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ARTICLE INFO ABSTRACT

A electrochemical biosensing strategy was developed for green and ultrasensitive detection of tumor cells by
combining aptamer-DNA concatamer-CdTe quantum dots (QDs) signal amplification probe with mercury-free
anodic stripping voltammetry (ASV). First, aptamer-DNA concatamer- CdTe QDs probes were designed by DNA
hybridization and covalent assembling, which contained specific recognition of aptamer and signal amplification
incorporating the DNA concatamer with QDs. Meanwhile, the capture electrode, glassy carbon electrode (GCE)/
Graphene oxide (GO)/Polyaniline (PANI) / Glutaraldehyde (GA) / concanavalin A (Con A) was fabricated by a
layer-by-layer assembling technique. K562 cells, as model cancer cells were detected to demonstrate the feasi-
bility of this sensing strategy. Then, novel composite, graphene (GR)- Poly diallyldimethylammonium chloride
(PDDA)/1-Cysteine (L- Cys), was explored in ASV which replaced mercury electrodes using for determination of
tumor cells. The proposed electrochemical biosensor showed high sensitivity with the detection limit of 60
cellsmL~'. More importantly, this novel design of signal amplification probes and the exploration of new
composites in mercury-free ASV analysis would provide a promising method for ultrasensitive biosensor pre-
paration and green electrochemical detection of tumor cells.
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1. Introduction

Sensitive and specific determination of tumor cells is essential in
clinical cancer screening and disease diagnosis (Loren et al., 2013;
Mullighan et al., 2008, 2009). Numerous typical detection methods
have been developed including flow cytometry, polymerase chain re-
action, and immunohistochemistry (Li et al., 2002; Liu et al., 2013;
Pitsillides et al., 2011; Zhou et al., 2016a, 2016b; Phillips et al., 2009;
Schambhart et al., 2003; Singh et al., 2004). Electrochemical biosensing
detection, due to moderate cost, instrumental simplicity, and high
sensitivity, has attracted worldwide attention (Grieshaber et al., 2008;
Saha et al., 2012; Shao et al., 2010). To achieve higher sensitivity and
selectivity, various new materials and novel designs have been explored
in electrochemical biosensors construction, such as nanomaterials (Liu
et al., 2016; Tu et al., 2015; Yang et al., 2018), conducting polymers
(Rowe et al., 2011), aptamers (H. Liu et al., 2013; W. Liu et al., 2013)
and catalyst enzymes (Zhu et al., 2011).

Quantum dots (QDs), as a new nanomaterial, due to their
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electroactivity (Gill et al., 2008; Liu et al., 2004), versatility in surface
modification and unique optical properties (Wang et al., 2017; Cui
et al., 2007; Qian et al., 2006; Zhang et al., 2006) have attracted more
and more interests. Recently, QDs incorporating with a wide variety of
DNA concatemer, as new amplifying tags, have been developed in
electrochemical biosensor (Chen et al., 2011; Liu et al., 2013). Liu et al.
(H. Liu et al., 2013; W. Liu et al., 2013) developed a versatile super-
sandwich cytosensor for detecting cancer cells. They combined the
signal amplification of the DNA concatemer, the specific binding ability
of aptamer, the optical and electrical properties of QDs, with the sen-
sitive detection of fluorescence and electrochemistry. Multiwall carbon
nanotubes (MWCNTs) @ polydopamine (PDA)@Au QDs composites
were assembled on the surface of the electrode as the immobilization
matrices of concanavalin A (Con A) to capture tumor cells. Then, ap-
tamer-DNA concatamer-CdTe QDs as signal probe bond specifically on
the cells. These design strategies in biosensor exhibited good sensitivity,
wide linear range (1.0 X 102 to 1.0 X 10 cells mL™'), good reprodu-
cibility and acceptable precision (The detection limit is estimated to be
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50 cells mL~! at 30). Zhang et al. (Zhang et al., 2017) reported a new
“signal-off” photoelectrochemical (PEC) immunosensor for detecting
prostate specific antibody (PSA). The signal amplification resulted from
the design of DNAzyme concatemer and hemin/G-quadruplex-assisted
biocatalytic precipitation CdS:Mn/g-C3N, nanohybrids. The photo-
current responses of this immunosensor using for detecting PSA also
exhibited the lower detection limit (3.8 pgmL™?'), acceptable specifi-
city and reproducibility. Thus, theses design strategies of signal am-
plification probes, combining the DNA concatemer, in which signal
probes hybridized multiple target molecules (or multiple target regions
of one molecule) to create long DNA concatamers, and QDs with elec-
trochemical analysis would initiate new ideas for the biosensor con-
struction. Anodic stripping voltammetry (ASV), as a most popular de-
tection technique for heavy metal ions has been successfully combined
with electrochemical biosensors using for detecting protein, thrombin
and tumor cells (Daniele et al., 2003; Jie et al., 2014; Li et al., 2010).
Mercury is the most widespread electrode material due to its wide
potential window in the cathodic area, excellent stripping characters,
the ease of renewing the electrode surface and high sensitivity
(Economou and Fielden, 2003; Shen et al., 2013). However, for its
dramatic toxicity, many researchers have tried to explore mercury-free
electrodes using for determination of trace metals in stripping vol-
tammetry analysis (Herzog and Arrigan, 2005; Honeychurch and Hart,
2003; Wang et al., 2000). Several new electrode materials including
alternative liquid metal electrodes, bare solid electrodes, and film
electrodes (Berduque et al., 2007; Di and Zhang, 2003; Surmann and
Zeyat, 2005), have recently been reported. L- cysteine (1-Cys), as con-
ducting polymers and widely available amino acid, could strongly ad-
sorb on the surface of GCE (W. Liu et al., 2013; H. Liu et al., 2013). Such
a layer should be a promising electrode material for sensing detection.
Zhou et al. (Zhou et al., 2016a, 2016b) reported a novel electrochemical
detection of Cd2* and Pb®* in milk based on 1-Cys and graphene (GR)
modified glassy carbon electrode. The electrochemical behaviors of
Cd?* and Pb®* on the 1-Cys/GR-chitosan (CS)/GCE electrode were
studied by differential pulse anodic stripping voltammetry (DPASV).
The oxidation peak current of Cd>* was linear with its concentration in
the range of 0.56-67.2 ug/L. Excellent conductivity and catalytic per-
formance of graphene promoted the electron transfer in process of Cd**
oxidation. Meanwhile 1-Cys contained sulfur, nitrogen, and oxygen
atom which was easy to coordinate with Cd>*. Both could promote the
signal enhancement so that the 1-Cys/GR composite would be as a
candidate to replace mercury in ASV for Cd>* analysis.

Herein, we developed a novel aptamer-DNA concatamer-CdTe QDs
probe based electrochemical biosensing strategy for green and ultra-
sensitive determination of tumor cells via a mercury-free ASV route as
Scheme 1 shown. First, aptamer-DNA concatamer-CdTe QDs were de-
signed by DNA hybridization and covalent assembling, which contained
both specific recognition of aptamer and signal amplification in-
corporating the DNA concatamer with QDs. Then, as the capture elec-
trode, concanavalin A (Con A), Glutaraldehyde (GA), Polyaniline
(PANI) and Graphene oxide (GO) were modified on the surface of GCE
in sequence (denoted as GCE/GO/PANI/GA/Con A) by a layer-by-layer
assembling technique. As a proof-of-concept, human chronic myelo-
genous leukemia cancer cells (K562 cells) were selected as model
sample to demonstrate the feasibility of the electrochemical biosensing
strategy. Finally, novel composites, GR and Poly diallyldimethy-
lammonium chloride (PDDA) with the certain ratios, were explored in
the modification of GCE (denoted as GR-PDDA). After L- Cys film
formed on the modified electrode, the detecting electrode, denoted as
GCE/ GR-PDDA/ L- Cys, was obtained, which would replace mercury
ion to form amalgam for adsorbing Cd®* using for the detection of
tumor cells in ASV analysis. The proposed strategy based on novel de-
sign of signal amplification probes and the exploration of new compo-
sites in mercury-free ASV approach, provided a promising method for
biosensor preparation and electrochemical detection of tumor cells.
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2. Experiment
2.1. Materials and reagents

Graphene oxide was synthesized by the Hummers method (Dimiev
and Tour, 2014). Graphite, H,SO4, KMnO,4 were purchased from Sigma
(St. Louis, MO, USA). Graphene was purchased from Nanjing Xianfeng
Nanotech Co. Ltd. (Nanjing, China). K562 cells line was obtain from
SincereLion Technology (beijing) Co. Ltd. and were cultivated ac-
cording to the literature (Ge et al., 2015). Polyaniline was obtained
from Alfa Aesar (China chemical co., Ltd). Con A was purchased from
Sangon Biotech Co., Ltd (Shanghai, China). CdCl,, sodium tellurite,
sodium borohydride, 3-mercaptopropionic acid (MPA), PDDA, 1-Cys,
potassium chloride, calcium chloride, manganese chloride, bovine
serum albumin (BSA), glutaraldehyde, nitric acid (65%), potassium
ferrocyanide, sodium acetate, glacial acetic acid and phosphate buffer
solution (PBS, 10 mM, pH = 7.2-7.4) were obtained from Aladdin sci-
ence and technology (China) Co. All reagents were analytical grade
without further purification.

DNA sequences were obtained from Sangon Biotech (Shanghai) Co.
Ltd, and the sequences were presented as below:

ssDNA1: 5- AGATA GCCAC TCGTA TTCAT CACTG GACCG TTTTT
G*G*G*G*G* -3

ssSDNA2: 5-TACGA GTGGC TATCT -TCGAT TCCTA -TACGA GTGGC
TATCT -TCGAT TCCTA -TACGA GTGGC TATCT -TTTTT TTTTT ACAGC
AGATC AGTCT ATCTT CTCCT GATGG GTTCC TATTT ATAGG TGAAG
CTGT -3

ssDNA3 : 5- G*G*G*G*G* GAAAA ATTTT TTTTT TACAG CAGAT
CAGTC TATCT TCTCC TGATG GGTTC CTATT TATAG GTGAA GCTGT
-3

(* indicate phosphorothioate linkage)

2.2. Apparatus

Scanning electron microscopy (SEM) images of the electrode surface
were obtained with a SUPRA 55 SEM (CarlZeiss, Germany, operated at
10 kV). Transmission electron microscopic (TEM) images were obtained
by a HT7700 TEM (Hitachi, Tokyo, Japan). UV-vis spectrometry was
performed on UV-2450 (Shimazu, Japan) and fluorescence spectrum
measurements were recorded on F-7000 (Hitachi, Tokyo, Japan). All
electrochemical measurements were performed on a model CHI660E
station (Chenhua Inc., Shanghai). Fluorescence microscopic image was
obtained from XSP-63X fluorescence microscope (The first factory of
optical instrument in Shanghai, China)

2.3. Preparation of aptamer-DNA concatamer- CdTe QDs probe

Synthesis of ssDNA1-CdTe QDs. The synthesis of ssDNA1-CdTe QDs
via a one-pot route was according to literature procedures (Ma et al.,
2008; Wang et al., 2018a, 2018b). Two different domains were de-
signed in ssDNA1, that is, phosphorothioates (ps) backbone served as a
ligand structure for the synthesis of QDs and phosphates (po) backbone
in which the corresponding DNA sequence was used for hybridization
with signal amplification regions of aptamer-DNA substrate strand
(ssDNA2). As shown in 2.1, ssDNA2 contained one aptamer DNA se-
quence using for the specific recognition of tumor cells and three
ssDNA1 target recognition units for signal amplification. For a typical
synthesis, 0.2 mmol cadmium chloride, 0.2 mmol MPA, 25 mL distilled
water were added into a three-necked flask in sequence under vigorous
stirring. After pH was adjusted to 9.0 slowly with 1M NaOH,
0.025 mmol sodium tellurite and 0.5 mmol sodium borohydride mixed
with the above solution under the stirring at room temperature. Then,
10 uL ssDNA1 (10 uM) solution was added in 990 uL above mixture
solution and heated to 90 °C for 2h. The whole system was naturally
cooled down to room temperature. After being wished three times with
absolute ethanol and distilled water alternately, the ssDNA1- CdTe QDs
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Scheme 1. Procedures for the fabrication of supersandwich cytosensor using controlled aptamer-DNA concatamer-QDs and the detection of Cd** via a mercury-free

ASV route.

were dispersed in PBS and stored in dark at 4 °C.

Synthesis of ssSDNA3- CdTe QDs. The synthesis of ssSDNA3 - CdTe
QDs was also according the procedures of ssDNA1- CdTe QDs. Two
different domains were designed in ssDNA3, that is, phosphorothioates
backbone served as a ligand structure for the synthesis of CdTe QDs and
phosphates backbone in which the corresponding DNA sequence was in
accord with aptamer DNA sequence.

Preparation of aptamer-DNA concatamer- CdTe QDs. Typically,
0.2mmol cadmium chloride, 0.2 mmol MPA, 25mL distilled water
were loaded into a three-necked flask in sequence under vigorous
stirring. 0.025 mmol sodium tellurite and 0.5 mmol sodium borohy-
dride were mixed in the above solution under the stirring(pH = 9) at
room temperature. Then, 10 uL ssDNA1 (10 uM) solution was added in
990 uL above mixture solution and heated to 90°C for 2.5h. 10 pL
ssDNA2 (1 uM) and 1 mL ssDNA1- CdTe QDs solution were mixed and
heated to 95 °C for 10 min to make the folded ss- DNA chain spread out
and then cooled down in ice-water bath. Then ssDNA1- CdTe QDs was
assembled onto the ssDNA2 substrate strand and formed DNA super-
structure. The mixture was then subjected to ultrafiltration using a
100 kDa MW filter. The aptamer-DNA concatame-CdTe QDs were ob-
tained and stored in dark at 4 °C.

Cell culture. Human leukemia K562 cells were cultured in a flask
with a RPMI 1640 medium (Gibco, Grand Island, NY) supplemented
with 10% fetal calf serum, ciprofloxacin (10 ug mL ™), in an incubator
(5% CO,, 37°C). Cell counting was used by trypan dye exclusion
method by a Neubauer's chamber (10 pL of cell suspension mixed with
10 uL of dye). The remaining cells in suspension were then centrifuged
at 1100rpm for 10min and then suspended in sterile PBS buffer
(pH = 7.4) (Gulati et al., 2018).

Confocal Microscopy Imaging. K562 cells (1 X 10° cellsmL ™) were
seeded onto a well plate. After 24 h, cells were incubated with aptamer-
DNA concatamer- CdTe QDs probe for 1.5h. To remove the unbound
probes, the cells were washed three times with PBS. Then, the well was
placed above a 20 X objective on the confocal microscope.

2.4. Fabrication of electrochemical biosensor

The fabrication and detection procedure of electrochemical
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biosensor were indicated in Scheme 1. The capture electrode GCE/GO/
PANI/GA/Con A was prepared according to our recent work (Wang
et al., 2018a, 2018b). More informations about the protocol were de-
scribed in the Supporting information. The capture electrode GCE/GO/
PANI/GA/Con A was immersed in K562 cells solution with different
concentration at 37 °C for 30 min. After carefully washing with the
buffer to remove non-captured cells, 5 pL aptamer- DNA concatamer-
CdTe QDs probe solution was dropped onto the capture electrode and
incubated at 37 °C for 1.5h. The supersandwich biosensor were ob-
tained (denoted as GCE/GO/PANI/GA/Con A/K562 cells/ aptamer-
DNA concatamer-CdTe QDs). After rinsing with PBS, the biosensor was
stored at dark stored in dark at 4 °C.

2.5. Construction of detecting electrode GCE/ GR- PDDA/ 1-Cys and
electrochemical analysis

Construction of detecting electrode GCE/ GR- PDDA/ 1-Cys. Prior to
surface modification, the GCE (d = 3mm) was polished (0.05mm
alumina) and followed by successive sonication in acetone, HNO3
(1:1v/v), and distilled water, respectively. 5pL mixture solution con-
taining GR (100 pL, 1 mg mL™Y) and PDDA (6 pL, 20%) with different
molar ratio was dropped on bare GCE and dried at room temperature
for 2h. The modified electrode, GCE/ GR-PDDA, was performed in
10mmol L™ PBS (pH = 7.2) containing 1mmolL~' 1-Cys by CV
scanning between —0.6 and 2.5V for about 20 segments (scan rate,
100mVs™).

Electrochemical analysis. To release Cd®*, the obtained sensing
system, GCE/GO/PANI/GA/Con A/K562 cells/ aptamer-DNA con-
catamer-CdTe QDs, was immersed in HNO3 solution (200 uL, 0.1 M) for
2 h to dissolve the residual QDs. Then, 4.8 mL HAc-NaAc buffer (0.2 M,
pH = 5.2) was added as the reaction supporting solution of ASV. The
anodic stripping voltammetry detection involved electrodeposition at
—1.2V for 30 min, and stripping from —1.1 to —0.4V using a square-
wave voltammetry, with 4 mV potential steps, 25Hz frequency and
25 mV amplitude. The oxidation peak of Cd** was achieved at —0.86 V
in ASV and the intensity of oxidation peak currents of Cd** was pro-
portional to the amount of K562 cells.
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Fig. 1. UV-Vis and PL spectrum of DNA-CdTe QDs (A), TEM images (B) and particle size distribution histogram (C).

3. Results and discussion
3.1. Characterization of ssDNA1-CdTe QDs

ssDNA1-CdTe QDs were synthesized via a facile one-step route. The
UV-vis absorption and PL spectra of ssDNA1- CdTe QDs were showed in
Fig. 1A. A strong exciton absorption peak of ssDNA1- CdTe QDs ap-
peared at 556 nm. The sharp PL emission peak was at about 609 nm and
the full width at half maximum (FWHM) was about 26 nm, which re-
presented CdTe QDs with a narrow size distribution. Furthermore,
about 53 nm Nonresonant Stokes Shift (NRSS), which was the differ-
ence between positions of the band maxima of the absorption and
emission spectra, indicated the CdTe QDs with the well-defined struc-
ture and minimum surface defects. According to the Peng's empirical
formula (Yu et al, 2004): D =(9.8127 x 10”73
(1.7147 x-10"3)A2 + (1.0064)A — (194.84), the size of CdTe QDs was
about 3.3 nm by the calculation, D (nm) is the diameter of QDs and A
(nm) is the excitonic absorption peak position. The TEM picture and the
particle size distribution histogram support this conclusion as shown in
Fig. 1B and C.

3.2. Characterization of aptamer- DNA concatamer -CdTe QDs probe

To investigate the effect of both the structure and number of QDs on
signal intensity of aptamer- DNA concatamer -CdTe QDs probe,
ssDNA3-CdTe QDs and aptamer- DNA concatamer -CdTe QDs probes
were synthesized. A multifunctional ssDNA substrate (ssDNA2) was
designed, which was comprised of the aptamer region to recognize
K562 cell and three target regions to hybridize ssDNA1- CdTe QDs.
After three ssDNA1-CdTe QDs had hybridized with DNA substrate
(ssDNA2), the controlled aptamer- DNA concatamer -CdTe QDs probes
were formed. The gel electrophoresis was also used to verify the for-
mation of aptamer- DNA concatamer-CdTe QDs. In Fig. S1., ssDNAI,
and ssDNA2 produced the bands at about 75bp and 130 bp, respec-
tively. Aptamer- DNA concatemer -CdTe QDs produced one band at
above 300bp. The results showed that aptamer- DNA concatamer -
CdTe QDs had long DNA strands, and the hybridization reaction was
implemented by ssDNA1, and ssDNA2. In order to ensure that the
connection between tumor cells and probes, the two sample cells were
incubated with the aptamer- DNA concatamer- CdTe QDs probe and
sSDNA3-CdTe QDs probe at 37 °C for 2 h, respectively. The extracellular
ssDNA3-CdTe QDs probes exhibited fluorescence image compared with
the image under visible light irradiation, which suggested that the
probes had bonded with K562 cells. The ssDNA3-CdTe QDs probe and
aptamer-DNA concatamer- CdTe QDs probes experiments were carried
out (Fig. 2A, Fig. 2B, Fig. 2C, Fig. 2D) and much stronger fluorescence
intensity than ssDNA3-CdTe QDs probe at the equal reaction conditions
which illustrated that aptamer- DNA concatamer- CdTe QDs probes
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were more effective in tumor cell detection. Thus, from what had dis-
cussed as above, we could control number and precise structure in
probes by the design of target region in DNA substrate strand, and then
regulated the signal intensity in electrochemical detection. The mor-
phology and size of the probes were characterized by TEM as shown in
Fig. 2E and Fig. 2F. The ssDNA3-CdTe QDs was nearly monodisperse
and spherical, whose size was about 3nm. And the aptamer- DNA
concatamer- CdTe QDs probe showed a dendrimer- like structure about
10 nm.

3.3. Characterization of capture electrode GCE/GO/PANI/GA/Con A

The electrochemical impedance spectroscopy (EIS) and cyclic vol-
tammetry (CV), as the effective tools, were adopted to investigate the
assembly process of biosensor as shown in Fig. S2. The semicircle dia-
meter of EIS in high frequency region is correlation to electron-transfer
resistance (Ret). A change in diameter reflects the blocking behavior in
the modification processes of electrode which associated with a change
of Rer. (Pan et al., 2010). The R, of bare GCE showed a small value (Fig.
S2A curve a) due to the free electron transfer process, and the peak
current of CV was distinct (Fig. S2B curve a). while the GO modified
electrode has a much higher R, in the ESI (Fig. S2A curve b), and the
peak current of CV decreased (Fig. S2B curve b). But when the PANI
modified electrode had a lower resistance (Fig. S2A curve c) and a
higher the peak current of CV (Fig. S2B curve c), which proved that
PANI was an excellent conducting material. Subsequently, the im-
mobilization of GA and Con A onto the GCE/GO/PANI electrode, the
resistance increased (Fig. S2A curve d,e), and the peak current of CV
decreased continuatively( Fig. S2B curve d,e) which suggested that GA
and Con A were immobilized on the electrode and blocked electron
transfer between the redox probe and electrode. After capture of the
K562 cells, the resistance showed great increase due to the dielectric
behavior of cells. As expected, the peak current of CV further decreased
(Fig. S2B curves f). Additionally, after incubation with aptamer DNA
concatamer-QDs probes, the electrode was further hindered (Fig. S2A
curve g and Fig. S2B curve g), which also suggested the capture elec-
trode, GCE/GO/PANI/GA/Con A could capture the tumor cells and
signal probes with high efficiency.

3.4. Characterization of detecting electrode and optimization of
experimental conditions

The detecting electrode was needed to establish for achieving a
novel non-toxic determination strategy, in which a GR- PDDA /L- Cys
composites were explored. Abundant sulfur, nitrogen and oxygen ele-
ments in L- Cys could produce extremely strong adsorption for heavy
metal ions such as Cd*>* and Pb®" in the solution which could take the
place of the amalgam in ASV process. To investigate the modified
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Fig. 2. Fluorescence microscopic images of single probe bonded K562 cells under visible light irradiation (A), and ultraviolet light irradiation (B). Fluorescence
microscopic images of triploid probe bonded K562 cells under visible light irradiation (C), and ultraviolet light irradiation (D); TEM of aptamer-single DNA-QDs

probes (ssDNA3-CdTe QDs) (E) and aptamer-DNA concatamer-CdTe QDs (F).

electrodes, EIS was used at the potential of 0.2 V under the participation
of the redox reaction of K3Fe(CN)s/ K4Fe(CN)g as shown in Fig. 3A. The
semi-circle of EIS at high frequency region of bare GCE, GCE/ GR-
PDDA and GCE/ GR- PDDA/ L- Cys increased which indicated the
electronic transmission resistance of electrode interface grew gradually.
This series of changes indicated that L- Cys and GR- PDDA were suc-
cessfully modified on the bare GCE. Moreover, SEM images of the GCE/
GR- PDDA and GCE/ GR- PDDA/ L- Cys were shown in Fig. S3C. When
GR- PDDA composites were assembled onto the GCE (Fig. S3C(A)),
many particles appeared on the smooth surface of GCE, which illu-
strated that GR- PDDA had connected with GCE. After 1-Cys being as-
sembled, the SEM image of 1-Cys coated GCE / GR- PDDA, became
blurring and smooth, due to the form of the membrane resulted from
the condensation reaction between r-Cys and GR- PDDA. The in-
vestigation of TEM also verified the assembly process of detecting
electrode.

To optimize detecting electrode, GCE/ GR- PDDA/ L- Cys, electro-
chemical response, the effect of GR and PDDA with different ratio by Re;
and oxidation peak current was discussed. Like the adhesive, PDDA
with positively charge made the completely incompatible GR load on
the GCE surface. Different proportions between GR and PDDA impacted
electronic transmission capability of electrode interface enormously. Re,
enhanced with the ratio value of GR: PDDA increasing (as Fig. 3B).
Meanwhile, the ASV oxidation peak current increased with the ratio
between GR and PDDA up from 1:1 to 1:3, and then down as shown in
Fig. 3C and Fig. 3D. With the addition of PDDA, though a little PDDA
could increase the specific surface area of the electrode by capturing
much more signal recognition material, excessive PPDA also could

make the electron transfer efficiency weak and signal intensity low.
Thus, 1:3 was chosen as the optimized composite ratio between GR and
PDDA.

3.5. Detection of K562 tumor cells

To prepare electrochemical biosensor, Con A was introduced to
GCE, which was modified by GO and PANI composite through the
crosslinking of GA as Scheme 1. Then, K562 cells were immobilized on
the capture electrode, GCE/GO/PANI/GA/Con A, after BSA blocking
the non- specific binding sites. Subsequently, aptamer- DNA concatemer
-CdTe QDs probe (or ssDNA3-CdTe QDs probe) was captured on the
surface of K562 cells and the supersandwich electrochemical biosensor
was obtained. After GCE/GO/PANI/GA/Con A/K562 cells/aptamer-
DNA concatemer -QDs probes were dissolved in HNO5 solution, Cd>*
could be released in the solution and detected by ASV. Due to much O,
N, S of L- Cys resulted from GCE surface, the Cd2" ions were captured
specifically at about —0.86 V. Compared with the conventional ASV
peak position at —0.72V (Zhou et al., 2016a, 2016b), the peak position
migration occurred toward the negative potential direction because
some materials such as GR, PDDA and L- Cys were adopted on the
surface of GCE. The ASV response signal of this biosensor with different
concentrations of K562 cells were shown in Fig. 4A. The intensity of
peak currents of Cd®>* showed a good linear relationship with the
logarithm of cells concentration in range from 1.0 x 10% to 1.0 x 107
cellsmL ™! (Fig. 4B). The linear regression equation was I
—4.82451 + 4.27868 1g C, with a correlation coefficient of 0.9986
(n =5). The limit of detection was 60 cells mL~! (S/N = 3).



Y. Zheng et al. Biosensors and Bioelectronics 126 (2019) 261-268
-1500 -1500 .‘
<
v
A | B| - R
= bare GCE e 2 yA <
¢  GR@PDDA/GCE A3 vA <«
-1000F 4 L-Cys'GR@PDDA/GCE . 1000 | v 4 LI
- <« 5 - ‘\ « «
£ ~ - “
< £ . .'X <
= - PRL L L PP
N 500 b & B o e
=500 A A . 3
OF
1 1 1 1 1 L 1 1
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500 3000
7' (ohm) 7' (ohm)
00
‘ 100
—1:1 90
) —1:2
—1:3 801
< 60
E —1:4 -
-] 1:5 i
£ 40
5 60 |
&)
20
50
or a0t
. . . 1 1 1 1 1
-1.2 -1.0 -0.8 -0.6 -0.4 1 2 3 4 5
ENV Number

Fig. 3. EIS of bare GCE, GCE/GR-PDDA, GCE/GR-PDDA/1-Cys electrodes(A), and the EIS (B) and ASV (C), (D) of different proportion between GR and PDDA (Sample

1-5 were 1:1, 1:2, 1:3, 1:4, 1:5).

Furthermore, the single probe, ssDNA3-CdTe QDs, was also applied in
the same experiment conditions (Fig. 4C) and the sensitivity of ap-
tamer- DNA concatemer- CdTe QDs probe exhibited the superiority in
analytical performance.

3.6. Selectivity and stability of the fabricated electrochemical biosensor

To examine the selectivity of this electrochemical biosensing
system, HeLa cells and colorectal cancer cells were determined in the
same detection conditions with 1.0 x 10° cellsmL~"'. The electro-
chemical signals of HeLa cells and Hct116 cells were far lower than
K562 tumor cells (Fig. 5), which illustrated our biosensor was with high
specificity. To assess the reproducibility of electrochemical biosensor,

three different concentrations of K562 cells including 1.0 x 102
1.0 x 10° and 1.0 X 10* cells mL™' were investigated. The relative
standard deviation (RSD) of these three assays were 7.22%, 5.26% and
5.76%, respectively, which meant that electrochemical biosensor with
good reproducibility.

4. Conclusions

In summary, a novel electrochemical biosensor for detecting tumor
cells was proposed using the aptamer- DNA concatamer- CdTe QDs
signal amplification probes and new electrode modification composites,
GR- PDDA /L- Cys, in mercury-free ASV for detecting Cd>*. This green
and controllably amplified electrochemical biosensor displayed good
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Fig. 4. (A) ASV of the electrochemical biosensor incubated with different concentrations of K562 cells: 0,102, 10%, 10%, 10° 10° and 107 cells mL~'. (B) The
relationship of electrochemical signal and cell concentration. The range of K562 cell concentration is from 102 to 107 cells mL~'. The illustrated error bars represent
the standard error of three independent measurements. (C) The ASV performance comparison of aptamer-DNA concatamer-CdTe QDs probe and single probe
(ssDNA3-CdTe QDs).

266



Y. Zheng et al.

20 4
18
16 4
14 4
12 4

104

Current/ pA

Hctll6
Cell
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sensitivity, selectivity, wide linear range (1.0 x 10 to 1.0 x 107
cellsmL.™ 1Y) and acceptable precision (LOD was 60 cells mL~?! (S/
N = 3) for K562 cells). This design of signal amplification probes and
the exploration of new composites would provide a promising method
using for ultrasensitive biosensor preparation and green electro-
chemical detection of tumor cells.
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