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A multilayer bio-interphase composed of DNA, cytochrome ¢ (Cyt ¢) and horseradish peroxidase
(HRP) was developed by layer-by-layer assembling DNA and Cyt c-HRP on a gold electrode surface
modified by a precursor film. The Cyt ¢ was electrostatically immobilized on a mixed film consisting
of biocompatible 11-mecraptoundecanoic acid and 6-mercapto-1-hexanol as the precursor film. This
new multi-protein bio-interphase was used as a model system to investigate electron transfer and
electrocatalytic performance of these two proteins in the multilayer. The assembly process was
monitored by UV-vis spectroscopy and electrochemical technique. The (DNA/Cyt c-HRP), multilayer
modified electrode showed a pair of well-defined and nearly reversible peak of the protein
Fe(I11)/Fe(ll) redox couples. The current response linearly increased with the amount of electroactive
proteins up to 4 bilayers, showing the electrons were transferred over long distance within the
multilayers. The (DNA/Cyt c-HRP), also exhibited good electrocatalytic response to reduction of
hydrogen peroxide (H,O;) and oxygen (O,), indicating a multi-step electron transfer chain from the
electrode via the Cyt c-HRP composite to H,O, and O,. This study will shed more light on the electron
transfer within multi-protein arrangements and the development of biosensors.
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1. INTRODUCTION

A bio-interphase composed of two or more enzymes is of particular interest not only for
analytical application but also for better understanding synergistic mechanism of enzymatic reactions
in the living systems [1-4]. A series of bio-interphase containing cytochrome ¢ (Cyt c) and enzymes
(such as blue copper, sulfite oxidase (SOx), horseradish peroxidase (HRP), etc.) have been developed
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to mimic the sequential electron transfer in real biological systems [2-8]. It was found that a multi-step
electron transfer chain can be formed from the electrode via the Cyt ¢ layers towards enzymes and
finally to analyses [9]. And accordingly a series of biosensors with good-selectivity and high-
sensitivity were developed [10-12]. To obtain higher sensitivity, there is still a need to increase the
functional density which could be achieved by going beyond the monolayer arrangement [13-16].
Therefore it is necessary to construct multi-protein multilayer in which the proteins might effectively
exchange electrons with the electrode without the need of mediator and understand the mechanism of
electron transfer in the multilayer.

Layer-by-layer (LBL) self-assembly has been developed into a general approach for fabricating
multilayer on solid surfaces. This molecular architecture method is mainly based on the alternate
adsorption of oppositely charged species from their solutions with precise thickness control on the
nanometer scale [17]. Electroactive multilayer assemblies combining the redox protein Cyt ¢ and the
enzyme laccase were fabricated by the LBL adsorption technique on gold electrodes and were shown
to be capable of direct oxygen reduction [18]. Multilayer with embedded Cyt c, bilirubin oxidase
(BOD) and poly(amiline sulfonic acid) (PASA) as counter polyelectrolyte were assembled on a Cyt ¢
monolayers electrode by alternating incubation in solutions of PASA and Cyt ¢/BOD mixture [9].
Electron transfer between Cyt ¢ and BOD with the PASA multilayer was achieved to study the
communication in a protein stack. A polyelectrolyte multilayer combining Cyt ¢ and xanthine oxidase
was fabricated to develop sensor for selective response to hypoxanthine [5]. An efficient
electrocatalytic biosensor for sulfite detection was developed by co-immobilizing sulfite oxidase and
Cyt ¢ with poly(aniline sulonic acid) in a LBL multilayer [19]. The results obtained by these multi-
protein multilayer bio-interphases might be different from those in living organisms because these
abiological materials in these bio-interphases disrupted the electron transfer. Multi-protein LBL self-
assembly by combining Cyt ¢ with SOx was developed by alternating incubation of a Cyt ¢ monolayer
electrode in a SOx/Cyt ¢ mixture and a pure Cyt ¢ solution without the use of any additional polymer
[20]. In the LBL arrangement by protein-protein interaction, mediator-free electron transfer of the
enzyme within the composite was achieved by taking advantage of direct interaction between the two
functional biomolecules. Although electrostatic interactions between these two proteins with rather
separated isoelectric points during the assembly process from a low ionic strength buffer were found to
be sufficient for layer-by-layer deposition of components, the reproducibility and stability of multi-
protein bio-interphase were a serious problem needed to be solved in future. Recently, a novel multi-
protein bio-interphase consisting of DNA, Cyt ¢ and HRP was developed by assembling Cyt ¢, DNA
and Cyt c-HRP on biocompatible 11-mercaptoundecanoic acid (MUA) - 6-mercapto-1- hexanol
(MCH) modified gold (Au) electrode [21]. The bio-interphase constructed with biological molecules
always showed a good reproducibility and stability [5-8], which activated us to construct a novel
multi-protein multilayer bio-interphase by using DNA as a scaffold.

In this work, a novel multilayer bio-interphase consisting of DNA, Cyt ¢ and HRP was
developed by layer-by-layer assembling DNA and Cyt c-HRP on Cyt ¢ /MUA-MCH/Au electrode. As
a well-characterized, electron-transfer protein, Cyt ¢ was firstly assembled on MUA-MCH/Au
electrode to provide positive charge. The monolayer electrode constructed by electrostatic adsorption
of Cyt ¢ onto an OH- and COOH-terminated mixed alkanethiol promoter layer shows efficient protein-
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electrode communication [22]. Then negatively charged DNA molecules were assembled on the Cyt
c/MUA-MCH/Au electrode based on electrostatic interaction to form a three-dimensional (3D)
network as scaffold [23]. Finally, the (HRP-Cyt c/DNA),/Cyt c/MUA-MCH/Au were obtained by
alternating incubation of DNA and Cyt ¢/HRP mixture as a model system to study the mechanism of
multienzyme-catalyzed reactions.

2. EXPERIMENTAL

2.1. Reagents and materials

Cytochrome ¢ (Cyt c, 98%), horseradish peroxidase (HRP), 11-mecraptoundecanoic acid
(MUA, 95%) and 6-mercapto-1-hexanol (MCH, 97%) were purchased from Sigma-Aldrich and used
as received. A-DNA was purchased from Shanghai Biotechnology Company (Shanghai, China). Other
reagents were purchased from Beijing Chemical Reagent Factory (Beijing, China) and were of
analytical reagent grade. Phosphate buffer solution (PBS, 0.2 M, pH 7.0) were used as supporting
electrolyte and was prepared by mixing solution of 0.2 M Na,HPO, and 0.2 M NaH,PO,. All solutions
were prepared with ultra-pure water purified by a Millipore-Q System (18.2 MQ c¢cm). A Cyt ¢ solution
and HRP solution were made in 0.2 M PBS (pH 7.0) and contained 400 uM Cyt ¢ and 110 uM HRP,
respectively. The concentration of A-DNA solution was 100 pg mL™,

2.2 Preparation of modified electrode
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Scheme 1. Schematic representation of the construction procedure for the Cyt c-HRP/GO-CHIT/Cyt
c/MUA-MCH/Au electrode and the direct electron transfer between immobilized bi-protein and
the underlying Au electrode.

The pretreated Au electrode was firstly immersed in a mixed ethanol solution of 100 uM MUA
and 1.0 mM MCH for 12 h to form mixed self-assembled monolayers (SAMs) on the bare electrode.
Then, 5 puL of the Cyt ¢, A-DNA and mixture of Cyt ¢ and HRP were sequentially casted onto the
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MUA-MCH/Au surface, each with intermediate drying at 4 °C for 4 h and ultra-pure water rinsing. To
obtain the required (DNA/Cyt c-HRP), multilayer, the assembly of A-DNA and mixture of Cyt ¢ and
HRP were repeated. In the assembly, the drying and rinsing step are both usually necessary and makes
the films more stable or removes off those weakly bound molecules, respectively. Finally the resulted
electrode was stored at 4 °C for further use. The procedure for the modified electrode construction was
shown in Scheme 1.

2.3 Preparation of samples for UV-vis spectroscopy

A quartz substrate was cleaned by firstly immersed in a mixed solution of H,SO4 (98%, w/v)
and H,0; (30%, w/v) with a volume ratio of 7/3 for 30 min. Then, it was flushed with ultra-pure water
and dried in air at room temperature. The following procedure to fabricate (DNA/Cyt c-HRP),
multilayer on the quartz substrate are similar to that of the Au electrodes and then kept at 4 °C for the
experiments.

2.4 Apparatus

All electrochemical experiments were performed with a CHI 750D electrochemical workstation
(Shanghai Chenhua Instruments Co., China). A three-electrode configuration was used with the
modified Au electrode as the working electrode, a platinum wire as the auxiliary electrode, and a
saturated calomel electrode (SCE) as the reference electrode. Cyclic voltammetric experiments were
carried out in 10.0 mL 0.2 M PBS (pH 7.0). Electrolyte solutions were purged with high purity
nitrogen prior to experiments and blanketed with nitrogen during electrochemical experiments. Atomic
force microscopy (AFM) measurements were carried out with an AJ-lIlIl (Shanghai Aijian
Nanotechnology, China) in tapping mode. Standard silicon cantilevers (spring constant 0.6-6 N m™?)
were used at their resonance frequency (typically, 60-150 kHz). All AFM images were acquired at
room temperature under the ambient conditions, and images were raw data except for flattening. UV—
Vis spectra were obtained by using a Lameda35 UV-vis spectrometer. All experiments were performed
at an ambient temperature of 20+2 °C.

3. RESULTS AND DISCUSSION

3.1. AFM characterization of the bio-interphase modified electrodes

To study surface morphology of thin films on a micro-scale, AFM is considered an excellent
tool. The surface roughness of DNA/Cyt c-HRP/Cyt c/MUA-MCH/Au and (DNA/Cyt c-HRP),/Cyt
c/MUA-MCH/Au were visualized by AFM in tapping mode as shown in Figure 1. The data of the root
mean square roughness (RMS) were 2.027 nm and 3.595 nm, respectively. The AFM image depicted
in Figure 1A showed different sizes of particles and some small pores. So it could be proposed that the
enzyme film was assembled on the electrode and it might be ascribed to small particles. However, with
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the number of bilayer increasing, the surface became rougher, as shown in Figure 1B. It may be result
from a large number of the pores in the multilayer.

Figure 1. AFM images of (HRP-Cyt c/DNA)/Cyt c/MUA-MCH/Au (A) and (HRP-Cyt ¢c/DNA),/Cyt
¢/MUA-MCH/Au electrode (B).

3.2. Layer-by-layer assembly of (DNA/Cyt c-HRP), multilayer
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Figure 2. (A) UV-vis spectra of (DNA/Cyt c-HRP), multilayer on quartz slide with different number
of bilayer (n). (B) Plot of the absorbance at 408 nm versus number of bilayer.

UV-vis spectroscopy has proved to be a useful and facile technique to evaluate the growth
process of multilayer [24] and was used in the present work to monitor the LBL growth of (DNA/Cyt
c-HRP), multilayer on quartz slide. As shown in Figure 2A, an obvious soret absorption band at about
408 nm appeared, which was characteristic of the adsorption caused by iron heme groups of Cyt ¢ and
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HRP as described previously [25]. This absorption could be utilized to monitor the amount of Cyt c-
HRP in the multilayer. The clear increase in the absorbance with the assembly step was indicative of
the (DNA/Cyt c-HRP), deposition on the substrate. The plot of the absorbance at 408 nm versus the
number of (DNA/Cyt c-HRP), multilayer showed a nearly linear increase in the amount of
electroactive proteins up to 5 bilayers (Figure 2B), suggesting that the amount of Cyt c-HRP loaded in
each bilayer was almost the same. The (DNA/Cyt c-HRP), multilayer are built up in a regular and
uniform way.
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Figure 3. (A) Impendence plots of bare Au (a), MUA-MCH/Au (b), Cyt ¢/MUA-MCH/Au (c),
DNA/Cyt c/MUA-MCH/Au (d), (HRP-Cyt c/DNA),/Cyt c/MUA-MCH/Au (e-i: n=1-5) in the
presence of 5 mM Fe(CN)g > with 0.1 M KCI as the supporting electrolyte. Inset is the
Randles circuit. (B) Plot of the R versus number of bilayer.

Electrochemical impedance spectroscopy (EIS) was also employed to monitor the growth of
(DNA/Cyt c-HRP), multilayer. Figure 3A shows the results of EIS on various electrodes in the
presence of the redox probe of 5 mM Fe(CN)s * ™ with 0.1 M KCI as the supporting electrolyte at the
formal potential (0.15 V vs SCE). To give more detailed information about the electrical properties of
these modified electrodes, the Randles circuit (inset of Figure 3A) was chosen to fit the impedance
data [26]. In the Randles circuit, the resistance to charge transfer (R.;) and the diffusion impedance (W)
were both assumed in parallel to the interfacial capacity (Cq). This parallel structure of R and Cy
gave rise to a semicircle in the complex plane plot of Z;, against Z.. The bare gold electrode exhibited
an almost straight line (curve a), which was characteristic of a diffusion-limited electrochemical
process. After the assembly of MUA-MCH SAMs film on the electrode surface, an obvious semicircle
part of the impedance spectrum (curve b) can be observed. The R was increased from 0.12 KQ cm? to
456 KQ cm?. The large R resulted not only from the hindrance of the nonconductive layer of MUA-
MCH toward Fe(CN)s *7*, but also from the repulsive interaction between negatively charged MUA-
MCH and Fe(CN)g **. The assembly of Cyt ¢ resulted in the slight increase of the semicircle part of
the impedance spectrum (curve c) due to the hindrance of the macromolecular structure of Cyt c
toward Fe(CN)s > 7. The Ry was increased to 5.21 KQ cm?. After a similar Cyt ¢/MUA-MCH/Au was
immersed in the 100 ng pL* solution of DNA for 4 h in a separate experiment, the semicircle part of
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the impedance spectrum obviously increased (curve d). The large Ry (7.43 KQ cm?) might mainly be
ascribed to the repulsive interaction between the negatively charged DNA/Cyt c/MUA-MCH/Au and
Fe(CN)s ™, since DNA molecules were assembled on Cyt c/MUA-MCH/Au by electrostatic
interaction and formed DNA network which would hindered the Fe(CN)s *7*~. With the increase of the
bilayer number, the semicircle part of the impedance spectrum increased gradually (curves e—i). As
shown in Figure 3B, the R values showed a nearly linear increase with the number of (DNA/Cyt c-
HRP), multilayer, suggesting a uniform growth of the multilayer in the assembling process.

3.3Electrochemical behaviors of the (DNA/Cyt c-HRP), multilayer modified electrodes

Cyclic voltammograms (CVs) was used to explore the electron transfer in the (DNA/Cyt c-
HRP), multilayer. Figure 4A showed CVs of (HRP-Cyt ¢/DNA),/Cyt c/MUA-MCH/Au (curve a-e:
n=1-5) in N,-saturated 0.2 M PBS (pH 7.0). The (DNA/Cyt c-HRP),/Cyt c/MUA-MCH/Au electrode
showed a pair of well-defined and nearly reversible reduction-oxidation peaks. The anodic peak
potential was located at about 0.054 V and the cathodic peak potential was located at about -0.009 V.
The pair of peaks were characteristic of Fe(ll1)/Fe(Il) redox couples from iron heme groups of Cyt c
and HRP [27,28]. The peak currents showed a linear increase with the number of (DNA/Cyt c-HRP),
up to 4, then leveled off, indicating electrons could transfer efficiently over long distance within the
multilayer on the electrode. According to previous results for a polyelectrolyte multilayer arrangement
of Cyt ¢ and sulfonated polyaniline [29] and LBL arrangement of Cyt ¢ and sulfite oxidase [20], long-
distance electron transfer process might be ascribed to one of the following mechanisms: (1) electron
transfer took place by percolation or the physical displacement of associated ions along a negatively
charged phosphate backbone and electron migration within the DNA duplex, while the DNA stacked
base pairs could be considered as a system of connected = electrons to transfer electrons [30]; (2)
electron transfer occurred by direct interaction between neighboring Cyt ¢ or HRP molecules, while
DNA is responsible for stabilization of the arrangement [20]; (3) Cyt ¢ and HRP could be wired by
DNA, which would be a conductive polymer under specific conditions [29]; (4) electron transfer
occurred by a face-to-face electron hopping between Cyt ¢ and HPR or Cyt ¢ [20].

Figure 4B shows the CVs of differently modified electrodes with multilayer of single protein
(Cyt ¢ or HRP) and bi-proteins (Cyt c-HRP) in 10.0 mL 0.2 M PBS (pH 7.0) at a scan rate of 0.1 V s .
Obvious peak current appeared at the (HRP/DNA)4/Cyt c/MUA-MCH/Au (ngrp=1.6 nmol) electrode
(curve a) and (Cyt c/DNA)4/Cyt c/MUA-MCH/Au (ncyt ¢ =1.6 nmol) (curve b), but they were
significantly lower than that of the (HRP-Cyt ¢/DNA)4/Cyt ¢/MUA-MCH/AU (Ncyt o/NHrp=7:1; Ncyt
«+nNurp=1.6 Nmol) electrode (curve c). Since the amount of electroactive proteins was the same at the
three electrodes, the larger peak current at (HRP-Cyt ¢/DNA)4/Cyt c/MUA-MCH/Au electrode (curve
c) suggested a synergistic interaction between Cyt ¢ and HRP in the multilayer. The (HRP-Cyt
¢/DNA).4/Cyt c/MUA-MCH/Au electrode also showed a narrow peak to peak separation (4Ep,=Epa—Ejc,
64 mV) as compared with the (HRP/DNA)4/Cyt c/MUA-MCH/Au electrode (4E,=70 mV) and the
(Cyt c/DNA)4/Cyt c/MUA-MCH/Au electrode (4E£,=68 mV). These results indicated that the co-
immobilized Cyt c-HRP in (HRP-Cyt c/DNA)4/Cyt c/MUA-MCH/Au electrode could greatly promote
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the electron communication between multi-proteins and the electrode. The electron transfer might
occur by direct interaction between neighboring Cyt ¢ and HRP (or Cyt c) molecules or by a face-to-
face electron hopping between Cyt ¢ and HPR (or Cyt c) [20].
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Figure 4. (A) CVs of (HRP-Cyt ¢/DNA),/Cyt c/MUA-MCH/Au (a-e: n=1-5) in Nj-saturated 0.2 M
PBS (pH 7.0). The inset is the plots of oxidation peak current versus the number of bilayer. (B)
CVs of (HRP/DNA)4/Cyt c/MUA-MCH/Au (nurp=1.6 nmol) (a), (Cyt c/DNA)4/Cyt c/MUA-
MCH/AU (ncyt ¢ =1.6 nmol) (b) and (HRP-Cyt c/DNA)4/Cyt c/MUA-MCH/AU (Ncyt o/NHrp=7:1;
Ncyt c+NHre=1.6 NMol) (c) in Np-saturated 0.2 M PBS (pH 7.0). The scan rate: 0.1 V st

The above results suggested that the ratio of ncy o/nHre Should have a profound effect on the
electron transfer. Figure 5A shows the effect of the ratio of Cyt ¢ and HRP on electron transfer
between mixed proteins and underlying electrode. A remarkable change of peak current was observed
as the ratio of ncy o/nure varied from 1:1 to 10:1. The peak current of the (HRP-Cyt c/DNA)./Cyt
¢/MUA-MCH/Au electrode increased gradually with the increase of ncy: o/nqre ratio and reached the
maximum value at 7:1. To further increase the ratio of ncy o/nure, the peak current turned to be
decreased on the contrary. Previous result proved that the direct interaction between Cyt ¢ and HRP
could result in the change of the symmetry properties of the porphyrin ring by changing the
conformation of the protein [21]. The change of the symmetry properties of the porphyrin ring would
further result in the change of the coordination in axial direction of the heme and accordingly enhanced
electron transfer. If the electron transfer occurred by a face-to-face electron hopping between Cyt ¢ and
HRP or Cyt ¢ molecules, the ratio of ncy: o/nHre has no effect on the electron transfer. Therefore, this
experiment not only confirmed the CVs data for a synergistic interaction between Cyt ¢ and HRP but
also indicated the direct interaction between Cyt ¢ and HRP molecules as a dominating electron
transfer mechanism. The total amount of Cyt c-HRP might also play an important role in electron
transfer between mixed proteins and underlying electrode. As shown in Figure 5B, the oxidation peak
current of the (HRP-Cyt c/DNA),/Cyt c/MUA-MCH/Au electrode increased gradually with the
increase of the total amount of (ncy: c+nwre) and reached the maximum value at 1.6 nmol due to the
increase of the amount of electroactive Cyt c-HRP. As the total amount of (ncy c+nure) further
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increased, the oxidation peak current turned to be decreased gradually. The decrease might be ascribed
to the thick and dense Cyt c-HRP layer in the multilayer, especially the protein part of Cyt c-HRP,
which hindered the electron transfer in reverse. The compacted structure of the (HRP-Cyt
c/DNA)4/Cyt c/MUA-MCH/Au electrode with large number of Cyt c-HRP might also hinder electron
transfer. This experiment not only denied a face-to-face electron hopping between Cyt ¢ and HPR or
Cyt ¢ but also confirmed the three-dimensional porous structure played a crucial role in the long-
distance electron transfer.
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Figure 5. (A) The plot of oxidation peak current versus different molar ratio of ncy; ¢/nwre to the (HRP-
Cyt ¢/DNA)4/Cyt c/MUA-MCH/Au (ncy: c+nHre=1.6 nmol) modified electrode in N-saturated
0.2 M PBS (pH 7.0). (B) The plot of oxidation peak current versus different total molar (ncy:
«+Nure) to the (HRP-Cyt c/DNA)4/Cyt c/MUA-MCH/AU (ncyt o/nHre=7:1) modified electrode
in N,-saturated 0.2 M PBS (pH 7.0).

Figure 6A shows the CVs of the (HRP-Cyt c/DNA)4/Cyt c/MUA-MCH/AU (Ncyt o/NHre=7:1;
Ncyt c+Nure=1.6 Nmol) in 0.2 M PBS (pH 7.0) at various scan rates. The peak current was enhanced as
the scan rate increased. Both anodic and cathodic peak current were proportional to the scan rate from
0.05 to 0.8 V s * (Figure 6B). These results indicated that the electrode reaction involved a surface-
controlled quasi-reversible electrochemical process. The electron-transfer coefficient (as) and electron-
transfer rate constant (ks) could be determined based on Laviron theory [31]:

RT RT

Epc = EO' +
asnF  asnF

Inv (1)

RT RT
Inv 2

Epa = EOI + + n
(1—as)n|: (1—as)n|:

where n is the electron transfer number, R is the gas constant (R = 8.314 J mol > K™, T is the
temperature in Kelvin (T = 298 K) and F is the Faraday constant (F = 96493 C mol ™). Figure 6C
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showed the plots of peak potential (Eyc, Epa) versus the natural logarithm of the scan rate (In v). As the
scan rate ranging from 0.6 to 0.8 VV/ s *, the plots of Ep versus Ino yielded two straight lines with slopes
of -RT/anF and RT/(1-a)nF for the cathodic and anodic peak, respectively (Figure 6D). an was
calculated to be 2.114 according to the above slopes.
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Figure 6. (A) CVs of the (HRP-Cyt c/DNA)4/Cyt c/MUA-MCH/Au (Ncyt /NHre=7:1; Ncyt c+NHrp=1.6
nmol) at different scan rates varied from 0.1 to 0.8 VV s * with a step of 0.05 Vs * in 0.2 M N,-
saturated PBS (pH 7.0). (B) Plot of iyeak Versus scan rate (v). (C) Plots of the peak potential
(Epas Epc) versus the natural logarithm of scan rate (In v) and (D) Plot of E,a and Epc versus the
natural logarithm of scan rate (In v) (v=0.6, 0.65, 0.7, 0.75, and 0.8 Vs *).

According to the previous literature [32], assume 0.3 < a < 0.7, it could be concluded that n =
4, and a = 0.53. Therein, the redox reaction of Cyt c-HRP in the multilayer might belong to four
electron-transfer process. It is obviously different from the single electron-transfer process of Cyt ¢ or
HRP [33-36], indicating a synergistic interaction between Cyt ¢ and HRP occurred in the resulted
multilayer. Assumed single electron transfer in each heme group of Cyt ¢ or HRP, we could presume
that only four Cyt ¢ or HRP molecules took part in the redox reaction. Considered the optimal ratio of
Cyt ¢ and HRP is 7:1, it is possible to assume that three Cyt ¢ and one HRP involved in the redox
reaction. The other four Cyt ¢ molecules might only play an important role in electron shuttling and
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synergistic interaction between Cyt ¢ and HRP. When n4Ep>200 mV, the electron transfer rate ks
could be estimated with the Laviron’s equation [31]:

k, =anFv/RT (3)

When the scan rate was 0.1 V s, the Ks, (cyt cHrp) Was calculated to be 8.24+0.20 s . The
electron transfer rate together with some important parameters for various protein modified electrodes
was listed in Table 1.

Table 1. Some important parameters for various modified gold electrodes.

Various modified electrodes *AE, ImV lpa /LA T/ pA ’ke/ s Ref.
(HRP/DNA) /Cyt c/MUA-MCH/Au 70 0.689 0.616 | 3.61x0.18 | Thiswork
(Cyt c/DNA),/Cyt c/MUA-MCH/Au 68 0.966 0.832 | 4.37x0.25 | Thiswork
(HRP-Cyt c/DNA) /Cyt c/MUA-MCH/Au 64 1.378 1.185 | 8.24+020 | Thiswork
HRP-Cyt ¢/DNA/Cyt c/MUA-MCH/Au 64 0.450 0399 | 7.73+£0.38 [21]

*AE,=Eps—Epc; K¢/ s Was estimated at the scan rate of 0.1V s ;

The Ks, (cyt c-vrr) Was larger than that of the other electrodes. The fast electron transfer might be
attributed to the following factors [21]. First, the synergistic interaction between HRP and Cyt ¢ might
result in an optical conformation to facilitate electron transfer. Second, the electron produced from one
protein could transfer to electrode surface by the other protein. Last, the interaction between HRP and
Cyt ¢ might result in porous structure in the multilayer which was helpful for the electron transfer by
the diffusion of electrolyte between proteins and electrode surface. Compared to the HRP-Cyt
c/DNA/Cyt c/MUA-MCH/Au electrode [21], the (HRP-Cyt ¢c/DNA)4/Cyt c/MUA-MCH/Au electrode
also showed larger ks. The fast electron transport over four layer of (HRP-Cyt ¢/DNA), might be
explained by the porous structure of the multilayer assembly. The arrangement of the multilayer in the
biosensor could not be the alignment of one flat layer on the top of one another, but more likely to be a
complex protein networks stabilized by DNA networks [21].

3.4. Electrocatalytic properties of the (DNA/Cyt c-HRP), multilayer modified electrode

The electrocatalytic behaviors of the (HRP-Cyt c/DNA)s/Cyt c/MUA-MCH/AuU (ncy
o/NHre=7:1; Ncyt +nprp=1.6 nmol) electrode towards the reduction of O, and H,O, were both
investigated. When the scan rate was 0.005 V s, only a small cathodic current was observed in the 0.2
M N-saturated PBS (pH 7.0) (curve a in Figure 7A). The cathodic current increased obviously in the
presence of air (curve b in Figure 7A) and further increased in the presence of O, (curve c in Figure
7A). The result showed that the (HRP-Cyt ¢c/DNA)4/Cyt c/MUA-MCH/Au electrode could catalyze
reduction of O,, suggesting that a multi-step electron transfer chain could be achieved from electrode
via the Cyt c-HRP and finally to O,. The dependence of the cathodic current on the O, quantity in a
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solution at low scan rate indicated that the constructed (HRP-Cyt ¢c/DNA)4/Cyt ¢/MUA-MCH/Au
electrode could be used as a sensor for O, detection.
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Figure 7. (A) CVs of the (HRP-Cyt c/DNA)4/Cyt c/MUA-MCH/Au electrode in Nj-saturated (a), air-
saturated (b) and O,-saturated (c) 0.2 M PBS (pH 7.0) at the scan rate of 0.005 V s *. (B) CVs
of the (HRP-Cyt c/DNA)4/Cyt c/MUA-MCHY/Au electrode in Nj-saturated 0.2 M PBS (pH 7.0)
with successive addition of 2.5 mM H,0, in N-saturated 0.2 M PBS (pH 7.0) at the scan rate
of 0.1 V s™. (C) Current response to successive addition of H,0, on (HRP/DNA)4/Cyt c/MUA-
MCH/Au (a), (Cyt c/DNA)4/Cyt c/MUA-MCH/Au (b) and (HRP-Cyt c/DNA)4/Cyt c/MUA-
MCH/Au (c) in 0.2 M PBS (pH 7.0), applied potential: -0.04 V. (D) Calibration curve between
current and the concentration of H,O..

Figure 7B showed the bioelectrocatalytic response of (HRP-Cyt c¢/DNA)4/Cyt c/MUA-
MCH/Au (ncyt /NHre=7:1; Ncyt c+NHre=1.6 Nmol) electrode towards the reduction of H,O, in 0.2 M Na-
saturated PBS (pH 7.0). It could be seen that with the increasing of H,O, concentration (varied from 0
to 7.5 mM), the reduction peak current increased obviously. While the oxidation peak current
decreased accordingly, showing a typical electrocatalytic reduction process of H,0,. Figure 7C
displayed the typical current-time curves of the (HRP/DNA),/Cyt c/MUA-MCH/Au (nyrp=1.6 nmol)
(curve a), the (Cyt c/DNA)4/Cyt c/MUA-MCH/Au (ncyt ¢=1.6 nmol) (curve b) and (HRP-Cyt
c/DNA)4/Cyt c/MUA-MCH/AU (Ncyt o/Nurp=7:1; Ncyt ctnurp=1.6 nmol) (curve c) electrode to the
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reduction of H,0O,, respectively. The amperometric responses of the biosensors were studied by
successively adding the H,O; solution with different concentrations into 0.2 M N,-saturated PBS (pH
7.0) under stirring. Obviously, the bi-protein multilayer electrode showed the best amperometric
response. Figure 7D showed the calibration curves of these biosensors. The sensitivity, the linear
range, correlative coefficient and the detection limit of various protein modified electrodes were listed
in Table 2. The results in Table 2 declared that (HRP-Cyt c/DNA),/Cyt c/MUA-MCH/Au electrode
possessed a better catalytic activity and sensitivity towards the reduction of H,0,. The good
performances might result from the synergistic interaction between the two proteins and the multilayer
construction.

Table 2. Comparison of the performance of biosensor based on mono-enzyme and bienzyme.

Biosensor Sensitivity Linear range  Correlative  Detection limit
(LA/mM)  (mM) coefficient  (uM)
(HRP/DNA),/Cyt c/MUA-MCH/AuU 0.067 0.04-1.32 0.9992 24.8
(Cyt ¢/DNA),/Cyt c/MUA-MCH/Au 0.092 0.04-1.48 0.9990 19.0
(HRP-Cyt c/DNA),/Cyt c/MUA-MCH/Au 0.136 0.02-1.72 0.9994 11.9

3.5. Selectivity, stability, repeatability and reproducibility of the bi-protein multilayer
modified electrode

The selectivity of the prepared sensor was examined by sequential additions of 0.2 mM H;0,
2.0 mM ascorbic acid (AA) and 2.0 mM uric acid (UA) into the stirring 0.2 M N-saturated PBS (pH
7.0). The results indicated that AA and UA had no obvious interference in the detection of H,O, under
the studied concentration. When the electrode was stored in 0.2 M Nj-saturarted PBS (pH 7.0) for 10
days, the current response to 2.5 mM H,0, only decreased 3.53% of the original current. The
repeatability and reproducibility of the current signal for the same electrode and for electrode-to-
electrode was estimated to be 3.89% and 4.71% (RSD, n=7), respectively.

4. CONCLUSIONS

In summary, a novel multi-protein multilayer bio-interphase with a LBL structure was
fabricated by immobilizing (DNA/Cyt c-HRP), multilayer on a biocompatible, self-assembled Cyt
¢/MUA-MCH/Au electrode. This arrangement shows a remarkable ability to transport electrons from
the electrode to the substrate in a solution over long distances, taking advantage of direct synergistic
interaction between the two functional proteins within (DNA/Cyt c-HRP), multilayer. The resulted
electrode exhibited a sensitive and fast amperometric response, low detection limit and wide linear
range to H,O, determination. A multi-step electron transfer chain could be realized from electrode via
the Cyt c-HRP and finally to H,O,. This approach would provide a new strategy for further study on
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the electron transfer of other mixed proteins in a multilayer bio-interphase and the construction of
third-generation biosensors.
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