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system by using phage display technology. Phage M 13 was genetically modified to display a gold-binding peptide on every
copy of its major coat protein (gP8). This genetically modified virus (GM M13) worked as nucleation seeds for gold
deposition under proper chemical conditions. The TEM and AFM characterizations showed the resulting complex is a three
dimensional network formed by mineralized gold nanowires. The nanoscale particles of the deposited gold on the phages
were irregular in shape with a coarse surface. The resultant Au-GM M13 complex was co-immobilized with horseradish
peroxidase (HRP) on a glass-carbon electrode by chitosan entrapping, which was employed to H,O, analysis. The HRP/Au-
GM M13 complex modified sensor showed high sensitivity to H,0,, and its responses were proportional to the substrate
concentrations ranged from 2.5 pmol/L to 60 mmol/L with a detection limit of 0.32 umol/L. Such a high sensitivity
indicates that the virus-templated nano-gold conducting network exhibits improved electrochemical performance. The
enzymatic reaction occurred on the HRP/Au-GM M13 complex modified electrode displayed Michaelis-Menten kinetics,
and the apparent Michaelis-Menten constant (K,,"*) value was found to be 0.3 mmol/L, giving solid evidence for the higher
affinity and sensitivity of the modified electrode to the substrate. The impedance spectroscopy characterization implied that
the HRP/Au-GM M13 complex facilitates the electron transfer compared with enzyme-gold nanoparticles and the
embedded enzyme as well, demonstrating its superiority in enzyme electrode modifications for the analysis of H,O,, The
GM M13 could serve as a template to form gold nanowires for a multi-dimensional conducting gold network to entrap a
large number of enzyme molecules, which helps enlarge the conducting area of the electrode, providing more effective
binding sites for the enzyme. As a result, the response signal was increased several folds in detecting H,O,. The proposed

method provides insights for developing a variety of electrochemical biosensors.
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Tab. 1 Primers for constructing of recombinant phage

ClEvEA FFH1(5—3")

6264mS CGCCAAGCTTGCATGCCGCAGGTCCTC
6264dn GATAGCCTTTGTAGATCTCTC

1381up GGCATTACGTATTTTACCC

13818 CTTTCGCTGCAGAGGGTGAGGATC
1381A CTTTTGCGGGATCCTCACCCTCTGC
1381dn GCTATTAATTAATTTTCCC

GbS GTATCGGGTTCTTCTCCTGATTCT

GbA GATCAGAATCAGGAGAAGAACCCGATACTGCA
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Fig.2 Construction of gold-binding peptide displaying phage and its verification
M—Takara DL15000 DNA ladder. Lane (a) 1—Site 6264 mutated phage genome digested by Pst | and Bg/ Il . Lane (b) 1—Sites 1372 and 1381
mutated phage genome digested by Pst | and Pac | ; 2—Sites 1372 and 1381 mutated phage genome digested by BamH | and Pac [ .

ORI T A R 3 5 2

Lane (c) 1—Gold-binding peptide sequence inserted phage genome digested by Pst | and Pac | ;

2—Gold-binding peptide sequence inserted phage genome digested by BamH | and Pac |
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Fig. 3 Evaluation of gold-binding ability for GM M13 with
silver enhancement

(10" GM M13 and 10° GM M13 refer to the genetically modified M13
with the titer of 10'° PFU and 10° PFU, respectively, and the silver
enhancement GM M 13 without gold nanoparticles is used as the
control.)
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B4 AR RN S T 40k - B 4 5 441 AEM J% TEM €]
(a) 0.25 mmol/L HAuCl, 10" PFU/mL JE R SUEWEE /& 20 mmol/L Gly-CI™ 2 2.5 mmol/L NaBH, Wi & T, AFM FIHi [ ;
(b) 0.375 mmol/L HAuCl,. 10" PFU/mL 4 [F SGE W B 44 . 20 mmol/L Gly-Cl % 2.5 mmol/L NaBH, SR FF, AFM A4
(¢) 0.5 mmol/L HAuCl, 10" PFU/mL JE[F SUEWEE & 20 mmol/L Gly-CI™ % 2.5 mmol/L NaBH, IR+ T, AFM EIHi ;
(D PORE-VEE KRS A9 TEM ERRGE, SEWEHEEM: 0.5 mmol/L HAuCl,. 10" PFU/mL & [F SU&E W B 4 |
20 mmol/L Gly-CI" % 2.5 mmol/L NaBH,
Fig.4 AFM and TEM images for the Au-GM M 13 complex formed under different reaction conditions
(a) AFM images for 0.25 mmol/L HAuCl,, 10" PFU/mL GM M13, 20 mmol/L Gly-C1” and 2.5 mmol/L NaBH,; (b) AFM images for 0.375 mmol/L
HAuCl,, 10" PFU/mL GM M13, 20 mmol/L Gly-CI  and 2.5 mmol/L NaBH,; (¢) AFM images for 0.5 mmol/L HAuCl,, 10"> PFU/mL GM M13,
20 mmol/L Gly-CI" and 2.5 mmol/L NaBH,; (d) TEM image for the Au-GM M13 complex. Complex forming conditions: 0.5 mmol/L HAuCl,,
10" PFU/mL GM M13, 20 mmol/L Gly-CI  and 2.5 mmol/L NaBH,
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Fig. 5 Voltammograms of the HRP/Au-GM M13 electrode
without (a) and with chitosan modifications (b)

[Scan rate: 50 mV/s; buffer: PBS (10 mmol/L, pH 7.0) solution
containing 0.1 mol/L KCl and 2 mmol/L [Fe(CN),I*"*". ]
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Fig. 6 Voltammograms of the HRP/Au-GM M13 electrode

modified with chitosan at different concentrations of hydrogen

peroxide
[Scan rate: 20 mV/s for N,-saturated PBS (0.1 mol/L, pH 7.0). The
curve peaks were obtained in response to H,0O, concentrations from
2.5 umol/L to 640 pmol/L. The embedded image shows the calibration

curve derived from the curves.]
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Fig.7 Voltammograms of the HRP/Au-GM M13

electrode modified with chitosan at different
concentrations of hydrogen peroxide
from 640 pmol/L to 60 mmol/L

[Scan rate: 20 mV/s for N,-saturated PBS (0.1 mol/L, pH 7.0).
The embedded image shows the calibration
curve derived from the curves.]
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Tab.2 Comparison of the analytical performance of enzyme-phage-gold modified electrode with other electrochemical biosensors

Titg B BRAB A 7 12 Fer I pR K, ™ o RER K
Cerasomes with AuNPs@Poly(Ionic Liquid)s 3.3 umol/L — 10~70 pmol/L [22]
Silicahydroxyapatite hybrid film 0.35 pmol/L 21.8 pmol/L 1.0~100 pmol/L [23]
Methanobactin functionalized gold nanoparticles — 0.787 mmol/L 52.9 pmol/L~0.64 mmol/L [24]
Gold nanoparticles on indium/tin oxide electrode 2 pmol/L 0.4 mmol/L 8.0 umol/L~3.0 mmol/L [25]
Cerasome 0.83 mmol/L — 2.5~325 mmol/L [26]
Carbon nanotubes 0.1 umol/L — 0.3~200 pmol/L [21]
YK G-WEEH IR E AW 0.32 pmol/L 0.3 mmol/L 2.5 umol/L~60 mmol/L VNI
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Fig. 8 Comparison of voltammograms for the electrode responses to increased H,0O, concentrations

[The measurement was performed in the PBS without oxygen. HRP/Au-GM M13 electrode with (a) and without (b) chitosan modification,

and HRP/Au nanoparticles electrode with (c¢) and without (d) chitosan modification]
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Fig. 9 Nyquist diagram (Z" vs Z') for Faradaic impedance
spectra in the PBS (10 mmol/L, pH 7.0) containing 0.1 mol/L
KCl and 2 mmol/L [Fe(CN) ]*"™*
a—HRP/Au-GM M13 electrode modified with chitosan; b—HRP/Au
nanoparticles electrode modified with chitosan modified electrode;
¢—HRP electrode modified with chitosan; d—the glass-carbon

electrode without the modification
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