigger two HCRs through 

self-assembly processes for forming DNA nanoladders.
21

 Since DNA nanoladders 

can produce multiple DNA nanowires, substantial MnPP with high catalytic activity 

can be loaded, providing a simple and effective approach for sensitive protein assay. 

Herein, we proposed a “signal-on” peptide cleavage-based biosensor for 

sensitive detection of MMP-7, coupling DNA nanoladders with artificial mimetic 

enzyme MnPP catalyzed precipitation for signal amplification. As shown in Scheme 1, 

a peptide and ssDNA S1 functionalized platinum nanoparticles (P1-PtNPs-S1) was 

acted as recognition nanoprobe. The peptide with the amino acid sequence 

(NH2-KKKRPLALWRSCCC-SH) possessed a MMP-7 cleavage site. With the 

introduction of target MMP-7, some PtNPs-S1 bioconjugates containing peptide 

fragments were removed from the electrode. The remaining S1 on electrode then 

provided the binding sites to immobilize I1 and I2 to trigger the generation of DNA 

nanoladders. To assemble nanoladders, the motifs (M1 and M2) consisted of three 

domains: a single-duplex helix and two flanking tail-hairpin structures. Single 

stranded DNA1 (I1) and I2 paired up to form identical single-duplex helix, and they 

were initiators that triggered two HCRs at the same time. The formed DNA 

nanoladders could effectively increase the load amount of MnPP. Herein, MnPP was 

utilized as catalyst to electrocatalyze the substrate 4-CN to generate insoluble 

precipitation, and thus a relatively small electrochemical signal was obtained. 
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5 

 

Therefore, the proposed biosensor could achieve the highly sensitive and selective 

quantitative analysis for MMP-7. 

2. Experimental 

2.1 Chemicals and apparatus 

Manganese porphyrin (MnPP), tris (2-carboxyethyl) phosphine (TCEP), gold 

chloride tetrahydrate (HAuCl4·4H2O), chloroplatinic acid (H2PtCl6), 

4-chloro-1-naphthol (4-CN) and mercaptohexanol (MCH) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Ascorbic acid (AA) was received from 

Chemical Group Co., Ltd (Chongqing Chuandong). Matrix metalloproteinase-7 

(MMP-7) was provided by Sino Biological Inc. (Beijing, China). The peptide P1 

(NH2-KKKRPLALWRSCCC-SH) was purchased from Science Peptide Biological 

Technology Co., Ltd (Shanghai, China). 

The synthetic DNA oligonucleotides were obtained from Sangon Biotech. Co., 

Ltd. (Shanghai, China) with sequences as follows: 
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Tris-HCl-EDTA-Mg
2+

 buffer
21 

was served as DNA oligonucleotides buffer. 

Phosphate buffered solution (PBS, pH 7.4, 0.1 M)
22

 was used as working buffer. 

2.2. Apparatus and Measurements 

The CHI 660D electrochemical workstation was used to conduct all electrochemical 

measurements.
23

 The images of different modified electrodes were performed by 

atomic force microscopy (AFM, Nanoscope V Multi-mode 8, Bruker Company, 

Santa Barbara, USA) and scanning electron microscope (SEM, S-4800, Hitachi, 

Tokyo, Japan). Gels images were obtained by a Bio-Rad imaging system (Hercules, 

CA, U.S.A.). 

2.3 Preparation of Pt nanoparticles (PtNPs) and P1-PtNPs-S1 bioconjugates 
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The PtNPs were prepared according to ref. 24. Fig. 1 showed a typical SEM 

image of PtNPs which exhibited well-formed spherical structure, and their 

distribution was uniform. In addition, the average size of PtNPs was 50 nm. The 

P1-PtNPs-S1 bioconjugates were synthesized as follows: the peptide P1 was firstly 

pre-incubated with TCEP for 40 min to prevent disulfide formation between 

peptides. Subsequently, 50 µL P1 (2.5 µM) and 200 µL S1 (2.5 µM) were 

successively subjected to 1 mL PtNPs solution under gentle stirring at 4 °C for 12 

h. Next, to block extra active sites of PtNPs, 50 µL bovine serum albumin (BSA, 

1.0 wt %) was added and reacted for 40 min. The resulting solution was 

centrifuged, washed three times, and then redispersed in 1.0 mL PBS. For 

comparison, we also prepared the P1-AuNPs-S1 bioconjugates in a similar method 

and the AuNPs were synthesized according to ref. 25. 

 

Fig. 1 SEM of the prepared PtNPs. 

2.4 Assembly of the electrode 

The cleaned GCE
26

 was subjected to electrodeposition in 2 mL HAuCl4 solution (1 

wt %) (the potential: -0.2 V, deposition time: 30 s) to obtain Au nanoparticle layer 
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(depAu). 20 µL P1-PtNPs-S1 bioconjugates were then attached on the depAu 

modified electrode for 12 h at 4 °C, which followed by the incubation of 15 µL 

blocking agent MCH (2.0 mM). Next, 15 µL target MMP-7 was dropped onto the 

modified electrode with the incubation of 30 min at 37 °C. Then, the electrode was 

reacted with 20 µL mixture containing 4.0 µM I1, 2.5 µM I2, 0.5 µM motifs M1, M2 

and 1.0 mM MnPP for 2 h, aiming to form DNA nanoladders for loading substantial 

MnPP. Finally, the modified electrode was dipped into 1.0 mM 4-CN containing 

0.15 mM H2O2 and incubated for 15 min to induce enzymatic biocatalytic 

precipitation reaction. 

 

Scheme 1 Schematic illustrations of electrochemical biosensor for matrix 

metalloproteinase-7 detection with DNA enzyme decorated DNA nanoladders as 

enhaner. 

3. Results and discussions 
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3.1 Electrochemical characterization for different electrode 

The cyclic voltammetry (CV) was utilized to study the interface properties of 

electrode. As depicted in Fig. 2A, bare GCE showed a well-defined redox peak 

(curve a). And the current increased after modification of conductive depAu (curve 

b). After the P1-PtNPs-S1 bioconjugates were assembled on electrode, the current 

slightly increased (curve c) for the conductive property of PtNPs. However, an 

obvious decline in peak current was detected after employing of MCH to block 

nonspecific binding sites (curve d). Once introduction of MMP-7, it could cause the 

cleavage of peptide and then release of PtNPs, resulting in a further decrease of 

current signal (curve e). As expected, when the electrode was treated with a mixture 

of I1, I2, M1, M2 and MnPP, the current response was reduced (curve f), this is 

because the formed DNA nanoladders with negative charges can repulse the positive 

charged redox probes. The peak current heavily decreased when the modified 

electrode incubated with the precipitation solution (curve g), which was mainly 

attributed to the fact that 4-CN was oxidized by biocatalysis of MnPP. 

To further confirm that the generation of precipitation was induced by MnPP 

catalytic reaction, the proposed biosensor before and after the oxidization of 4-CN 

were compared by using DPV. As shown in Fig. 2B, before the oxidization of 4-CN, 

an obvious DPV peak was obtained (curve a). After MnPP participated the 

precipitation reaction of 4-CN, a very low current signal could be seen (curve b), 
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10 

 

indicating that MnPP with excellent electrocatalytic performance toward 4-CN 

enhanced electrochemical signals. 

 

Fig. 2 (A) The CVs of the stepwise modified electrodes in 5 mM [Fe(CN)6]
3-/4-

 

solution: (a) bare GCE; (b) GCE/depAu; (c) GCE/depAu/P1-PtNPs-S1; (d) 

GCE/depAu/P1-PtNPs-S1/MCH; (e) the GCE/depAu/P1-PtNPs-S1/MCH after treated 

with MMP-7; (f) e + DNA nanoladders + MnPP; (g) f incubated in 1.0 mM 4-CN + 

0.15 mM H2O2. (B) The DPVs for constructed biosensor (a) before and (b) after the 

precipitation assembly. 

AFM was utilized to investigate the surface morphological of the process of 

biosensor fabrication. Fig. 3A showed an image of depAu on the electrode, which 

displayed spherical particles. Because peptide did not transmit electricity and 

hindered the electron transfer, we can observe that the films gradually became rough 

when the electrode was treated with P1-PtNPs-S1 bioconjugates (Fig. 3B). After 

incubating with MCH, MMP-7, mixture containing I1, I2, M1, M2 and MnPP in order, 

surface morphology of the modified films were changed obviously (Fig. 3C). This  
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was because target MMP-7 specifically recognized and cleaved the peptide, some of 

PtNPs were released from the electrode. When the modified electrode reacted with 

1.0 mM 4-CN + 0.15 mM H2O2, more rough films could be observed (Fig. 3D), 

which was mainly attributed to the fact that MnPP was utilized as catalyst to 

electrocatalyze the 4-CN to generate indissoluble precipitation on electrode. These 

results also validated that the proposed electrochemical biosensor was successfully 

fabricated. 

 

Fig. 3 AFM images of the modified films of: (A) depAu, (B) depAu/P1-PtNPs-S1, 

(C) the depAu/P1-PtNPs-S1/MCH after treated with MCH, MMP-7, DNA 

nanoladders and MnPP. (D) C incubated in 1.0 mM 4-CN + 0.15 mM H2O2. 

At the same time, we also monitored the modified electrode surfaces with SEM. 

Fig. 4A displayed the electrodeposition of the gold nanoparticles on the bare GCE, 

Page 11 of 24

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12 

 

which presented a nanoflowerlike shape with the average size of 1 µm. However, the 

surface became fuzzy after the P1-PtNPs-S1 bioconjugate was modified on electrode 

(Fig. 4B), which suggested the successful modification of P1-PtNPs-S1 bioconjugate 

on electrode. After subsequent assembly with MCH, MMP-7, DNA nanoladders and 

MnPP, and indissoluble precipitation, the view became rough (Fig. 4C). 

 

Fig. 4 The SEM of the modified films of (A) depAu, (B) depAu/P1-PtNPs-S1, (C) the 

depAu/P1-PtNPs-S1/MCH after treated with MMP-7, DNA nanoladders and MnPP, 

and then incubated in 1.0 mM 4-CN + 0.15 mM H2O2. 

3.2 Comparison experiment  

To test the signal amplification of MnPP associated nanoladders, the comparison 

experiment results of two different bioconjugates I2-MnPP and DNA 

nanoladders-MnPP for biocatalytic precipitation were shown in Fig. 5. The change 

of current responses (∆I = I − I0, where I0 and I represented electrochemical signal 
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before and after amplification) was recorded to study the signal amplification effect 

with different methods. In Fig. 5A, peak current changed just about 88.68 µA when 

the biosensor was introducted with I2-MnPP, while the biosensor with DNA 

nanoladders-MnPP, greatly increased to 132 µA (Fig. 5B). The reason was that the 

formed DNA nanoladders could increase the loading amount of MnPP to catalyze 

4-CN to yield inert precipitation, suggesting the excellent signal amplification ability 

of MnPP associated DNA nanoladders. 

PtNPs showed superior electrocatalytic efficiency toward reduction of H2O2, 

leading to an amplified electrochemical signal output. In order to elucidate the 

catalytic reduction of PtNPs toward H2O2, a comparative experiment was also 

designed in the same condition. As illustrated in Fig. 5C, biosensor incubated with 

P1-PtNPs-S1 bioconjugates (curve a) showed lower peak current than that of 

P1-AuNPs-S1 (curve b), demonstrating that PtNPs could efficiently catalyze the 

decomposition of H2O2, causing more inert precipitation on electrode. 
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Fig. 5 The DPV responses of different strategies without (A) and with (B) DNA 

signal amplification: (a) GCE/depAu/P1-PtNPs-S1/MCH incubated with MMP-7; (b) 

a + I2 +MnPP + 1.0 mM 4-CN + 0.15 mM H2O2; (c) a + DNA nanoladders + MnPP 

+ 1.0 mM 4-CN + 0.15 mM H2O2. (C) The DPV signal of the developed biosensor 

incubated with (a) P1-PtNPs-S1 and (b) P1-AuNPs-S1. 

3.3 Analytical performance of the biosensor for detection of MMP-7 

Under the optimal condition (see Supporting Information, Fig. S2), the 

GCE/depAu/P1-PtNPs-S1/MCH was subjected to a series of concentrations of target 

MMP-7. As depicted in Fig 6, the DPV peak currents gradually increased (Fig 6A) 

and displayed a good liner relationship with increasing concentrations of MMP-7 

varying from 0.2 pg/mL to 20 ng/mL (Fig 6B). The regression equation was I (µA) = 

-14.445 lgcMMP-7 - 63.309 (r = -0.996) and the detection limit (LOD) was calculated 

0.05 pg/mL. Additionally, the performance of proposed work was subjected to 
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comparison with that of some reported methods for MMP-7 detection. As shown in 

Table 1, our work showed higher sensitivity on account of DNA nanoladders and 

enzymatic biocatalytic precipitation for signal amplification. 

 

Fig. 6 (A) The DPVs of MMP-7 detection with different concentrations: 0.2 pg/mL, 

1.0 pg/mL, 10 pg/mL, 0.1 ng/mL, 1.0 ng/mL, 5.0 ng/mL, 20 ng/mL; (B) The 

corresponding calibration curve. 

Table 1 The performance of present work compared with some reported methods for MMP-7 

detection. 

Method for analysis  Detection limit Linear range Reference 

colorimetric 0.1 µg/mL 0-2 µg/mL 7 

SWV 3.4 pM 0-10 ng/mL 27 

Scanometry 0.097 ng/mL 0.1-100 ng/mL 28 

MS 

FETs 

---- 

10 ng/mL 

20-2000 ng/mL 

0.01-1 µg/mL 

29 

30 

DPV 0.05 pg/mL 0.0002-20 ng/mL Our work 

Abbreviation: square wave voltammetry (SWV); mass spectrometry (MS); field-effect 

transistors (FETs); differential pulse voltammetry (DPV). 
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3.4 Selectivity, stability and reproducibility of proposed biosensor 

To evaluate the selectivity of developed biosensor, several interferences such as 

hemoglobin (Hb), glucose and MMP-2 were tested. And the concentration with 10 

times higher than that of MMP-7 was used for these interferences. As can be seen 

from Fig. 7A, the target MMP-7 induced a remarkable signal compared to that of 

other potential interferences. Additionally, the electrode was also incubated with a 

mixture of above four interferences containing MMP-7. Although these interferences 

are coexisted, the detection signal of the mixture had no apparent difference from 

MMP-7 only. These results indicated that the proposed biosensor exhibited superior 

specificity for MMP-7 detection. 

We also investigated the reproducibility of proposed biosensor (Fig. 7B), and 

DPV responses were recorded from four electrodes at the same conditions. The 

electrochemical signal showed approximate value with the RSD of 5.68%. 

Additionally, a successive CV scans for 50 cycles was carried out after treated with 1 

ng/mL
 
MMP-7 (Fig. 7C), and the current decreased about 5.1% of its initial current, 

demonstrating an acceptable stability for proposed electrode. 
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Fig. 7 (A) Specificity of electrode toward (a) 10 ng/mL Hb, (b) 10 ng/mL MMP-2, (c) 

10 ng/mL glucose (d) 1 ng/mL MMP-7, and (e) 10 ng/mL Hb + 10 ng/mL MMP-2 + 

10 ng/mL glucose + 1 ng/mL MMP-7. (B) Reproducibility assays of four biosensors 

prepared in the same conditions. (C) Stability of the proposed electrode under 

successive CV scans for 50 cycles. 

4. Conclusion 

In a word, a label-free, sensitive biosensor was successfully developed for detection 

of MMP-7 with DNA nanoladders and enzymatic biocatalytic precipitation for signal 

amplification. The remarkable signal amplification relied on the following points: (1) 

the DNA nanoladders with multiple DNA nanowires were served as ideal 

nanocarriers for loading numerous peroxidase mimic enzyme; (2) MnPP exhibited 

superior bioelectrocatalytic activities and catalyzed oxidization the 4-CN into 

insoluble precipitation in the presence of H2O2, amplifying the electrochemical 

signal; (3) the strategy avoided the fussy labeling procedure. In view of these 

excellent properties, our electrochemical analytical method can be extended easily 

for the detection of other proteases. 

ASSOCIATED CONTENT 
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