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a b s t r a c t

Currently, the photoelectrochemical (PEC) strategies can just achieve single analyte detection on a single
interface with limited detection efficiency. It is highly valuable but full of challenge to develop a PEC
biosensor for multiple analytes evaluation on a single interface. For this point, the wavelength-selective
photoactive materials, which could generate separated photocurrents under excitation lights with certain
wavelengths, were mainly important to overcome this challenge. Herein, these wavelength-selective
photoactive materials were successfully synthesized and served as signal indicators to construct a novel
PEC biosensor for multiple analytes evaluation on a single interface for the first time. Moreover, an
enzyme-assisted target recycling amplification strategy was introduced for ultrasensitive monitoring. As
a result, the proposed PEC biosensor showed excellent analytical performance for both oral cancer
(ORVOA 1) gene and p53 gene down to attomolar level. In addition, the fabricated PEC biosensor was
employed to evaluate ORVOA 1 gene and p53 gene in Hela cells. This assay has laid the foundation for
fabrication of simple, ultrasensitive and economical PEC diagnostic devices to detect multiple analytes in
cells, which paved a new avenue for early diagnosis of cancer with higher efficiency and accuracy.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The development of assays to quantify multiplexed nucleic acid
sequences, proteins or cells in a highly-efficient, selective and
sensitive fashion has been one of the major goals in practical
bioanalysis, especially clinical diagnostics. (Li et al., 2016; Pal et al.,
2015; Zhu et al., 2014) Compared with traditional assays, the
multiplexed assay possesses higher-throughput, higher detection
efficiency, simpler analytical process and lower cost. (Lee-Montiel
et al., 2015) Up to now, some multiplexed detection strategies with
traditional fluorescent or electrochemical detection techniques
have been successfully constructed, which depend on the targets
labeled with fluorophores or redox probes with different excita-
tion/emission wavelengths or oxidation/reduction potentials.
(Pepperkok et al., 1999; Yang et al., 2015; Lee et al., 2007; Hansen
et al., 2006) Although these established technologies are
advantageous for high-throughput detection and easy labeling,
improvements are still required since their limitations on sensi-
tivity and accuracy. The photoelectrochemical (PEC) assay as a
newly developed analytical technique has significant advantages
over the traditional optical and electrochemical methods such as
lower background, higher sensitivity, better accuracy and lower
cost. (Ge et al., 2013, 2015; Yu et al., 2015; Zhao et al., 2014; Wang
et al., 2014; Shen et al., 2014; Zhuang et al., 2015; Shu et al., 2015)
Recently, Hu's group reported a PEC biosensor for multiple bio-
markers assay on a single electrode by a light addressing strategy.
(Hu et al., 2015) The multiplexed detection by PEC strategy was
accomplished by dividing the electrode into different interfaces for
capturing different targets, followed with a moving light source to
scan each interfaces on the electrode. Although a higher detection
efficiency can be obtained with this strategy, some limitations still
existed for further improvement. First, the fabrication process of
the biosensor was tedious and time-consuming by dividing a
single electrode into different interfaces. More importantly, it's
hard to divide the electrode into different interfaces evenly. Sec-
ond, the light addressing strategy requires tough operations for
equipment. Besides, it is hard to irradiate each section of the
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electrode evenly. The sensitivity, accuracy and reproducibility of
the fabricated biosensor would be decreased due to these limita-
tions. To overcome these limitations, the multiplexed PEC assay on
single interface, which possessed more simple operations, higher
accuracy and sensitivity than the multiplexed assay on different
interfaces, was highly desired to improve the detection efficiency
and simplify the analytical process.

The major challenge for realizing the multiplexed PEC assay on
single interface is to generate distinct signals for each target in one
test sample. To address this challenge, different wavelength-se-
lective photoactive materials, which could generate separated
photocurrents under excitation lights with certain wavelengths,
should be synthesized and served as signal indicators for the dif-
ferent targets in detection of these multiplexed targets. In addi-
tion, there should be no energy transfer among these wavelength-
selective photoactive materials. For this point, we recently ex-
plored the photocurrents of varies photoactive materials under
excitation lights with different wavelengths to search the desirable
wavelength-selective photoactive materials. Consequently, we
have found the multi-wall carbon nanotube (MWCNT)/ poly
(ethylenimine) (PEI)/ thionin (Thi) nanocomposite (MPT NPs) and
the self-synthesized flower-in-sphere like TiO2 nanoparticles (TiO2

NPs) showed well wavelength selectivity under excitation lights of
590 nm and 365 nm, respectively. In addition, further experiments
indicated that there was no energy transfer between the MPT NPs
and TiO2 NPs. Thus, the MPT NPs and TiO2 NPs would be the op-
timum candidates to be served as signal indicators for the different
targets in the multiplexed PEC assay on single interface.

The other challenge for achieving the multiplexed PEC assay on
single interface was to overcome the limitation of low signal
output. Typically, effective signal amplification strategies were
employed to enhance the signal output for ultrasensitive
Scheme 1. Schematic diagram for the
detection. Herein, an enzyme-assisted target recycling amplifica-
tion strategy was introduced to further improve the sensitivity of
the fabricated PEC biosensor by employing the nicking en-
donuclease N.BstNB I enzyme which could selectively cleave only
one strand of a double stranded DNA base away from the 3′-end of
its recognition sequence (5′-GAGTC-3′). (Chen et al., 2013) The
specific recognition effect of N.BstNB I enzyme made it more se-
lective and sensitive than other DNA-based amplification strate-
gies such as polymerase chain reaction, rolling circle amplification,
hybridization chain reaction and exonuclease III-assisted target
recycling strategy. (Palecek and Bartosik, 2012).

Herein, a novel multiplexed PEC assay on single interface was
demonstrated for in vitro DNA monitoring with oral cancer (OR-
VOA 1) gene and p53 gene as model which were normally em-
ployed as efficient biomarkers for early diagnosis of cancer. (Yuan
et al., 2015) As shown in Scheme 1, the multiplexed PEC sensing
strategy was relied on the wavelength-selective photoactive ma-
terials MPT NPs and TiO2 NPs to act as signal indicators for the
target ORVOA 1 gene and p53 gene, respectively. Furthermore, the
enzyme-assisted target recycling amplification can offer effective
signal amplifications by cleaving the signal probes upon binding to
the target to release and reuse the target. And the cleaved probes
could be immobilized on the electrode by hybridizing with the
capture DNA on the electrode surface, leading to a photocurrent
response for target quantitative determination. Moreover, ORVOA
1 gene and p53 gene derived from curcumin induced Hela cells
were employed to demonstrate the applicability of the fabricated
PEC biosensor. The multiplexed PEC assay with the amplification
technology for in vitro DNA monitoring on single interface opened
a new horizon for highly efficient detection of nucleic acid se-
quences, proteins and cells in early diagnosis of cancers.
fabrication of the PEC biosensor.
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2. Experiment

2.1. Chemicals and material

MWCNT was obtained from Nanjing Xianfeng Nano Materials
Tech Co. Ltd. (Nanjing, China). PEI (average Mn�10,000 by gel
permeation chromatography, purity 499%), thionin (Thi), glutaric
dialdehyde (GA), gold chloride (HAuCl4), (3-aminopropyl) trie-
thoxysilane (APTES), hexanethiol (HT) and curcumin were pur-
chased from Sigma-Aldrich (St. Louis, Mo, USA). The N.BstNB I
enzyme and 10�NEBuffer were obtained from New England
Biolabs (Ipswich, USA). Sodium borohydride (NaBH4), hydrogen
peroxide (H2O2), tetrabutyl titanate and glacial acetic acid were
purchased from Kelong Chemical Inc. (Chengdu, China). Gold na-
noparticles (AuNPs) (16 nm diameter) were synthesized according
to the literature. (Lee et al., 2009) Phosphate buffer solution (PBS)
(pH 7.0) purchased from Beijing Dingguo Changsheng Bio-
technology Co. Ltd. (Beijing, China) was used as the electrolyte
throughout the photocurrent measurement. Ferricyanide/ferro-
cyanide solution ([Fe(CN)6]3� /4� , 5.0 mM) was obtained by dis-
solving potassium ferricyanide and potassium ferrocyanide with
PBS (pH 7.4). Tris–HCl buffer (20 mM, pH 7.4) containing 140 mM
NaCl, 5 mM KCl, 1 mM CaCl2 and 1 mM MgCl2 was used for pre-
paring DNA solutions. The diethypyrocarbonate (DEPC)-treated
water and 4′, 6-diamidino-2-phenylindole (DAPI) were obtained
from Beyotime Institute of Biotechnology (Jiangsu, China). The
Hela cell line was acquired from the cell bank of the Committee on
Type Culture Collection of Chinese Academy of Science (Shanghai,
China). The fetal bovine serum (FBS) was obtained from Hyclone
(UT, USA). The penicillin and streptomycin were purchased from
Thermo Fisher Scientific Inc. (Waltham, USA). The RNAprep pure
cell/Bacteria Kit was purchased from TianGen Co., Ltd. (Beijing,
China). The GoldStar TaqMan Mixture was obtained from Shanghai
Sangon Biological Engineering Technology and Services Co., Ltd.
(Shanghai, China). The aqueous solutions used in the experiment
were prepared with ultrapure water.

All oligonucleotides were bought from Shanghai Sangon Bio-
logical Engineering Technology and Services Co., Ltd. (Shanghai,
China). The details of these sequences were listed as following:

2.2. Apparatus and characterization

The PEC measurements were performed with a PEC work-
station (Ivium, Netherlands). A conventional three-electrode sys-
temwas used for photocurrent measurement, in which a platinum
wire was served as the counter electrode, a saturated calomel
electrode was served as the reference electrode and a bare or
modified glassy carbon electrode (GCE) with 4 mm diameter was
served as working electrode, respectively. Electrochemical im-
pedance spectroscopy (EIS), cyclic voltammetry (CV) and electro-
chemical depositions were carried out with a CHI 660e electro-
chemical workstation (Shanghai Chenhua Instrument, China). The
morphologies of the prepared nanomaterials were characterized
by the scanning electron microscopy (SEM, S-4800, Hitachi, Japan).
The light field microscope (LF) and fluorescence microscope (FL)
measurements were performed by IX83 inverted fluorescence
microscope (Olympus, Japan).

2.3. Synthesis of probe 1 (MPT NPs/AuNPs/hairpin DNA 1/HT) and
probe 2 (TiO2 NPs/AuNPs/hairpin DNA 2/HT) photoactive
bionanoconjugates

The MPT NPs/AuNPs/hairpin DNA 1/HT photoactive bionano-
conjugates (probe 1) were synthesized by modifying hairpin DNA
1 onto MPT NPs/AuNPs nanomaterials. Briefly, 2.0 mg carboxylated
MWCNT was added into 4.0 mL ultrapure water with continuous
ultrasonication to obtain a homogeneous solution. Then, 400 μL
PEI solution (1%, w/w) was dropped into the mixture followed
with continuous stirring for 12 h at room temperature to wrap the
wire-like MWCNT into spherical MWCNT-PEI. Subsequently, 15 μL
GA solution (5%, w/w) and 1 mL Thi solution (3 mM) were added
into the mixture with continuous stirring for 50 min. After that,
the prepared AuNPs solution (2 mL) was added and stirred for
16 h. The obtained solution was centrifugated to remove the un-
bounded AuNPs, and the precipitation was dispersed in 2 mL ul-
trapure water. Next, 25 μL hairpin DNA 1 solution (2.5 μM) was
added to the mixture and stirred for 16 h at 4 °C. Consequently,
50 μL HT solution was dropped to the mixture and stirred for
40 min to block the nonspecific binding sites. Finally, the mixture
solution was centrifuged to remove the excess reagents and the
obtained precipitation (probe 1) was dispersed in 2 mL ultrapure
water for further use.

In order to prepare the TiO2 NPs/AuNPs/hairpin DNA 2/HT
photoactive bionanoconjugates (probe 2), the TiO2 NPs with
flower-in-sphere nanostructure were synthesized firstly based on
traditional method with some modifications. (Chen et al., 2015)
Briefly, 10 mL tetrabutyl titanate was slowly added to 3.5 mL
ethanol. The obtained mixture solution were stirred for 10 min to
obtain solution A. At the same time, 0.4 mL glacial acetic acid and
1 mL ultrapure water were added to 3.5 mL ethanol with con-
tinuous stirring to obtain solution B. The pH value of solution B
was adjusted to about 3 by HCl solution. Subsequently, the solu-
tion A was dropped into solution B with a speed of 3 mL/min
under stirring. Then, the mixture solution was heated in 40 °C
water bath for 2 h to a jelly-like mixture. The mixture was dried in
vacuum drying oven at 70 °C overnight to obtain white TiO2 par-
ticles. Finally, 0.2 g TiO2 particles were dispersed in 10 mL ultra-
pure water and ultrasonicated for 2 days to obtain the TiO2 NPs.

The TiO2 NPs/AuNPs/hairpin DNA 2/HT photoactive bionano-
conjugates (probe 2) were further prepared as followed. Firstly,
100 μL APTES solution was slowly dropped into the prepared
10 mL TiO2 NPs solution under gently stirring. After 6 h stirring,
the solution was filtered and washed respectively, and the pre-
cipitation was redispersed in 4 mL ultrapure water. Subsequently,
2 mL AuNPs solution was added into the above solution with
stirring for 16 h. Then, 25 μL hairpin DNA 2 (2.5 μM) solution was
added into the prepared TiO2 NPs/AuNPs solution under gently
stirring for 16 h at 4 °C. Next, 50 μL HT solution was added with
stirring for 1 h to block the nonspecific binding sites. Finally, the
mixture solution was centrifuged to remove the excess reagents
and the obtained precipitation (probe 2) was redispersed in 2 mL
ultrapure water for further use.

2.4. The procedure of N.BstNB I enzyme-assisted target recycling
amplification strategy

Briefly, 7 μL probe 1 solution, 7 μL probe 2 solution, 3.2 μL
10�NEBuffer, 7 μL ORVOA 1 gene solution and 7 μL p53 gene
solution were added into a centrifuge tube. After gently stirring for
30 min, 1.0 μL N.BstNB I enzyme (10 U/μL) was added and in-
cubated at 55 °C. Subsequently, the mixture was heated to 90 °C
and kept for 10 min to deactivate the N.BstNB I enzyme. Finally,
the mixture was cooled down to room temperature for further use.

2.5. Fabrication of the multiplexed PEC biosensor

Firstly, the GCE was polished with 0.3 mm and 0.05 mm Al2O3

powder and rinsed thoroughly with ultrapure water to obtain a
mirror-like surface. Then the electrochemical deposition was per-
formed in 1% HAuCl4 solution under �0.2 V for 30 s to modify
AuNPs onto the electrode surface. Next, the AuNPs modified
electrode was dipped in the mixture solution containing 15 μL
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capture DNA 1 (2.5 μM) and 15 μL capture DNA 2 (2.5 μM) for 14 h
at room temperature. Finally, the electrode was dipped in HT so-
lution for 40 min to block the nonspecific binding sites. After each
step, the electrode was washed gently by ultrapure water to re-
move the unbonded reagents.

2.6. PEC measurement

Before photocurrent measurement, the solution of enzyme-
assisted target recycling was ultrasonicated for few seconds to get
a homogeneous solution. Then the homogeneous solution was
dropped onto the fabricated electrode surface and incubated for
2 h at room temperature. Then the PEC measurement was carried
out in 4 mL PBS (pH 7.0) containing 0.1 M freshly prepared H2O2

solution. The 590 nm and 365 nm excitation light sources were
provided by the LED lamp and switched off-on-off for 10–20–10 s
under 0.0 V potential.

2.7. Preparation of real samples from drug induced cancer cells

The Hela cell line was cultured in Dulbecco's Modified Eagle's
Medium containing 10% FBS, 100 U/mL penicillin and 100 U/mL
streptomycin in a humidified atmosphere with 5% CO2 at 37 °C.
The Hela cells with different expression of ORVOA 1 gene and p53
gene were obtained by incubating with different concentrations of
curcumin (0, 5, 10, 20, 50, 100 μM) for 24 h. The curcumin induced
Hela cells on 24 well-plates were stained with DAPI and viewed by
the fluorescence microscope. For multiplexed detection of the
ORVOA 1 gene and p53 gene in curcumin induced Hela cells, these
Hela cells were extracted firstly using RNAprep pure Cell/Bacteria
Kit according to the manufacturer's protocol, and followed by
processing with reverse transcription-polymerase chain reaction
(RT-PCR) technology with SGExcel GoldStar TaqMan Mixture on
the basis of the manufacturer's protocol to obtain the corre-
sponding DNAs. Then the corresponding DNAs were collected and
stored at �20 °C for further use.
Fig. 1. SEM images of (A) MWCNT, (B) MWCNT/PEI, (C) MWCNT /PEI /Thi/AuNPs, (D) TiO
NPs, (b) TiO2 NPs /AuNPs, (c) MWCNT, (d) MWCNT/PEI, (e) MWCNT/PEI/Thi/AuNPs.
3. Results and discussion

3.1. Characterizations of the synthesized nanomaterials

The synthesized nanomaterials were characterized by SEM. As
shown in Fig. 1 A, MWCNT showed tangled tubular structure with
about 20 nm diameter. When wirelike molecular PEI was wrapped
on the MWCNT, the structure of MWCNT was curved together due
to the glutinosity of PEI (Fig. 1B). After the modification of AuNPs,
some uniformly distributed AuNPs can be observed on the surface
of the prepared nanomaterials (Fig. 1C). As shown in Fig. 1D, the
proposed TiO2 NPs showed an average particle size distribution of
about 200 nm with flower-in-sphere nanostructure. After the
decoration of AuNPs on the TiO2 NPs, some small particles could
be observed on the TiO2 NPs (Fig. 1E), which was conducive to
further modification. Furthermore, tyndall effect was employed to
characterize the dispersivity and permeability of the synthesized
TiO2 NPs (a), TiO2 NPs/ AuNPs (b), MWCNT (c), MWCNT/ PEI (d),
MWCNT/ PEI/ Thi (e) and MWCNT/ PEI/ Thi/ AuNPs (f) (Fig. 1F). The
obvious light-path indicated the good dispersivity and perme-
ability of these synthesized nanomaterials in water.

3.2. Electrochemical characterizations for the stepwise fabrication of
the PEC biosensor

The fabrication procedures of the PEC biosensor were char-
acterized by EIS and CV measurements as showed in Fig. S-1. It
was well known that the value of the electron-transfer resistance
(Ret) of the electrode was an important factor for characterization
of the electrode. Fig. S-1A showed the EIS of the different modified
electrodes in 3 mL [Fe(CN)6]3�/4�electrolyte solution (5 mM).
There was a small semicircle for bare GCE (RetE280Ω) (Fig. S-1A,
curve a). When AuNPs were deposited on the electrode, the re-
sistance decreased largely (RetE17Ω) (Fig. S-1A, curve b) due to
the good conductivity of the AuNPs. After capture DNA 1 and
capture DNA 2 were immobilized on the modified electrode, the
resistance increased remarkably (RetE450Ω) (Fig. S-1A, curve c),
2 NPs and (E) TiO2 NPs /AuNPs. And the tyndall effect (F) for the solution of (a) TiO2
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because the DNA with non-electroactive property impeded the
electron transfer. Ultimately, when non-conductive HT was mod-
ified on the electrode surface, the resistance increased furtherly.
(RetE900Ω) (curve d). The Rs, Ret, Cdl and Zw of equivalent circuit
represented the electrolyte resistance, electronic transfer re-
sistance, double layer capacitance and the Warburg impedance,
respectively. In addition, CV was further employed to characterize
the electrochemical behaviors of the modified electrode at differ-
ent stages using the redox probe of [Fe(CN)6]3� /4� . In Fig. S-1B, a
well-defined redox peak of [Fe(CN)6]3� /4� could be observed on
the bare electrode (Fig. S-1B, curve a). When AuNPs were de-
posited on the electrode surface, the redox peak current increased
obviously suggesting the good conductivity of AuNPs (Fig. S-1B,
curve b). When capture DNA 1 and capture DNA 2 were modified
on the electrode surface, an obvious decrease of redox peak cur-
rent could be observed (Fig. S-1B, curve c), since the DNA could
hinder the electron transfer. Finally, after the electrode was
blocked with HT, the redox peak current decreased furtherly. (Fig.
S-1B, curve d).

3.3. The multiplex capability of the fabricated PEC biosensor

The capability of the fabricated PEC biosensor for simultaneous
detection of multiplexed genes on single interface was demon-
strated in Scheme 1. The incubation of ORVOA 1 gene (2.5 fM) with
the biosensor resulted in a 96.2 nA photocurrent response for
excitation light source on 590 nm (light 1) while the photocurrent
response corresponding to excitation light source on 365 nm (light
2) remained unchanged. Similarly, the presence of p53 gene
(2.5 fM) led to a 106.4 nA photocurrent response for the excitation
light source on 365 nm, and the photocurrent response corre-
sponding to excitation light source on 590 nm remained un-
changed. Then, a double photocurrent response on both 590 nm
and 365 nm excitation light sources could be observed when OR-
VOA 1 gene and p53 gene were incubated on the biosensor. This
comparison indicated the fabricated PEC biosensor possessed ex-
cellent feasibility for multiplexed detection on single interface.

3.4. The photocurrent generation and enhancement mechanisms of
the synthesized photoactive nanomaterials

The photocurrent generation and enhancement mechanisms
for the MWCNT/PEI/Thi/AuNPs photoactive materials were shown
in Fig. 2A. Firstly, under 590 nm excitation light source, the
Fig. 2. The photocurrent generation and enhancement mechanisms for the MWCNT/PEI/
electrons (e�) of MWCNT/PEI conjugates migrated from valence
band (VB) to conduction band (CB) (a), then the electrons further
migrated to the electrode surface (b). In the presence of nearby
molecular Thi as photosensitizer, a largely enhanced photoelectron
emission ability of the MWCNT/PEI/Thi nanocomposites could be
obtained due to the high molar absorption coefficient of Thi. The
electrons of Thi can migrate from highest occupied molecular or-
bital (HOMO) level to lowest unoccupied molecular orbital (LUMO)
level (c), and then the electrons further migrated to the nearby
surface of MWCNT/PEI nanocomposites (d). In the presence of
AuNPs, the electrons near the Fermi level (Ef) states of AuNPs
migrated to the surface plasmon (SP) states (e) and further
transferred to LUMO level of Thi molecule (f). At the same time,
the plasmon energy of AuNPs could be also transferred to the
nearby Thi molecule and the MWCNT/PEI nanocomposites (g),
helping the separation of electron-hole (e�-hþ) pairs of the Thi
molecule and MWCNT/PEI nanocomposites, leading to a large
enhancement of photocurrent response. The holes on the MWCNT/
PEI nanocomposites could drift to the holes of Thi molecule
(h) and then the holes on Thi molecule further drifted to the holes
of AuNPs (i). With the help of electron donor (H2O2) in the elec-
trolyte, the H2O2 could inject electron to the holes of AuNPs which
achieved the separation of electrons and holes (j).

In Fig. 2B, according to the plasmonic near-field absorption effects
(PRET) of AuNPs, the optical path length of the semiconductor TiO2

NPs could be largely increased by the light scattering from AuNPs,
leading to a large enhancement of the photocurrent. Firstly, under
the excitation light source of 365 nm, the electrons of TiO2 NPs mi-
grated from VB to CB (a), and then the electrons further migrated to
the electrode surface (b). In the presence of the nearby AuNPs, the
electrons near the Ef of AuNPs were excited to its SP states (c). Then
the excited electrons could migrate to the CB of the nearby semi-
conductor TiO2 NPs (d). The plasmon energy of the AuNPs could
transfer to the TiO2 NPs which was helpful for the separation of e--
hþpairs of TiO2 NPs (e), leading to a large enhancement of the
photocurrent of TiO2 NPs/AuNPs composites. And the holes of TiO2

NPs could drift to the holes of AuNPs left in the electron direct in-
jection process (f). The separation of electrons and holes can be ac-
complished in the presence of H2O2 (g).

3.5. Optimizations of the PEC biosensor

The photocurrent of the fabricated PEC sensors were related to
the amount of cleaved signal probes, which was related to the
Thi/AuNPs photoactive materials (A) and TiO2 NPs/AuNPs photoactive materials (B).



Fig. 4. Selectivity evaluation of the proposed PEC biosensor against different mis-
matched gene sequences.
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incubation time of the enzyme-assisted target recycling. With in-
creasing the incubation time, more cleaved signal probes could be
obtained for hybridizing with the capture DNA on the fabricated
electrode, leading to higher photocurrent response. It could be seen
from Figs. S-2A and S-2B, the photocurrent increased obviously with
increasing the incubation time and came to maximal value when the
incubation time increased to 60 min, which indicated that the opti-
mal incubation time for the enzyme-assisted target recycling strategy
was 60 min. Furthermore, the concentration of H2O2 was estimated
to obtain a higher photocurrent response. As shown in Figs. S-2C and
S-2D, with increasing concentration of H2O2, the photocurrent in-
creased obviously and almost leveled off when the concentration of
H2O2 came to 0.1 M, which indicated that the optimal concentration
of H2O2 was 0.1 M in this experiment.

3.6. Analytical performance of the PEC biosensor

To estimate the performance of the fabricated PEC biosensor,
the targets ORVOA 1 gene and p53 gene with different con-
centrations were measured by the fabricated PEC biosensor. As
shown in Fig. 3, the photocurrent for simultaneous detection of
ORVOA 1 gene and p53 gene increased linearly with increasing
concentrations of ORVOA 1 gene and p53 gene in the range from
25 aM to 2.5 pM. The linear relationship of ORVOA 1 gene and p53
gene were I¼691.3þ39.76 lg cORVOA 1 gene and I¼686.9þ39.59 lg
cp53 gene, respectively. Furthermore, the detectable concentrations
of p53 gene in the present work were compared with other pub-
lished works. As shown in Table S-2, our proposed strategy
showed a higher sensitivity and a wider linear range, which may
be attributed to low background of PEC assay and the novel, in-
tegrated signal amplification strategy in this work.

3.7. Selectivity of the PEC biosensor

The selectivity of the fabricated PEC biosensor was estimated
by incubating the target genes against other different kinds of
gene sequences. The interferences including single-base mismatch
sequences (smDNA 1, smDNA 2, smDNA 1′, smDNA 2′) and double-
base mismatch sequences (dmDNA, dmDNA′). As shown in Fig. 4,
the interferences with 100 fold concentration than the targets
exhibited no significant current responses compared with that of
the targets, indicating a satisfactory selectivity of the proposed PEC
biosensor. Besides, all of the relative standard deviations (RSD) to
target molecule were lower than 5%, indicating the satisfactory
repeatability of the proposed PEC assay.
Fig. 3. Photocurrent responses for the multiplexed PEC biosensor in the presence
of different concentrations of ORVOA 1 gene and p53 gene.
3.8. The applicability of the biosensor for multiplexed evaluation in
drug induced cancer cells

The applicability of the fabricated PEC biosensor was evaluated
by monitoring the ORVOA 1 gene and p53 gene induced with
different concentration of curcumin. Curcumin as a major active
component of the food flavoring turmeric is known as a potent
anti-tumor agent for some cancer cells. (Prusty and Das 2005)
According to the literatures, the ORVOA 1 gene decreased while
the p53 gene per Hela cell increased with increasing concentration
of curcumin. (Balasubramanyam et al., 2004; Fang et al., 2005)
Thus, the concentrations of ORVOA 1 gene and p53 gene in Hela
cells can be controlled by adding curcumin with different con-
centrations (0, 5, 10, 20, 50, 100 μM) to culture medium. As shown
in Fig. 5A, the light field microscopy (LF) and fluorescence mi-
croscopy (FL) images showed that the amount of Hela cells de-
creased obviously with increasing the curcumin concentration.
The concentration ratio of ORVOA 1 gene and p53 gene per cell
were showed in Fig. 5B. The variation trend of these results
(Fig. 5C) exhibited that the relative concentration of ORVOA 1 gene
in per cell decreased with increasing concentration of curcumin,
and the relative concentration of p53 gene per Hela cell increased
at the same time, which was identical to the reported literature.
(Singh et al., 2013) The evaluation showed a great potential of the
fabricated PEC biosensor for multiplexed and ultrasensitive
quantification of genes in cell samples for early diagnosis of
cancers.
4. Conclusions

In summary, a simultaneous PEC assay on single interface was
constructed for the first time based on the selectively photoactive
materials to monitor multiplexed targets in cells. Contributing to
enzyme-assisted target recycling amplification strategy, ultra-
sensitivity was performed, which made the proposed approach
possible to be employed to monitor multiplexed genes per cell.
Importantly, the developed PEC assay possessed good applicability
for monitoring multiplexed genes with ORVOA 1 gene and p53
gene from Hela cells as models. The ultrasensitive PEC sensing
protocol opened up the possibility for detection of genes with
ultratrace level, leading to early diagnosis of the particular cancer.
Although the concept was demonstrated for dual-analyte sensing,
it could be readily expanded for the multiplexed estimation of
various kinds of nucleic acid sequences, proteins and cells.



Fig. 5. (A) The LF and FL images of curcumin induced Hela cells. (B) The concentration ratio and (C) the variation trend of ORVOA 1 gene and p53 gene in per Hela cell
detected by the fabricated PEC.
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