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§1.  Oligonucleotides sequences used in this work

Table S1. Oligonucleotides Sequences Used in This Worka

oligonucleotides sequences

capture DNA 5’-NH2-(CH2)6-GCG CGA ACC GTA TA-3’

signal DNA 5’-TC TAT CCT ACG C-(CH2)6-NH2-3’

FITC-signal DNA 5’-FITC-TC TAT CCT ACG C-(CH2)6-NH2-3’

target DNA 1 3’-CGC GCT TGG CAT AT AGAT AG ATA GGA TGC G-5’

target DNA 2b 3’-CGC GCT AGG CAT AT AGAT AG ATA GGA TGC G-5’

target DNA 3 3’-GCG CGA ACC GTA TA AGAT TC TAT CCT ACG C-5’

aptamer 1 5’-NH2-poly T(20)-GGT TGG TGT GGT TGG-3’

aptamer 2
5’-NH2-(CH2)6-AGT CCG TGG TAG GGC AGG TTG GGG 

TGA CT -3’
aNote: target DNA 1, target DNA 2, and target DNA 3 represent the perfectly complementary target DNA, single-

base mismatched DNA, and non-complementary DNA, respectively. 
bThe mismatched bases in DNA strands are underlined. 
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§2. Modification of p-SCNWs and PMs with oligonucleotides

Figure S1. (A) Modification of p-SCNWs with signal DNA (sDNA), and (B) Immobilization of 

capture DNA (cDNA) onto amine-actived paramagnetic microspheres (PMs). 
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§3. Determination of Surface Coverage of the Prober on the Surface of p-SCNWs 
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Figure S2. Fluorescence emission spectra of FITC-DNA (FITC-signal DNA probe, 125 nM) before 

(red line) and after (blue line) being incubated with p-SCNWs (0.1 mg), and the supernatant of p-

SCNWs (0.1 mg) after separated by centrifugation (green line). Fluorescence intensity was recorded 

at 520 nm with an excitation wavelength of 490 nm. 
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§4.  Optimization of the DNA Hybridization Reaction Conditions

Figure S3. Effect of the concentration of Tris-HCl buffer on the CL intensities. The final 

concentration of target DNA was 60 fM. Corresponding control: sample without target DNA.

Figure S4. Effect of the concentration of LiCl in 0.01 M Tris-HCl buffer on the CL intensities. The 

final concentration of target DNA was 60 fM. Corresponding control: samples without target DNA. 
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Figure S5. Effect of different kind of blocking agents on the CL intensities in the DNA assay. 

Figure S6. Effect of DNA hybridization time on the CL intensities. The concentration of target DNA 

was 60 fM.
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§5.  Optimization of the CL reaction conditions

Figure S7. Effect of pH value of the resultant KMnO4 on the CL intensities. The final concentration 

of target DNA was 60 fM. Corresponding control: samples without target DNA. 
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§6.  Determination of DNA in biological samples

Table S2. Recovery of DNA spiked into human serum samples.

Samples

Spiked DNA

(10-16 M)

Detected DNA

(10-16 M)

RSD

(%, n=5)

Recovery

(%, n=5)

1 8.0 7.9 4.7 98.5

2 85.0 84.7 3.2 99.6

3 120.0 126.6 5.0 105.5
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§7.  Comparison of the Developed CL Assay with Others in the Detection of 

DNA Hybridization.

Table S3. Comparison of the Developed CL Assay with Others in the Detection of DNA Hybridization.

assay method label linear range (M) LOD (M) refs

CLa p-SCNWs 2×10–16–4×10–14 7.2×10–17 this work

CL silver nanoparticles (NPs) 1.4×10–14–1.4×10–12 5×10–15 1

CL CuS NPs and Au NPs 2×10–14–2×10–12 4.8×10–15 2

CL nucleic acid modified Pt NPs 1×10–11–1×10–8 1×10–11 3

CL irregular Au NPs 4×10–11–1×10–8 1.3×10–11 4

CRETb
hairpin nucleic acid- 

modified CdSe/ZnS QDs
1×10–8–1×10–7 1×10–8 5

colorimetric Au NPs 5×10–12–5×10–17 2×10–17 6

spectrophotometry horseradish peroxidase 1×10–14–1×10–9 1×10–14 7

fluorescence
molecular beacon modified 

CdTe QDs
5×10–10–2.5×10–8 5×10–10 8

DLSc Au NPs 5×10–12–5×10–9   1×10–12 9

LSPRd label-free 1×10–12–1×10–6 8.03×10–13 10

ECLe
[Ru(bpy)3]2+-containing 

polystyrene microspheres
1×10–15–1×10–8 1×10–15 11

ECL HRP 1×10–8–1×10–17 8.3×10–18 12

SWSVf
ferrocene-functionalized

cationic polythiophene
1×10–15–1×10–12 4×10–16 13

ASVg
Au NPs modified with bio 

bar code and PbS NPs
2×10–14–1×10–12 5×10–15 14

potentiometry alkaline phosphatase 5×10–14–1×10–8 5×10–14 15

aChemiluminescent method. 

bChemiluminescence resonance energy transfer.

cDynamic light scattering.

dLocalized surface Plasmon resonance. 

eElectrogenerated chemiluminescence.

fSquare-wave stripping voltammetry.

gAnodic stripping voltammetry. 
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§8.  Optimization of thrombin incubation reaction conditions

Figure S8. Effect of washing number of times on the CL intensities. Control: sample without 

thrombin.

Figure S9. Effect of different kind of blocking agents on the CL intensities in thrombin assay. 

Control: sample without thrombin.
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Figure S10. Effect of the molar ratio of EDC and NHS on the CL intensities. The carboxylic acid-

terminated p-SCNWs were activated with different molar ratio of EDC and NHS, while the 

concentration of NHS was kept 0.1 M. The final concentration of thrombin was 120 pM. 

Corresponding control: samples without thrombin. 

Figure S11. Effect of the time of thrombin incubation on the CL intensities. The final concentration 

of thrombin was 120 pM.
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§9.  Determination of thrombin in biological samples

Table S4. Recovery of Human α-Thrombin spiked into human serum samples.

Samples

Spiked thromin

(10-12 M)

Detected thromin

(10-12 M)

RSD

(%, n=5)

Recovery

(%, n=5)

1 1.0 0.96 5.4 96.0

2 10.0 10.5 4.6 105.0

3 30.0 30.7 3.0 102.4
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§10.  Comparison of the Developed CL Assay with Others in the Detection of 

Thrombin.

Table S5. Comparison of the Developed CL Assay with Others in the Detection of Thrombin.

assay method label linear range (M) LOD (M) refs

CL p-SCNWs 2.5×10–13–3.5×10–11 4×10–14 this work

CL Pt nanoparticles 1×10–8–1×10–6 1×10–9 16

CRET Au nanoparticles 5×10–11–5.5×10–10 1.5×10–11 17

spectrophotometry Au nanoparticles 2×10–8–1.67×10–7 2 ×10–9 18

Chromogenic assay Chromogenic substrates 5×10–14–2×10–12 4×10–14 19

SERSa Crystal violet 1×10–10–1×10–8 2×10–11 20

SPRb Au nanoparticles 1×10–17–1×10–15 1×10–18 21

fluorescence enzymes 2×10–14–1×10–10 2×10–15 22

ECL methyl blue 2×10–11–1×10–8 2×10–11 23

ECL Fe3O4@CdSe QDs 1×10–12–5×10–9 1.2×10–13 24

ECL Pt nanoparticles 1×10–8–1×10–6 1×10–9 25

DPVc
Streptavidin-alkaline 

phosphatase
1×10–9–1×10–7 4.5×10–10 26

DPV Ferrocene-labeled aptamer 5×10–9–3.5×10–8 5×10–10 27

ECPAd methyl blue 1×10–10–1×10–8 5×10–11 28

ICP-MSe Au nanoparticles 5×10–11–1×10–9 1×10–11 29

EISf Au nanoparticles 5×10–11–3.5×10–8 1×10–13 30

aSurface-enhanced Raman spectroscopy.

bSurface plasmon resonance.

cDifferential pulse voltammetry.

dElectrochemical proximity assay.

eInductively coupled plasma-mass spectrometry.

fElectrochemical impedance spectroscopy.



S15

§11.  References
[1] Liu, C. H.; Li, Z. P.; Du, B. A.; Duan, X. R.; Wang, Y. C. Silver Nanoparticle-Based 

Ultrasensitive Chemiluminescent Detection of DNA Hybridization and Single-Nucleotide 

Polymorphisms. Anal. Chem. 2006, 78, 3738-3744. 

[2] Zhang, S. S.; Zhong, H.; Ding, C. F. Ultrasensitive Flow Injection Chemiluminescence 

Detection of DNA Hybridization Using Signal DNA Probe Modified with Au and CuS 

Nanoparticles. Anal. Chem. 2008, 80, 7206-7212. 

[3] Gill, R.; Polsky, R.; Willner, I. Pt Nanoparticles Functionalized with Nucleic Acid Act as 

Catalytic Labels for the Chemiluminescent Detection of DNA and Proteins. Small 2006, 2, 

1037-1041. 

[4] Wang, Z. P.; Hu, J. Q.; Jin, Y.; Yao, X.; Li, J. H. In Situ Amplified Chemiluminescent 

Detection of DNA and Immunoassay of IgG Using Special-shaped Gold Nanoparticles as Label. 

Clinical Chem. 2006, 52, 1958-1961.

[5] Freeman, R.; Liu, X. Q.; Willner. I. Chemiluminescent and Chemiluminescence Resonance 

Energy Transfer (CRET) Detection of DNA, Metal Ions, and Aptamer–substrate Complexes 

Using Hemin/G-quadruplexes and CdSe/ZnS Quantum Dots. J. Am. Chem. Soc. 2011, 133, 

11597-11604.

[6] Shen, W.; Deng, H. M.; Gao, Z. Q. Gold Nanoparticle-enabled Real-time Ligation Chain 

Reaction for Ultrasensitive Detection of DNA. J. Am. Chem. Soc. 2012, 134, 14678-14681.

[7] Zhang, Y. Y.; Tang, Z. W.; Wang, J.; Wu, H.; Maham, A. H.; Lin, Y. H. Hairpin DNA Switch 

for Ultrasensitive Spectrophotometric Detection of DNA Hybridization Based on Gold 

Nanoparticles and Enzyme Signal Amplification. Anal. Chem. 2010, 82, 6440-6446.

[8] Dong, H. F.; Gao, W. C.; Yan, F.; Ji, H. X.; Ju, H. X. Fluorescence Resonance Energy 

Transfer Between Quantum Dots and Graphene Oxide for Sensing Biomolecules. Anal. Chem. 

2010, 82, 5511-5517.

[9] Dai, Q.; Liu, X.; Coutts, J.; Austin, L.; Huo, Q. A One-step Highly Sensitive Method for DNA 

Detection Using Dynamic Light Scattering. J. Am. Chem. Soc. 2008, 130, 8138-8139.



S16

[10] Endo, T.; Kerman, K.; Nagatani, N.; Takamura, Y.; Tamiya, E. Label-free Detection of 

Peptide Nucleic Acid−DNA Hybridization Using Localized Surface Plasmon Resonance Based 

Optical Biosensor. Anal. Chem. 2005, 77, 6976-6984.

[11] Miao, W. J.; Bard, A. J. Electrogenerated Chemiluminescence. 77. DNA Hybridization 

Detection at High Amplification with [Ru(bpy)3]2+-containing Microspheres. Anal. Chem. 2004, 

76, 5379-5386. 

[12] Patolsky, F.; Weizmann, Y.; Katz, E.; Willner, I. Magnetically Amplified DNA Assays 

(MADA): Sensing of Viral DNA and Single-base Mismatches by Using Nucleic Acid Modified 

Magnetic Particles. Angew. Chem. 2003, 115, 2474-2478. 

[13] Lepage, P. H.; Peytavi, R.; Bergeron, M. G.; Leclerc, M. Amplification Strategy Using 

Aggregates of Ferrocene-containing Cationic Polythiophene for Sensitive and Specific 

Electrochemical Detection of DNA. Anal. Chem. 2011, 83, 8086-8092. 

[14] Du, P.; Li, H. X.; Cao, W. Construction of DNA Sandwich Electrochemical Biosensor with 

NanoPbS and NanoAu Tags on Magnetic Microbeads. Biosens. Bioelectron. 2009, 24, 3223-

3228. 

[15] Wu, J.; Chumbimuni-Torres, K. Y.; Galik, M.; Thammakhet, C.; Haake, D. A.; Wang, J. 

Potentiometric Detection of DNA Hybridization Using Enzyme-induced Metallization and a 

Silver Ion Selective Electrode. Anal. Chem. 2009, 81, 10007-10012. 

[16] Gill, R.; Polsky, R.; Willner, I. Pt Nanoparticles Functionalized with Nucleic Acid Act as 

Catalytic Labels for the Chemiluminescent Detection of DNA and Proteins. Small 2006, 2, 

1037-1041. 

[17] Qin, G. X.; Zhao, S. L.; Huang, Y.; Jiang, J.; Liu, Y. M. A Sensitive Gold Nanoparticles 

Sensing Platform Based on Resonance Energy Transfer for Chemiluminescence Light on 

Detection of Biomolecules. Biosens. Bioelectron. 2013, 46, 119-123. 

[18] Pavlov, V.; Xiao, Y.; Shlyahovsky, B.; Willner, I. Aptamer-functionalized Au Nanoparticles 

for the Amplified Optical Detection of Thrombin. J. Am. Chem. Soc. 2004, 126, 11768-11769. 

[19] Zhao, Q.; Wang, X. F. An Aptamer-capture Based Chromogenic Assay for Thrombin. Biosens. 



S17

Bioelectron. 2012, 34, 232-237. 

[20] Hu, J.; Zheng, P. C.; Jiang, J. H.; Shen, G. L.; Yu, R. Q.; Liu, G. K. Electrostatic Interaction 

Based Approach to Thrombin Detection by Surface-Enhanced Raman Spectroscopy. Anal. Chem. 

2009, 81, 87-93. 

[21] Kown, M. J.; Lee, J.; Wark, A. W.; Lee, H. J. Nanoparticle-Enhanced Surface Plasmon 

Resonance Detection of Proteins at Attomolar Concentrations: Comparing Different 

Nanoparticle Shapes and Sizes. Anal. Chem. 2012, 84, 1702-1707. 

[22] Zhao, Q.; Li, X. F.; Le, X. C. Aptamer Capturing of Enzymes on Magnetic Beads to Enhance 

Assay Specificity and Sensitivity. Anal. Chem. 2011, 83, 9234-9236. 

[23] Yang, K.; Zhang, C. Y. Improved Sensitivity for the Electrochemical Biosensor with an 

Adjunct Probe. Anal. Chem. 2010, 82, 9500-9505. 

[24] Jie, G. F.; Yuan, J. X. Novel Magnetic Fe3O4@CdSe Composite Quantum Dot-based 

Electrochemiluminescence Detection of Thrombin by a Multiple DNA Cycle Amplification 

Strategy. Anal. Chem. 2012, 84, 2811-2817. 

[25] Polsky, R.; Gill, R.; Kaganovsky, L.; Willner, I. Nucleic Acid-functionalized Pt Nanoparticles: 

Catalytic Labels for the Amplified Electrochemical Detection of Biomolecules. Anal. Chem. 

2006, 78, 2268-2271. 

[26] Centi, S.; Tombelli, S.; Minunni, M.; Mascini, M. Aptamer-based Detection of Plasma 

Proteins by an Electrochemical Assay Coupled to Magnetic Beads. Anal. Chem. 2007, 79, 1466-

1473. 

[27] Radi, A. E.; Sánchez, J. L. A.; Baldrich, E.; O'Sullivan, C. K. Reagentless, Reusable, 

Ultrasensitive Electrochemical Molecular Beacon Aptasensor. J. Am. Chem. Soc. 2006, 128, 

117-124. 

[28] Hu, J. M.; Wang, T. Y.; Kim, J.; Shannon, C., Easley, C. Quantitation of Femtomolar Protein 

Levels via Direct Readout with the Electrochemical Proximity Assay. J. Am. Chem. Soc. 2012, 

134, 7066-7072. 

[29] Zhao, Q.; Lu, X. F.; Yuan, C. G.; Li, X. F.; Le, X. C. Aptamer-linked Assay for Thrombin 



S18

Using Gold Nanoparticle Amplification and Inductively Coupled Plasma-mass Spectrometry 

Detection. Anal. Chem. 2009, 81, 7484-7489. 

[30] Deng, C. Y.; Chen, J. H.; Nie, Z.; Wang, M. D.; Chu, X. C.; Chen, X. L.; Xiao, X. L.; Lei, C. 

Y.; Yao, S. Z. Impedimetric Aptasensor with Femtomolar Sensitivity based on the Enlargement 

of Surface-Charged Gold Nanoparticles. Anal. Chem. 2007, 79, 8024-8029.


