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Abstract: Herein, a novel tunable electrocatalytic nanobioin-

terface for the construction of a high-sensitivity and high-se-
lectivity biofuel-cell (BFC)-based self-powered biosensor for
the detection of transcription factor protein p53 is reported,

in which bilirubin oxidase (BOD)/DNA supramolecular modi-
fied graphene/platinum nanoparticles hybrid nanosheet

(GPNHN) works as a new enhanced material of biocathode
to control the attachment of target, and thus tune the elec-
tron-transfer process of oxygen reduction for transducing
signaling magnification. It is found that in the presence of
p53, the strong interaction between the wild-type p53 and

its consensus DNA sequence on the electrode surface can
block the electron transfer from the BOD to the electrode,
thus providing a good opportunity for reducing the electro-
catalytic activity of oxygen reduction in the biocathode. This
in combination with the glucose oxidation at the carbon

nanotube/Meldola’s blue/glucose dehydrogenase bioanode

can result in a current/or power decrease of BFC in the pres-
ence of wild-type p53. The specially designed BFC-based

self-powered p53 sensor shows a wide linear range from

1 pm to 1 mm with a detection limit of 1 pm for analyzing
wild-type p53. Most importantly, our BFC-based self-pow-

ered sensors can detect the concentrations of wild-type p53
in normal and cancer cell lysates without any extensive

sample pretreatment/separation or specialized instruments.
The present BFC-based self-powered sensor can provide
a simple, economical, sensitive, and rapid way for analyzing

p53 protein in normal and cancer cells at clinical level, which
shows great potential for creating the treatment modalities

that capitalize on the concentration variation of the wild-
type p53.

Introduction

The development of new-concept biosensors is of great impor-

tance in the areas of clinical diagnostics, forensic chemistry,
food quality control and biological warfare detection, etc. Bio-
fuel-cell (BFC)-based self-powered biosensors as a new class of
devices, have attracted enormous research interest recently, by
the use of an electrochemical energy transformation occurring

in BFCs as a transducing element.[1–7] In principle, the biosens-
ing concept based on BFCs can produce sufficient or insuffi-

cient energy for signaling in the presence of the analyte de-
pending on putting more or less active biocatalyst of BFCs
onto the electrode surface.[8–10] After the first BFC-based self-

powered glucose sensors, several interesting sensing concepts
based on BFCs have been developed to detect analytes such

as glucose, ethanol and cellobiose, etc. , that could be oxidized
or reduced by a biological catalyst applied in BFCs.[11–14] Re-
cently, by the use of inhibitor and decoupler effects, BFC-

based self-powered sensing concepts have also be explored to
detect other important analytes such as cyanide, ethylene di-
amine tetraacetic acid (EDTA) and explosive compounds.[4, 9, 10]

These BFC-based sensors open the way for future point-of-care
testing and might provide a helpful solution to low-cost and

simple analytical systems without the need of any additional
external energy. To date, the studies on BFC-based sensors

mainly focus on their long-term operation, miniaturization, and
extend the analytes scope. However, a few reports are focused
on regulating/or tuning electrocatalytic processes at the elec-

trode surface of BFCs,[15, 16] which is the most fundamental
factor for the development of BFC-based biosensors.

The design of highly efficient catalytic interfaces will be ex-
tremely important to tune the electrocatalytic process of BFC-
based self-powered biosensors. Since the electrocatalytic pro-

cess can be easily modulated by the outside analyte, thus af-
fecting the output of BFCs, the quantitative recognition of the

analyte can actually be realized by BFC-based biosensors. The
switchable electrocatalytic interface for BFC-based sensors usu-
ally employ specific materials with tunable functions. These
typical examples include monolayer photoisomer linked to bio-

[a] Y. Han, J. M. Chabu, S. Hu, Dr. L. Deng, Prof. Y.-N. Liu
College of Chemistry and Chemical Engineering
State Key Laboratory for Powder Metallurgy
Central South University, Changsha, Hunan, 410083 (P.R. China)
E-mail : dengliu@csu.edu.cn

[b] Prof. S. Guo
College of Engineering
Peking University, 100871 (P.R. China)
E-mail : shaojun.guo.nano@lgmail.com

Chem. Eur. J. 2015, 21, 13045 – 13051 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13045

Full PaperDOI: 10.1002/chem.201502062



catalysts with photoswitchable bioelectrocatalytic process-
es,[17–19] and pH-sensitive redox polymer switched between the

redox active and inactive states upon pH-induced swelling and
shrinking processes,[20–23] etc. However, these developed

switchable electrodes can only switch between the ON and
OFF states with limited ability for sensor application. Recently,

DNA has begun to be considered as a promising regulating el-
ement for tuning the electrocatalytic performance of enzyme

on electrode surface. This is because different folding topolo-

gies and architecture of DNA can be achieved in the presence
of metal ions[24–27] (such as Ag+ , K+ , or Pb2 + , etc.), complex nu-
cleic acids or RNA, proteins or small molecules,[24, 28, 29] etc.
These interesting structure transformations can result in elec-

trochemical/or electrocatalytic process change on the elec-
trode interface. This concept has been demonstrated in the

use of aptamers (artificial DNA) to control the BFC output for

the sensors.[2, 30] However, the reported aptamer-based bio-
chemical signals for controlling BFCs’ power release can just re-

alize a qualitative determination of the analytes. This can be
ascribed to the little control over the molecular orientation in

the above systems, which results in inefficient electron transfer
and electrical contact. In order to solve the above issue related

to electron transfer, recently researchers have focused on the

introduction of mediator (e.g. , ferrocene[31, 32] and [Os(2,2’-bi-
pyridine)2Cl2]2 + /3 +)[33–35] into the DNA-modified electrode inter-

face for promoting electron transfer. However, these studies
have their inherent disadvantages. Mediator-based electron

transfer in biocatalysis processes is sophisticated, inconvenient
and complex for the development of miniaturized sensors,

since the mediator leak is unavoidable from the modified film.

Thus, searching for effective, ingenious assembly of hybrid
DNA/enzyme structures attached to nanomaterials modified

electrode surface, that can precisely tune the electrocatalytic
reaction of the enzyme and realize the rapid direct electron

transfer (DET) between the enzyme and electrode, is very nec-
essary for future high-performance BFC-based self-powered

biosensors with high sensitivity and selectivity.

The common assay for p53 protein usually involves the use
of p53 antibodies, which cannot distinguish the wild-type p53

and mutant p53,[45] or the electrophoretic mobility shift assay,
which is semiquantitative at best. For clinical applications, it is

always highly desirable to develop a simple, sensitive and se-
lective quantitative method to detect p53. In this work, we

demonstrate that a bilirubin oxidase (BOD)/DNA supramolec-
ular assembly on graphene/platinum nanoparticles (NPs)
hybrid nanosheet (GPNHN), can achieve DET-type electrocata-

lytic oxygen reduction for the biocathode of BFCs. Such inter-
esting electrode interface can act as the transducing element

for self-powered quantitative detection of p53. The interaction
between p53 and DNA would block the electron transfer from

the BOD to the electrode, thus leading to the decrease of
oxygen reduction at the biocathode of BFCs. The decrease of
output current at the cathode in combination with the glucose

oxidation at the carbon nanotube/Meldola’s blue/glucose de-
hydrogenase (CNT/MB/GDH) bioanode can result in a current/

or power decrease that can be measured as the signal in the
presence of wild-type p53. Our BFC-based self-powered p53

sensor shows a wide linear range from 1 pm to 1 mm with a de-
tection limit of 1 pm for analyzing wild-type p53. To demon-

strate the feasibility of this self-powered p53 biosensor in real
samples, the detection of wild-type p53 in normal and cancer

cells were carried out. The results determined by our method
are consistent with previous ones, suggesting that it is amena-

ble to the quantification of wild-type p53 levels in normal and
cancer cells.

The schematic illustration on the BFC-based self-powered

sensors for the detection of p53 is shown in Figure 1. First, to
realize the DET-type biocathode, the electrochemical interface

should provide a favorable microenvironment to maintain the
enzyme activity and minimize the barrier of substrate and

product. Herein, the as-prepared GPNHN was used to function-
alize the indium-doped tin oxide (ITO) electrode for facilitating

electron transfer between the redox sites of enzyme and the
electrode. Then, the thiolated nucleic acid (C1) was assembled

on GPNHN surface via SH–Pt interactions.[36, 37] After that, the

C1 on the GPNHN surface hybridized with its complementary
C2, which was linked with BOD (Figure 1 I). The double strand-

ed DNA duplex formed by C1 and C2 was able to act as the
electrical wire to transfer the electron flow between the BOD

and GPNHN. Then, the excellent conductivity of GPNHN pro-
vided a good opportunity for realizing the DET-type electroca-

talysis of BOD (Figure 1 I). Both C1 and C2 include the DNA
consensus site that can selectively bind wild-type p53. In the
presence of wild-type p53, the DNA sequence can capture

p53, thus blocking the electron transfer of BOD (Figure 1 II)
and finally leading to the decreased the output of BFCs. As the

concentration of p53 protein controls the extent of the elec-
tron transfer between the enzyme and electrode surface, the

resulting bioelectrocatalytic currents are anticipated to corre-

late with the concentration of p53. Furthermore, since the for-
mation of the DNA–p53 complex is coupled to a biocatalytic

system, the quantitative analysis of p53 protein can be realized
by the output decrease of the prepared BFCs.

Figure 1. Schematic illustration of co-assembling the BOD/DNA duplex on
GPNHN and also the sensing strategy of the BOD/DNA/GPNHN electrode for
the detection of p53.
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Results and Discussion

GPNHN was facilely synthesized through heating a solution
containing graphene oxide (GO), ascorbic acid (AA), Pt precur-

sor and polyvinyl pyrrolidone (PVP) with the microwave-assist-
ed heating method (see the details in the Experimental Sec-

tion, Figure 2 A). Herein, AA was used as a reducing agent for
the effective reduction of both GO and Pt precursor. PVP

worked as a stabilizing/linking agent for graphene and Pt NPs.

The morphology and composition of GPNHN were studied by
transmission electron microscopy (TEM) and X-ray photoelec-

tron spectroscopy (XPS). Figure 2 B and C shows the typical
TEM images of GPNHNs at different magnifications. Many Pt

NPs with the size of 3 nm are uniformly distributed on the sur-
face of graphene. This is because the microwave system can
provide a good microenvironment for the Pt nucleus, while

the PVP can act as the stabilizer for Pt growth and also as an
effective linker for the construction of GPNHN. The absence of
isolated Pt NPs in the product reveals the strong link between
graphene and Pt NPs. XPS patterns of the resulting GPNHN

shows significant Pt 4f signals corresponding to the binding
energy of Pt (Figure 2 D) and significant C signal corresponding

to the binding energy of graphene (Figure 2 E), further sup-

porting the conclusion that Pt NPs have been effectively as-
sembled on the surface of graphene. The reduction of GO to

graphene can also be characterized by XPS. The XPS spectrum
of GO (Figure 2 F) indicates the presence of two main types of

carbon bonds: C¢C (284.6 eV) and C¢O (286.7 eV). After its re-
duction (Figure 2 E), the peak associated with C¢C (284.6 eV)

becomes predominant, while the peaks related to the oxidized
carbon species were greatly weakened. These results further

indicate that GO has been well deoxygenated to form gra-

phene, which is very important for improving its conductivity.
It should be noted that herein the incorporation of Pt NPs on

the graphene surface cannot only improve the electroactivity
of the modified electrode, but also facilitate the immobilization

of DNA sequence on the electrode by the SH–Pt interaction.
Figure 2 G depicts cyclic voltamogramms (CVs) of graphene

(red line) and GPNHN (black line) in 0.5 m H2SO4 solution ac-

quired at a scan rate of 50 mV s¢1. Hydrogen adsorption/de-
sorption and oxide formation/reduction regions of Pt are obvi-

ously observed in GPNHN, indicating that Pt NPs have been ef-
fectively loaded on the graphene.

The electrochemical performance of the co-assembly of BOD
and DNA duplex on GPNHN-modified ITO electrode was exam-

ined by its ability to reduce oxygen. Figure 3 A shows CVs of

Figure 2. A) Schematic illustration of the synthesis of the GPNHN. B, C) TEM images of the GPNHN at different magnifications. XPS spectra of : D) Pt, and E) C
in the GPNHN. F) XPS spectrum of C in grapheme oxide. G) CVs of the GPNHN (black) and graphene (red) in a 0.5 m H2SO4 solution.
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BOD/DNA/GPNHN/ITO electrode in a nitrogen-saturated (black)

and air-saturated (red line) 0.1 m phosphate buffer solution

(PBS) (pH 7.5). The BOD/DNA/GPNHN/ITO electrode produces
a large cathodic wave in the absence of mediator. Upon hy-

bridization, the C2-sequence attached BOD was electrically
wired by the DNA duplex, allowing electron transfer from the

redox site of BOD to GPNHN. We found that the BOD/DNA/
GPNHN/ITO electrode does not produce an observable redox

response under anaerobic condition. The O2 reduction com-

mences at 0.58 V versus Ag/AgCl (0.78 V vs. the normal hydro-
gen electrode (NHE)) on BOD/DNA/GPNHN electrode, which is

the same as the redox potential of the Cu ion at the type 1 Cu
site of BOD (0.78 V vs. NHE). These results indicate that BOD

wired by the DNA duplex to the GPNHN can work as an effi-
cient DET-type biocatalyst for O2 reduction, suggesting an ef-

fective electron transfer through the DNA wire and the low

over-potential required for O2 reduction at the as-prepared
BOD/DNA/GPNHN/ITO electrode.

The level of p53 protein can increase in response to dam-
aged DNA, and over 50 % of human cancer cases contain mu-

tations in p53.[40, 41] Thus, due to its physiological significance,
herein, we take p53 protein as the model target of our new
self-powered sensor. As is known, the wild-type p53 protein is

capable of highly selectively binding to the consensus-site
DNA.[45] When exposing the BOD/DNA/GPNHN/ITO electrode to

p53, p53 can readily tetramerize via the C termini,[42] and the
resultant p53 tetramer can bind to the double-stranded DNA

consensus site. Thus, the biocatalytic O2 reduction process ob-
viously reduces on p53/BOD/DNA/GPNHN/ITO electrode, due

to the binding of p53 to the DNA sequence, producing the re-
duced electron transfer and high resistance. This recognition
of p53 by BOD/DNA/GPNHN/ITO electrode was first monitored
by electrochemical impedance spectroscopy (EIS) of BOD/DNA/
GPNHN/ITO towards different concentration of p53. As shown

in Figure 3 B, the Ret response increases with increasing the
p53 concentration, indicating that the p53 protein binds to the

DNA consensus site, resulting in the reduced electron transfer

path along the DNA sequence between the BOD and GPNHN.
The more the p53 tretramers are linked, the slower the elec-

tron transfer rate is. The polarization curves of BOD/DNA/
GPNHN/ITO electrode for oxygen reduction in the presence of

p53 with different concentrations show that the polarization
current decreases with increasing the amount of target (p53;

Figure 3 C), being in accord with the above EIS result. There-

fore, the interaction between the p53 and DNA is able to con-

trol the electrical flow existing between the enzyme and elec-
trode, thus leading to rationally tune the bioelectrocatalytic

current of oxygen, correlating with the concentration of p53.
The CNT/MB/GDH/ITO electrode was applied as bioanode

for achieving glucose electro-oxidation. Figure 4 A shows the
polarization curves of the CNT/MB/GDH modified anode (red

curve) and the BOD/DNA/GPNHN cathode (black curve) in

20 mm PBS (pH 7.5) containing 5 mm NAD+ and 15 mm glu-
cose solution in air. The onset potential for the electro-oxida-

tion of glucose is observed at ¢0.1 V, and the peak current
density can reach a plateau at 240 mA cm¢2 at approximately

0.2 V. The onset potential for the electroreduction of O2 is ob-
served at + 0.51 V and the current density reached a plateau

with 275 mA cm¢2 at approximately 0.1 V. These results show

excellent biocatalytic activities of both bioanode and bio-
cathode, and make it possible to assemble a compartment-less

glucose/O2 BFCs in this study. A compartment-less glucose/O2

BFC was assembled according to previous protocols.[10] Fig-

ure 4 B displays the power curve of the assembled glucose/O2

BFCs in a pH 7.5 (0.14 m NaCl + 0.02 m PBS) with a quiescent

5 mm NAD + , 15 mm glucose solution in the air. The open cir-

cuit voltage (Voc) of the cell is estimated to be 625 mV (relative
standard deviation (RSD) = 0.7 %, n = 8) and the maximum
power density (Pmax) reaches 378 mW cm¢2 at 392 mV (RSD =

1.3 %, n = 8).

Under the optimal conditions, our BFC-based self-powered
sensing platform was used to quantitatively detect wild-type

p53 protein. First, the BOD/DNA/GPNHN biocathode was react-
ed with a series concentration of wild-type p53 to obtain the
different outputs of BFCs. Figure 5 A shows the current–voltage

curves of the as-prepared BFCs in the presence of p53 with
various concentrations. It is observed that the maximum cur-

rent (Imax) values of the cell decreases with increasing the P53
concentration. As shown in Figure 5 B, there is a linear relation-

ship between DImax (the different Imax value between non-p53

and target p53) and p53 concentration from 1 pm to 1 mm
(R2 = 0.999) with a detection limit of 1 pm, which is tenfold

lower than that of the immnosandwich electrochemical sensor
for p53 based on GO as a nanocarrier in a multienzyme am-

plification strategy,[43] and about two times lower than that of
electrochemical p53 sensor using gold NP/ferrocene as the

Figure 3. A) CVs of BOD/DNA/GPNHN/ITO electrode in nitrogen-saturated (black) and oxygen-saturated (red) 0.1 m PBS (pH 7.2) solution. B) EIS of BOD/DNA/
GPNHN/ITO electrode in the presence of 0 m (red), 10 pm (magenta), 1 nm (blue) and 1 mm (black) p53. C) The polarization curves of BOD/DNA/GPNHN/ITO
electrode in oxygen-saturated solution in the presence of 0 m (red), 10 pm (black), 50 pm (cyan), 100 pm (yellow), 200 pm (blue) and 500 pm (green).
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probe.[44] . Figure 5 C shows the selectivity of our self-powered
P53 sensor by the use of B-cell lymphoma 2 (Bcl-2), bovine

serum albumin (BSA), and human serum albumin (HSA) as in-
terfering agents. The results show that these interfering agents

lead to almost no signal change, thus the selectivity is satisfac-
tory. The reproducibility of our BFC-based self-powered sensor

was examined by detecting 1 nm p53 with five different sen-

sors. The relative standard deviation (RSD), estimated from the
slopes of the calibration plots of

five different and freshly pre-
pared p53 sensors, was 7.6 %,

suggesting the good precision
and reproducibility of our self-

powered sensor.

Herein, to demonstrate the
feasibility of practical detection,

the as-prepared self-powered
BFC-based sensors were used to
analyze p53 in real samples. Fig-
ure 5 D shows the polarization
curves of the as-prepared BFC-

based sensors in the presence of
wild-type p53 from normal epi-
thelial kidney cell 293T lysates
(red) and lung adenocarcinoma
cell A549 lysates (black). The p53
concentration level can be deter-

mined to be 3.467(�0.039) nm
in normal epithelial kidney cell
lysates, and 0.013(�0.004) nm in
colorectal cancer cell lysates.
This suggests that the p53 gene

had been severely mutated in
the colorectal cancer cells. To

further establish the validity of this method for clinical applica-
tions, we also measured five additional cell lysate samples.
Among the total five cancer cell-lines (leukemia cell K562, lung

cancer cell A549, colorectal cancer cell HT29, brain tumor cell
SF767 and cervical cancer cell Hela229), they all display sub-
stantially (50–260 times) lower wild-type p53 concentration

than those in the normal cell lysates (normal kidney cell 293T
and HEK293; Table 1). An obvious decline of the wild-type p53

concentration is ascribed to the elevation of the mutant p53
concentration, which usually occurs in cancer cells. Further-

more, our data in Table 1 are highly consistent with those de-

termined with previous methods.[44] Therefore, our self-pow-
ered BFC-based p53 biosensor is amenable to the quantifica-

tion of wild-type l p53 levels in normal and cancer cells.

Conclusions

To summarize, we have for the first time developed a label-

free, BFC-based self-powered biosensor for the detection of

Figure 4. A) The polarization curves of the CNT/MB/GDH bioanode and
BOD/DNA/GPNHN biocathode in air-saturated quiescent 0.02 m PBS (pH 7.5)
containing 5 mm NAD+ and 15 mm glucose solution. B) The current–poten-
tial (black) and polarization curves (red) of the assembled BFCs in air-saturat-
ed quiescent 0.14 m NaCl + 0.02 m PBS (pH 7.5) containing 5 mm NAD+ and
15 mm glucose solution.

Figure 5. A) The current–potential curve of the disposable BFCs towards different concentration of p53: 0 m
(black), 1 pm (green), 10 pm (red), 100 pm (blue), 1 nm (magenta), 10 nm (dark green), 100 nm (dark blue), 1 mm
(purple). B) The linearity between the DImax and the concentration of p53. C) The selectivity of disposable BFC-
based self-powered sensor towards p53 (10 pm), Bcl-2 (10 nm), BSA (10 nm) and HSA (10 nm). D) The current–po-
tential curve of the disposable BFC-based self-powered sensors towards normal epithelial kidney cell 293T lysates
(red) and lung adenocarcinoma cell A549 lysates (black).

Table 1. The determination of wild-type p53 concentrations in normal
cell lysates and cancer cell lysates.

Cell lysates wild-type p53
concentration [nm]

normal epithelial kidney cell 293T 3.467�0.039
normal embryonic kidney cell HEK293 5.665�0.053
leukemia cell K562 0.066�0.007
lung adenocarcinoma cell A549 0.013�0.0004
colorectal cancer cell HT29 0.028�0.010
brain tumor cell SF767 0.106�0.027
cervical carcinoma cell HeLa229 0.041�0.015
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wild-type p53 with high sensitivity and selectivity. The DNA
and BOD co-modified GPNHN were employed as a conducting

matrix for facilitating the electrical contact between the BOD
and electrode. This is very important for realizing the DET-type

bioelectrocatalytic reduction of oxygen. Because the recogni-
tion of wild-type p53 to the consensus DNA site is coupled to

the above biocatalytic system, the recognition of p53 is ampli-
fied by the rationally designed bioelectrocatalytic interface.

Such an interesting biocathode combined with CNTs/MB/GDH

film bioanode can result in a compartment-less glucose/O2

BFCs with a Voc of 625 mV and maximum power density of
378 mW cm¢2, which can further work as a self-powered sensor
for the detection of p53. It is interestingly found that our self-

powered p53 sensor shows a wide linear range from 1 pM to
1 mm with a very low detection limit of 1 pm for analyzing the

wild-type p53. The implementation of the prepared self-pow-

ered sensor to real sample analysis has been demonstrated by
determining wild-type p53 from normal and cancer cell lysates.

The concentrations of wild-type p53 in normal and cancer cell
lysates were successfully detected without any extensive

sample pretreatment/separation or specialized instruments.
The results showed that all the five cancer cell-lines have sub-

stantially (50–260 times) lower wild-type p53 concentration

than the normal cell lysates. Most notably, the present self-
powered BFC-based sensor can be accomplished only with

a multimeter without the need of any expensive and large in-
struments, and provides a simple, economical, sensitive, and

rapid process for assaying p53 protein in normal and cancer
cells at clinical level.

Experimental Section

Reagents and materials

CNTs were purchased from Shenzhen Nanotech Port Co. Ltd. (NTP,
China), and further treated with a mixed acid of HNO3 and H2SO4

to obtain COOH groups on their surface. Graphene oxide (GO) was
synthesized from graphite (Afar Aster) by a modified Hummers
method.[38] Tris-(hydroxymethyl)aminomethane hydrochloride (Tris-
HCl), 1-hexanethiol (HT), H2PtCl6, bilirubin oxidase (BOD) from Myr-
othecium verrucaria, 1-ethyl-3-(3-dimethyllaminopropyl)carbodi-
imide hydrochloride (EDC), N-hydroxysuccinimide (NHS), dithio-
threitol (DTT), KH2PO4 and K2HPO4 were purchased from Sigma–Al-
drich. PVP·K30 (Mw = 30 000–40 000) and ascorbic acid (AA) were
obtained from Beijing Chemical Reagent Company (Beijing, China).
Recombinant p53 sample was purchased from BD Biosciences
Pharmingen (San Diego, CA). The oligonucleotides were purchased
from Shanghai Sangon Biological Engineering Co. Ltd. (China).
Their sequences are as follows:

C1: 5’-HS(CH2)6-TTT TTG GGC ATG TCT GGG CAT GTC T-3’

C2: 5’-H2N(CH2)6-TTT TTT AGA CAT GCC CAG ACATGC CC-3’

The p53 in normal and cancer cell lysates was obtained from Xian-
gya Hospital. Other reagents were all from commercial sources
with analytical purity and used as received. All stock solutions
were prepared daily with deionized water was treated with a water
purification system (Simplicity 185, Millipore Corp. , Billerica, MA).

Instruments

The electrochemical measurements of bioelectrodes were per-
formed using a CHI832C (Shanghai Chenhua). Coiled platinum wire
and an Ag/AgCl (saturated KCl) electrode were used as the counter
electrode and the reference electrode, respectively. Current and
potential output of the BFC system was measured by using a digital
multimeter (Keithley 2700). We connected the two electrodes
through an external 50 W resistor for the assessment of the BFCs
performance. All tests were conducted at room temperature. Trans-
mission electron microscopy (TEM) images were obtained with a Hi-
tachi H-600 microscope (Japan).

Synthesis of GPNHN

GO solution (2 mL of 1 mg mL¢1 solution), 1 mL of 1 m PVP solution
and 6 mL of 0.2 m AA solution was added into 12 mL water. After
being immediately sonicated for about 2 min, 2 mL 0.1 m H2PtCl6

solution was added into the above mixture, followed by micro-
wave oven treatment for 90 s (power: 800 W). The product was iso-
lated by centrifugation at 8000 rpm for 15 min, followed by con-
secutive washing/centrifugation cycles three times with water. The
collected product was redispersed in water/ethanol mixture (8 mL)
with sonication to produce a colloidal suspension.

Preparation of C2-BOD bioconjugate

5’-Amine-terminated C2 (30 mL of 1 mm solution) was first treated
with 10 mL of freshly prepared 0.4 m EDC and 0.1 m NHS solution
for 30 min. Then, 10 mL of the BOD solution (1 mg mL¢1 in PBS) was
added into the above mixture, and further allowed to react for
45 min. After further dialysis treatment, overnight, at 4 8C to
remove the excess ingredient, the solution was diluted with PBS
buffer and immediately stored at 4 8C before use.

Fabrication of the biocathode

The ITO electrode was thoroughly cleaned before use. An aliquot
(5 mL) of the GPNHN (1 mg mL¢1) was first dropped onto ITO elec-
trode. After being dried, 10 mL of TE (10 mm Tris-HCl and 1.0 mm
EDTA) solution containing 1.0 mm C1 was cast onto the electrode,
overnight, to immobilize the thiolated C1. This step was followed
by washing the electrode thoroughly with water and soaking the
electrode in an aqueous solution containing 0.1 mm HT for 5 min.
To form the co-assembly of BOD and DNA duplex on GPNHN sur-
face, 5.0 mL of TNE (TE + 0.02 m MgCl2) comprising a predetermined
concentration of C2-BOD was cast onto the electrode premodified
with a C1/GPNHN surface. Then, the hybridization reaction was al-
lowed to proceed for 2 h at room temperature. Finally, the BOD/
DNA/GPNHN/ITO electrode was cleaned thoroughly with TNE solu-
tion. For the p53 protein capture, 5 mL of p53 solution at a given
concentration was dropped onto the electrode surface and further
incubated for 1 h. Finally, the p53/BOD/DNA/GPNHN/ITO electrode
was rinsed with the washing buffer and water.

Fabrication of the bioanode

The CNT/MB/GDH/ITO electrode was prepared as reported with
a slight modification.[39] An aliquot (10 mL) of 2 mg mL¢1 CNTs water
solution was dropped onto a clean ITO electrode, dried with the
droplet and rinsed with distilled water. GDH was adsorbed onto
CNTs/ITO, overnight (4 8C), by casting 5 mL GDH (10 mg mL¢1) solu-
tion on the CNTs/ITO electrode surface, followed by further immer-
sion of the modified electrode into MB solution for 30 min. Please
note that rinsing the above modified electrode into doubly dis-
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tilled water was necessary to remove the loosely bound dye/
enzyme molecules for each modification step. Finally, the enzyme
electrode was cross-linked with glutaraldehyde (as CNT/MB/GDH/
ITO).

Fabrication of BFCs

The above CNT/MB/GDH and the BOD/DNA/GPNHN modified ITO
electrodes acted as the bioanode biocathode, respectively, for the
assembly of a glucose/O2 BFC.

The ITO chip electrode was fabricated with the same protocol as
previously reported.[12] The chips containing the electrodes were
prepared using standard microfabrication on ITO glass plates. Two
electrodes with surface size as 5 mm Õ 5 mm were etched on the
ITO surface. All modification processes were carried out in a PDMS
cell with 5 mm Õ 5 mm (the same size as the electrode surface) Õ
60 mm (height). Then we constructed a miniature BFC by the use
of bioanode and biocathode prepared according to the above-
mentioned method. Then a PDMS flow cell with dimensions of
10 mm Õ 10 mm Õ 60 mm covered the two modified electrodes.
After that, the electrolyte was added into the cell to generate the
power output. A 0.14 m NaCl + 20 mm PBS (pH 7.5) containing
5 mm NAD+ and 15 mm glucose solution was used as fuel solu-
tion.

Microchip-based BFCs for detection of p53

To detect p53 or other proteins, 5 mL of PBS containing a given
concentration of p53 or other proteins was cast onto the cathode
surface for 1 h, followed by washing in PBS. Here, the p53 concen-
tration was calculated by the molecular mass of the p53 monomer.
The circuit V–I curves were recorded in 0.14 m NaCl + 20 mm PBS
(pH 7.5) containing 5 mm NAD+ and 15 mm glucose in air. To eval-
uate the applications of the proposed self-powered sensor, normal
and cancer cell lysates containing p53 were collected from the
Xiangya Hospital. These cell lysates samples (10 mL) were directly
added into the cathode chamber for p53 capture, followed by
washing in PBS.
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