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Abstract: Herein, a novel strategy for construction of a photoelectrochemical aptasensor for

tumor marker mucin 1 (MUC1) was presented, which was based on the effective photoelectron

transfer from CdTe quantum dots (QDs) to TiO, nanotube arrays (TiO, NTs) through DNA chain.

First, we prepared a series of a TiO, NTs on titanium foil by the electrochemical anodization

technique, and electrodeposited Au nanoparticles to improve the electrical conductivity and

biocompatibility, which could load high amount of MUCI1 aptamers by Au-S bond. Then, the

synthetized c-DNA@QDs was immobilized on the TiO, NTs by hybridization of c-DNA and

aptamer to form TiO, NT/aptamer/c-DNA@QD aptasensor. Detailed studies indicated that, under

the irradiation of visible light, the aptasensor had good phocurrent response due to the excellent

photosensitivity of CdTe QDs and electrical conductivity of DNA chain and Au/TiO, NTs. More

importantly, the photocurrent response of the aptasensor was significantly affected by the TiO,

NTs morphology and DNA chain length, which could be regulated by changing the tube length of

TiO, NTs and the chain length of DNA linking QDs and TiO, NTs. Furthermore, the TiO,

NT/aptamer/c-DNA@QD aptasensor for MUC1 exhibited good reproducibility and stability, wide

linear range of 0.002-0.2 uM, and high sensitivity with LOD of 0.52 nM, which could be applied

to the determination of MUCI in human serum samples with good accuracy and recoveries.

Therefore, the developed aptasensor could offer a promising feature for the analytical application

in complex biological samples.
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Introduction

Mucins encompass a family of high molecular weight, heavily O-glycosylated proteins that are
differentially expressed in several epithelial malignancies. '~ The mucin 1 protein (MUCI)
contains a hydrophobic membrane-spanning domain of 31 amino acids, acytoplasmic domain of
69 amino acids, and an extracellular domain consisting of a region of identical repeats of 20 amino
acids per repeat, * which has been implicated in a variety of cancers, including breast, stomach,
lung, prostate, colorectal and others. > Although a low level of expression of MUC1 could be
found in healthy human serum (generally < 31 U mL™' for healthy individuals which corresponds
to approximately 5 uM for MUC1 - 9), there is an up to 100-fold increase in the amount of mucin
present on cancer cells compared to normal cells and MUC1 has a ubiquitous rather than focal
cellular distribution. '° Therefore, it is essential to derive analytical tools for monitoring MUCI in
patient samples for identifying the presence of submillimeter tumor masses. To date, there have
many studies for MUC1 detection, in which, the aptamer-based assays are the main detection
methods for MUCI. > Aptamers which are artificial oligonucleotides in vitro selected through

16, 17

SELEX (systematic evolution of ligands by exponential enrichment), possess high affinity

and high recognition ability for a wide array of targets. '>

They are promising recognition
elements for the development of ultrasensitive biosensors, for which the signal readout methods
range from fluorescence spectroscopy to electrochemistry. For example, Yu et al. reported a
MUCI1 detection method was based on the fluorescence intensity of oligonucleotide-labeled
quantum dots by MUCI peptide. 10 Pang et al. performed an assay utilizing graphene oxide (GO)

as a quencher able to quench the fluorescence of single-stranded dye-labeled MUCI specific

aptamer. ° Liu et al. proposed a strategy for the sensitive detection of MUCI based on
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electrochemiluminescence resonance energy transfer (ERET) from Bis(2,2-bipyridine)-

(5-aminophenanthroline) ruthenium (II) to GO.

Wu et al. reported the application of
surface-enhanced Raman scattering spectroscopy for “trapping” human breast cancer cells using
anti-MUCI1 aptamer-Au/Ag nanoconjugates. 2 However, to our knowledge, there have little
studies for the detection of MUCI1 based on the combination of aptamer and photoelectrochemical
(PEC) technique.

In PEC detection, light is utilized to excite the photoactive species and current is employed as
the detection signal. Owing to the separation of excitation signal and detection signal, the PEC
strategy has plenty of advantages such as low background, low potential different from

20-25

electrochemiluminescence, which lead to a good analytical performance. Among the

photoactive materials, the semiconductor TiO, nanotube array grown on titanium foil is the most

popular carriers used in PEC biosensing due to its photochemical stability, good biocompatibility

26-29

and chemical stability, and in particular, biocompatibility and negligible protein denaturation.

3031 However, TiO, has a wide band gap (3.2 eV) and can only be excited by ultraviolet light less

32-34

than 380 nm, which can kill biomolecules and limit its direct applications in PEC biosensing.

In recent years, attempts have been made, including impurity doping, *° metallization, *° dye
sensitization >’ or semiconductor quantum dots deposition, such as CdS, CdSe, PbS and CdTe, 3841
to photosensitize TiO, for visible light response.

Herein, inspired by the unique PEC properties of TiO, nanotube arrays (TiO, NTs) and quantum
dots (QDs), we developed a novel sensitive aptasensor for the tumor marker MUCT1 based on PEC

method. In details, as shown in Fig. 1, the TiO, NTs on titanium foil substrate were fabricated by

the electrochemical anodization technique. The gold nanoparticles (AuNPs) were electrodeposited
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Titanium foils (99.7% purity) with a thickness of 0.127 mm, chloroauric acid (HAuCly),
tellurium (powder, 200 mesh, 99.99%), sodium borohydride (NaBH,4, 99%), cadmium chloride
hemi(pentahydrate) (CdCl,, 99%), thiourea (97%), 3-mercaptopropionic acid (MPA, 99%),
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS), were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
USA). Glycerol and NH4F were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China).

MUCI aptamer and corresponding c-DNA were synthesized by Sangon Biological Engineering
Technology Co., Ltd. (Shanghai, China) and purified using high performance liquid
chromatography. Their sequences were as following.

Thiolated MUCI1 aptamer: 5’-HS-GCA GTT GAT CCT TTG GAT ACC CTG G-3’; c-DNA
with complementary sequence (bold part) to aptamer: 5’-NH,-(TTT), TTT ATC CAA AGA-3’.
Thiolated MUCI1 aptamer and c-DNA were diluted to 10 uM in 10 mM phosphate buffer solution
(PBS, pH 7.4) for use. The obtained solution was stored at 4 °C before use.

MUCI (from the N terminus to the C terminus: APDTRPAPG) was purchased from Shanghai
Apeptide Co., Ltd. The peptides were suspended in 10 mM pH 7.4 PBS to obtain different
concentrations for the subsequent experiment. The preparation of AuNPs coated TiO, nanotube
arrays was according to our previously reported method. ** All other chemicals were of analytical
grade and used as received. Deionized water (18.2 MQ cm), obtained from a Milli-Q water
purification system, was used in all experiments.

Apparatus

The anodization of titanium foils was carried out with DC power supply (WYK-1002, EKSI
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Electric Manufacturing Co. Ltd, Jiangsu, China). The scanning electron micrographs were
recorded with a field emission scanning electron microscopy (FESEM, Hitachi S-4800, Japan).
The TEM images were performed by using transmission electron microscopy (JEOL Model JEM
2100, Japan). UV-vis absorption spectra were measured on a UV-2450 spectrometer (Shimadzu,
Japan). Fluorescence spectra were measured on an F-4600 FL spectrophotometer (Hitachi, Japan).

Synthesis of CdTe quantum dots

CdTe QDs were synthesized as described by Zou et al. ** with some modifications. Briefly, the
NaHTe solution was prepared by mixing NaHB,4 (1 mmol) and Te powder (0.4 mmol) in 10 mL of
N, saturated water at 80 °C for 30 min under N, flow to get a deep red clear solution. Then, 2.0
mmol of CdCl, and 4.0 mmol of MPA were mixed in a 50 mL of N, saturated solution, and the pH
of the solution was adjusted to about 10.0 by dropwise addition of 1.0 M NaOH solution with
stirring. Under stirring, 2.0 mL of freshly prepared NaHTe solution was added through a syringe
into the Cd precursor solution at room temperature (RT). So the molar ratio of Cd:MPA:Te in the
reaction solution was 1:2:0.2. Then the reaction mixture was refluxed at 100 °C under N,
protection for 0.5 h.

Coupling c-DNA to CdTe quantum dots (c-DNA@QDs) and Construction of the TiO, NTs
/aptamer/c-DNA@QD aptasensor

100 pL of 10 uM carboxy-terminated CdTe QDs’ suspension was mixed with 400 uL of PBS
solution (pH 7.4) containing 4 g L' EDC and and 2 g L' NHS for 0.5 h at RT to obtain the
activated QDs. Then 20 puL of ¢c-DNA solution (10 nM in 10 mM pH 7.4 PBS) was added to the
above solution and left at 4 °C overnight in the dark to allow the coupling of the c-DNA to the QD

surface. The resultant c-DNA and CdTe QDs conjugates (c-DNA@QDs) were collected by
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centrifugation and washed with 10 mM pH 7.4 PBS for several times. Then they were dispersed in

10 mM pH 7.4 PBS to a final volume of 1 mL and stored at 4 °C for subsequent use.

For Construction of the TiO, NTs/aptamer/c-DNA@QD aptasensor, 20uL of thiolated MUC1

aptamer (10uM) was dropped onto the titanium foil with Au/TiO, NTs and incubating for 16 h at

4 °C. After modification, the Ti/TiO, NTs/aptamer was washed with 10 mM pH 7.4 PBS and

incubated in 1.0 mL of 1 mM 6-mercaptohexanol (MCH) solution for 1 h at RT to block the

unmodified region of the TiO, NTs. Then a 20uL droplet of c-DNA@QDs conjugates solution was

covered onto the titanium foil with TiO, NTs/aptamer and kept for 2 h at RT to obtain the TiO,

NTs/aptamer/c-DNA@QD aptasensor (Fig. 1). Finally the prepared aptasensor was washed with

10 mM pH 7.4 PBS for several times and stored at 4 °C for subsequent use.

Electrochemical and photoelectrochemical measurements

All electrochemical and photoelectrochemical measurements were carried out in air-saturated PBS

(10 mM, pH 7.4) on a CHI 1240B electrochemical workstation (Shanghai Chenhua Co., Ltd.,

China) with a conventional three-electrode system, where the titanium foil with TiO,

NT/aptamer/c-DNA@QD aptasensor was employed as the working electrode, a Pt wire was

served as counter electrode, and a saturated calomel electrode (SCE) was used as reference

electrode. A 500 W Xe lamp was used as the irradiation source fitted with a 420 nm UV filter

(Zolix, China). A mechanical shutter was used to control the light on and off, and the photocurrent

was detected with electrochemical workstation at a bias potential. When detecting the content of

MUCI, the photocurrent of the TiO, NTs/aptamer/c-DNA@QD aptasensor was first detected

under the irradiation of visible light which value was [,. Then, the aptasensor was immersed in the

sample solution containing MUC1 with various concentrations (10 mM PBS pH 7.4) and kept at
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RT for 0.5 h, followed by a washing with 10 mM pH 7.4 PBS to remove free c-DNA@QDs and
nonspecific bound of MUC1 and detection of the photocurrent value, which was /. So the
concentration of MUCI1 could be detected by the photocurrent change value of the aptasensor
(Al=1y-).

Analysis of human serum samples

In the 1.00 mL of the healthy human serum sample (obtained from Xuzhou Central Hospital, P.R.
China), a 0.5 mL of of trichloroacetic acid (4 wt% in 10 mM pH 7.4 PBS) was added, stirred, and
centrifuged at 4000 rpm for 10 min. The supernatant fluid was diluted to 20 mL with 10 mM pH
7.4 PBS. The concentration of MUCI in the pretreated serum sample was detected by PEC with
the aptasensor. At the same time, a recovery test was carried out in accordance with the same
procedure to demonstrate the validity of the proposed aptasensor. The results of applied standard

addition method were reported in the supporting information (Table S1).

Results and discussion

Characterization of the prepared TiO, NTs and CdTe QDs

For construction of Ti/TiO, NTs/aptamer/c-DNA@QD aptasensor, we first prepared TiO, NTs by
the electrochemical anodization technique. As shown in Fig. 2A, when the anodization potential
was 30 V at an anodization time of 4 h, the prepared TiO, NTs have an average length of 3.5 pm
and the inner diameter of ~90 nm. For improving the electrical conductivity and biocompatibility
of TiO, NTs,* Au nanoparticles (AuNPs) electrodeposited were uniformly dispersed on the inner
wall of TiO, NTs with an average size of 5 nm (Fig. 2B), which could be used for effectively
immobilizing MUC1 aptamers by Au-S band. Meanwhile, CdTe QDs synthesized in the work

exhibited a characteristic UV-vis absorption at 553 nm (curve a in the Figure S1A). And,

9
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according to following the expression (Equation 1), **
D = (9.8127 x 1077)A3 — (1.7147 x 1073)A%? + 1.0064A — 194.84 (1)

where D was the diameter (nm) and A (nm) was the wavelength maximum corresponding to the
absorption peak of the QDs, the particle size of the CdTe QDs was calculated to be ~3.3 nm,
which was found in good agreement with the size observed by TEM image (Fig. 2C). In addition,
the majority of the CdTe QD particles were between 2.5 nm and 4.0 nm and the median size of the
whole population is 3.5 nm, indicating the uniform distribution of CdTe QD particles (Fig. 2D).
Furthermore, CdTe QDs had a typical absorption peak at 553 nm in the visible light region, and
had a photoluminescence (PL) intensity at the peak of 619 nm under the excitation of 500 nm (Fig.
S1A), which indicate the electron transfer from the valence band (VB) to conduction band (CB) of
QDs would be easy tooccur under the visible light irradiation and generate electron-hole

pairs, which made CdTe QDs used as excellent photosensitizer.

o © 20l0au

.. 200 800 800 1200
Ensigy (V)

3 4 5 6 7 8
Size (nm)

Fig. 2 (A) FESEM top-view image of TiO, NTs and corresponding cross section image (Inset); (B)

10
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TEM image of AuNPs-coated TiO, NTs and corresponding energy dispersive spectrogram (Inset);
(C) TEM image of CdTe QDs; (D) size distribution histograms for CdTe QDs.
Photoelectrochemical property of TiO, NTs and TiO, NT/aptamer/c-DNA@QD aptasensor
Fig. 3 showed the photocurrent action spectra of TiO, NTs and TiO, NT/aptamer/c-DNA@QD
recorded under intermittent irradiation at the applied potential of 0.1 V. For TiO, NTs (Fig. 3A), a
typical behavior was observed with the anodic photocurrent disappearing at wavelengths above

380 nm, as established in the literature. **>*

However, after CdTe QDs immobilized on the TiO,
NTs by the hybridization of MUC1 aptamer and c-DNA, QD/TiO, NTs exhibited a stronger
photocurrent response and the photocurrent response was extended to visible light down to ~550
nm (Fig. 3B). This typical difference could be explained by their energy levels. The CB and VB of
TiO, NTs were located at -4.21 and -7.41 eV, respectively. And the band gap of TiO, NTs was ~3.2
eV, which could only utilize the UV part of solar radiation, ** limiting the extensive application,
such as in biosensing. In addition, the band gap of CdTe QDs was calculated as 2.24 eV according
to the UV-vis absorption spectrum (Fig. S1A). Coupled with the information that the
electrochemical reduction peak of CdTe QDs on the ITO electrode was observed at -0.82 V (vs.
SCE, Fig. S1B), the CB and VB positions of CdTe QDs could be quantified as -3.92 eV and -6.18
eV, respectively. Under the light irradiation, CdTe QDs excited electrons from the CB to the VB
and generate holes at the VB. The CB of TiO, NTs was more positive than that of CdTe QDs, 4
resulting in a local electric field. As a result, the excited electrons could quickly transfer from QDs
to TiO, conduction band. Furthermore, the tubular structure of TiO, was helpful for separating and
transferring photoinduced electrons to the titanium substrate foil, * which contributed to the

increasing photocurrent (Fig. 4).

11
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Fig. 3 Photocurrent measured under intermittent irradiation as a function of irradiation wavelength

(without correction for the change of light intensity). (A) TiO, NTs; (B) TiO,

NT/aptamer/c-DNA@QD aptasensor. Applied potential, 0.1 V; TiO, NTs prepared at anodization

potential of 30 V and anodization time of 4 h.

Fig. 4 Scheme diagram of the electron transfer steps of the TiO, NT/aptamer/c-DNA@QD on
titanium substrate foil upon visible light irradiation.
Effect of the TiO, NTs morphology on the photocurrent response of TiO,
NT/aptamer/c-DNA@QD

According to our previous report, ¥ in the work, the TiO, NTs were prepared when the
anodization potential was fixed at 30 V, and the anodization time was 1.0, 2.0, 3.0, 4.0 and 8.0 h,

12
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which were referred to TNT-1, TNT-2, TNT-3, TNT-4, and TNT-8 respectively. To investigate the
effects of TiO, NTs morphology on the photocurrent response of the aptasenor, a conventional
electrochemical system was employed to measure the photocurrent change by linear sweep
voltammetry (LSV) at a selected potential window of -1.0-1.0 V. As shown in Fig. 5, when CdTe
QDs were immobilized on the titanium foil substrate directly, under the irradiation of visible light,
the generated photocurrent was very little at the applied potential of -1.0-1.0 V (Fig. 5A). However,
there had obvious photocurrents generated for TiO, NT/aptamer/c-DNA@QD when the applied
potential more positive than 0.0 V, which indicated the Ti/TiO, NT/aptamer/c-DNA@QD
electrode was a typical photoanode. With the increase of tube length of TiO, NTs (From TNT-1 to
TNT-8), the photocurrent increased in the applied potential range of 0-1.0 V (Fig. 5 B-F). It was
because that, the prepared TiO, NTs were well-aligned vertically on the titanium foil substrate,
which not only provided accessible accesses for immobilizing high amount of QDs, but promoted
the directional charge transport due to the one-dimensional features of the tubes, ***® leading to
the increase of photocurrent. When the TNT-4 TiO, NTs were used for construction of the
aptasensor, the generated photocurrent was relatively stable at the applied potential range of 0.5 to
1.0 V (Fig. 5E), which was important for the construction of a photoelectrochemical aptasensor.
However, for the TiO, NTs with longer tube length, the photocurrent was relatively high but not
stable instead, such as for TNT-8 TiO, NTs (Fig. 5F). Therefore, the TNT-4 TiO, nanotube arrays

and the applied potential of 0.6 V were used in the subsequent experiments.

13
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Fig. 5 Photocurrent responses of Ti/aptamer/c-DNA@QD (A) and TiO, NT/aptamer/c-DNA@QD
aptasensor (B-F) at different bias potential under the irradiation of visible light. Potential was
scanned from -1.0 to 1.0 V with 0.1 V s™ of scan rate. The TiO, NTs were referred to TNT-1 (B),
TNT-2 (C), TNT-3 (D), TNT-4 (E) and TNT-8 (F), which was prepared at the anodization potential
of 30 V, and the anodization time was 1.0, 2.0, 3.0, 4.0 and 8.0 h, respectively.
Effect of different chain lengths of c-DNA on the photocurrent response of TiO,
NT/aptamer/c-DNA@QD aptasensor

It was known that DNA could transport electrical current as efficiently as a good semiconductor,
which would be useful in the design of future electronic devices based on DNA molecules, *” and
there had many factors that affect the conductivity, including ambient surroundings, and the

4899 11 this work, the distance from electron donor

distance between the donor and acceptor sites.
QDs to acceptor TiO, NTs could be adjusted by c-DNA chain length. To study the effect of the

distance between the donor and acceptor on photocurrent response of TiO,

NT/aptamer/c-DNA@QD aptasensor, c-DNA chains with different lengths were designed to
14
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hybridize MUC1 aptamer for construction of the aptasensor, which were denoted as T1, T2, T3,
T4, TS and T6 containing the c-DNA with chain length of 27-mer, 42-mer, 72-mer, 102-mer,
132-mer and 312-mer, respectively). As shown in Fig. 6A, with the increase of c-DNA chain
length from 27-mer to 72-mer, the photocurrent basically did not change. However, further
increasing of the chain length of DNA hybridization more than 102-mer, the photocurrent
decreased significantly, and was very little when the chain length of DNA hybridization was at
312-mer. Therefore, we speculated that the chain length of c-DNA has great influence on the
electron transport property of DNA. When the chain length was relatively short, such as 27-mer,
42-mer and 72-mer, DNA had very strong electron transfer ability, which could transport the
photoinduced electron from the CB of CdTe QDs to the TiO, NTs. However, if the chain length of
DNA was too long, such as 312-mer, it would block the electron transfer. Furthermore, according
to the distance of about 10 bases of DNA 3.4 nm, >’ the electron transfer performance of DNA
would significantly weaken when the chain length of DNA hybridization was more than 38 nm. In
addition, to study the sensitivity of TiO, NT/aptamer/c-DNA@QD aptasensor, the photocurrent
responses of the aptasensor with c-DNA of two different chain lengths were compared after
adding the same amount of MUCI1 target. The results showed that (Fig. 6B), when the chain length
of DNA was relatively short, such as 27-mer, the photocurrent reduced slowly due to the steric
hindrance of c-DNA@QDs on the combination of MUCI1 and its aptamer (curve a of Fig. 6B).
The photocurrent signal was decreased by 7.2% in 20 min after adding 50 nM of MUC1. However,
the photocurrent signal was decreased by 23.5% in 20 min when the chain length of DNA was
72-mer. Therefore, in the subsequent experiments, the c-DNA with the chain length of 72-mer was
used for construction of TiO, NT/aptamer/c-DNA@QD aptasensor to determine the MUCI1 target.

15
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Fig. 6 (A) Effects of different distances of TiO, NTs and CdTe QDs on the photocurrent response
of TiO, NT/aptamer/c-DNA@QD aptasensor, T1, T2, T3, T4, TS and T6 represented the
aptasensor which contained the c-DNA with chain length of 27-mer, 42-mer, 72-mer, 102-mer,
132-mer and 312-mer, respectively. (B) Photocurrent response change of TiO, NT
/aptamer/c-DNA@QD aptasensor with 27-mer (a) or 72-mer (b) c-DNA chain after incubation
with 50 nM of MUCI.

Effect of pH value on the TiO, NT/aptamer/c-DNA@QD aptasensor

The pH value of PBS solution had a great effect on the photoelectrochemical behavior of
aptasensor. As shown in Fig. S2, the influence of pH value on the photocurrent response change
(AI=Iy-I) of the aptasensor was investigated in the pH range from 5.0 to 9.0 when the aptasensor
was immersed in the 10 mM PBS solution containing 100 nM MUCI. It was found that the A/
increased with the increment of pH value from 5.0 to 7.4 and decreased thereafter. Therefore, the
optimal photocurrent response change Al was achieved at pH 7.4. The reason might be that, the
higher or lower pH environments may damage the stability and activity of the immobilized
biomolecules, and then influence the life time of the aptasensor. °' Therefore, the pH value of 7.4
was chosen in the subsequent experiments.

Analytical performance of the TiO, NT/aptamer/c-DNA@QD aptasensor for MUCI1

16
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biosensing

In the work, when different concentration of the target MUC1 was introduced in the electrolyte
solution, the MUCI aptamer on the TiO, NTs preferred to form the aptamer-MUCI1 complex,
which resulted in the dehybridization of aptamer/c-DNA and the c-DNA@QD released into the
solution, so leading to the reduce of photocurrent of TiO, NT/aptamer/c-DNA@QD system. As
shown in Fig. 7A, the decrease in photocurrent was dependent on the MUCI1 concentration. The
relative change of photocurrent intensity (4/) was linear proportional to the concentration of
MUCI in the ranges of 2 nM to 0.2 pM as shown in Fig. 7B, which would be capable to
accommodate the monitoring of MUCI in biological samples of healthy and cancer-affected
patients because the cut-off concentration of MUCI1 for a normal healthy human is generally
accepted to be approximately 5 utM.” And a limit of detection (LOD) of such aptasensor based on
a signal-to-noise ratio of 3 was 0.52 nM, which was much lower compared to many other reports.
For example, He et al. > developed a fluorescent aptasensor for MUC1 detection by using a
dye-labeled aptamer and graphene oxide (GO) with a LOD of 28 nM. Hu et al. 12 developed a
multiple signal amplification strategy for detection of MUC1 based on HO-functionalized AuNPs
amplification coupled with enzyme-linkage reactions with a LOD of 2.2 nM. Ma et al. '° reported
an aptamer-based electrochemical biosensor for the quantitative determination of mucin 1 (MUCI)
with a LOD of 50 nM, which based on the analyte-binding induced, global-scale conformational
change of electrode-bound anti-MUC1 DNA aptamers. Liu et al. 32 developed an electrochemical
impedimetric aptasensor based on gold nanoparticles (AuNPs) signal amplification for the
ultrasensitive detection of tumor markers, which LOD was 0.1 nM. And Florea et al. > developed
two electrochemical approaches for Mucinl (MUCI1) tumor marker, which LOD was 0.19 nM
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with anti-MUCT antibody based biosensor and 0.07 nM with anti-MUCI aptamer based biosensor,
respectively. In addition, the developed sensitive aptasensor for the MUC1 based on PEC method
has plenty of advantages such as low background, low potential different from electrochemical
method, which lead to a good analytical performance and high selectivity, and could offer a
promising feature for the analytical application for wider tumor markers biosensing in complex

biological samples.

{A 2{B
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Photocurrent (uA)
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Fig. 7 (A) Photocurrent responses of TiO, NT/aptamer/c-DNA@QD aptasensor under the
irradiation of visible light in 10 mM pH 7.4 PBS solution containing 0 (a), 0.002 (b), 0.005 (c),
0.01 (d), 0.05 (e), 0.1 (), 0.2 (g), 0.3 (h), 0.5 (i), 1.0 (j) and 2.0 uM (k) of MUCI, respectively. (B)
Calibration curve of photocurrent response change of the aptasensor (4/) versus MUCI
concentration (Cyycy) in the ranges of 2 nM to 200 nM. Applied potential, 0.6 V.

Specificity, reproducibility and stability of the aptasensor

In order to evaluate the specificity of TiO, NT/aptamer/c-DNA@QD aptasensor for MUCI,
carcinoembryonic antigen (CEA), myoglobin (MYO), tumor necrosis factor-o (TNF-a), or
albumin, one of major proteins in human serum, was selected to replace MUCI. As shown in Fig.
S3, incubation of the TiO, NT/aptamer/c-DNA@QD electrode with 1 uM of CEA, MYO, TNF-a

or 1 mM of albumin did not produce significant changes of photocurrent response as compared to
18
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the case of MUCI (10 nM). In addition, to examine the effect of possible interferences from real
serum samples on the detection of MUCI, calibration curves of MUCI1 were constructed when the
aptasensor was in the serum solution or PBS solution containing different concentration of MUCI,
and the results showed that (Fig. S4), the determination of MUCI1 was almost same in the serum
solution or PBS solution. All of these results strongly demonstrated that that the developed
aptasensor has a sufficient specificity to the target molecule, MUCI.

Furthermore, the reproducibility of the aptasensor for MUC1 biosensing was studied. For the
same aptasensor, the relative standard deviation (RSD) of the photocurrent response to 10 nM of
MUCI1 was evaluated to be 3.7% for 11 successive measurements. And for different aptasensors
the sensor-to-sensor reproducibility was also examined between six aptasensors and the RSD was
calculated to be 7.2%, which indicated good reproducibility of the aptasensor.

Moreover, the photocurrent response of the TiO, NT/aptamer/c-DNA@QD aptasensor did not
change significantly within 5 h at regular intervals of 30 min when it was incorporated in the 10
mM pH 7.4 PBS. In addition, the detection stability of the aptasensor to actual target MUC1 was
identified. In details, the photocurrent response of the constructed aptasensor to 10 nM of MUCI1
was detected at regular intervals of every other day after 10 days’ storage in 10 mM pH 7.4 PBS at
4 °C. In the process, the used aptasensor was regenerated by 5.0 M urea for subsequent use. The
results showed that, the aptasensor could retain ~89% of its initial activity after 10 days’ usage and
storage, which might be attributed to the fact that the aptasensor provided a biocompatible
microenvironment for aptamer molecules to stabilize their bio-identification activity, and indicated
the aptasensor had a good operational stability and continuous usage for days.

Analysis of human serum sample and regeneration of the aptasensor
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In order to reduce the matrix effect, the serum samples were processed and diluted with 20 times

by 10 mM pH 7.4 PBS according to the experimental procedure. The results showed that (Table

S1), the concentration of MUCI in healthy human serum was very low that was less than the LOD

of the developed aptasensor. To evaluate the accuracy of the aptasensor, we carried out standard

addition method. As seen in Table S1, when the added concentration of MUC1 was 10, 50, 100

nM into the above human serum, which were lower than the cut-off concentration of MUCI, the

relative standard deviation values of the analytical results were less than 4.3%, and the recoveries

for the spiked samples ranged from 98.5% to 105.2%, which implied the aptasensor had a good

accuracy, was fully applicable to detection of clinical serum samples including pathologic or non-

pathologic, and indicated a promising feature for the analytical application in complex biological

samples.

Furthermore, the proposed aptasensor could be regenerated for repeated use. In details, after

each determination, the aptasensors were immersed into 5.0 M urea for 10 min at room

temperature to disassociate the aptamer-MUCI1 complex and then washed with 10 mM pH 7.4

PBS. The aptasensor was regenerated and could maintain ~83% activity upon repetition of these

regeneration steps for 10 cycles, showing an acceptable reusability (Fig. S5).

Conclusions

In the present work, selecting titanium foil as substrate, we constructed a sensitive TiO,

NT/aptamer/c-DNA@QD aptasensor for MUCI. In which, the photosensitizer CdTe QDs were

immobilized on the TiO, NTs by the hybridization of c-DNA and aptamer. Due to the the excellent

photosensitivity of CdTe QDs and electrical conductivity of DNA chain, the proposed aptasensor

had good phocurrent response under the irradiation of visible light. In addition, the photocurrent
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response could be effectively regulated by changing the tube length of TiO, NTs and the chain
length of DNA linking QDs and TiO, NTs. Furthermore, the concentration of MUC1 could be
determined by the aptasensor with a photoelectrochemical approach, which exhibited the wider
linear range, satisfying detection limit, good reproducibility and stability. Therefore, the developed
aptasensor could offer a promising feature for the analytical application in complex biological
samples, and the proposed method could also provide promising platforms for other biosensing

and bioelectronics applications.
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