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Abstract

This paper reports on a sensitive and selective method for the detection of Michigan Cancer Foundation-7 (MCF-7) human breast
cancer cells and MUC1 biomarker by using an aptamer-based sandwich assay. A biocompatible nanocomposite consisting of multiwall
carbon nanotubes (MWCNT) and poly(glutamic acid) is placed on a glassy carbon electrode (GCE). The sandwich assay relies on the
use of a mucin 1 (MUCI)-binding aptamer that is first immobilized on the surface of modified GCE. Another aptamer (labeled with
silver nanoparticles) is applied for secondary recognition of MCF-7 cells in order to increase selectivity and produce an amplified
signal. Differential pulse anodic stripping voltammetry was used to follow the electrochemical signal of the AgNPs. Under the optimal
condition, the sensor responds to MCF-7 cells in the concentration range from 1.0 x 10*to 1.0 x 107 cells'mL ™" with a detection limit of
25 cells. We also demonstrate that the MUC1 tumor marker can be detected by the present biosensor. The assay is highly selective and
sensitive, acceptably stable and reproducible. This warrants the applicability of the method to early diagnosis of breast cancer.

Keywords MUCI aptamer - Michigan Cancer Foundation-7 - Electrochemical aptasensor - Aptamer based sandwich assay -
Differential pulse anodic stripping voltammetry - Poly(amino acid) nanocomposite - Carbon nanotube - Aptamer-AgNP
bioconjugates

Introduction woman [1, 2]. Early diagnosis and timely therapy can be
useful for providing proper treatment at the early stage and

Breast cancer is the most common non-skin cancer in
woman, accounting for 23% of all causes of cancer in
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saving the patients [3, 4]. Despite the diagnostic advance-
ment, highly sensitive and selective detection of cancer cell
is essential to disease extent and appropriate treatment
plan.

Aptamers have a range of analytical and therapeutic appli-
cations [5]. This group of synthetic nucleic acid molecules can
be selected from the systematic evolution of ligand by expo-
nential enrichment (SELEX). For cellular study, aptamers
have been applied to distinguish the native protein target on
the surface of cellule and identify different type of cell lines
[6].

In this work, a DNA aptamer targeting mucin 1 (MUC1)
was selected that binds with high affinity and selectivity the
MUCI tumor marker with the aim of detecting human
breast carcinoma Michigan Cancer Foundation-7 (MCF-
7) cells. The MUC-1 is a cell-surface associated glycopro-
tein, that is aberrantly expressed on greater than 90% of
human breast carcinomas and it has been a target of interest
for many years [7]. Considering the key role of tumor cell
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in diagnosis and treatment of cancer, developing high sen-
sitive and selective biosensor is of great importance.
Various techniques, including piezoelectric microcantilever
sensors (PEMS) [8], surface plasmon resonance [9],
electrochemiluminescence [10] and electrochemistry
[11-13] have been used for analysis of cancer cells.
Among the different sensors have been applied for cancer
cell detection, the electrochemical biosensors are preferred
due to their higher sensitivity and cost-effectiveness
[14-16]. In 2015, Tao et al. fabricated a selective biomem-
brane mimetic surface (SBMMS) and a graphene oxide/
AgNPs nanohybrid for cellular molecule sensing [17].
Determination of adenocarcinoma gastric cancer cell was
done using aptamer-Au@ Ag nanoparticles by Amouzadeh
Tabrizi [ 18]. Electrochemical detection of colorectal cancer
(CT26) cells was performed by an aptasensor based on
sandwich architecture [19]. The electrochemical biosensors
have potential application for the clinical diagnosis because
the electrical signals can be collected quickly and easily in
real time [20].

Nanomaterials with unique physical and chemical proper-
ties play an important role in improving the sensitivity for
cellular detection. Among the known nanomaterial,
MWCNT had been paid more attention due to their highly
conductive nature, enlarged surface area and unusual biomol-
ecule binding capabilities [21]. Our attention is directed to-
ward the application of a nanocomposite containing PGA and
MWCNT to modify the surface of glassy carbon electrode
(GCE). Poly(glutamic acid) (PGA) is a natural biopolymer
made up of repeated glutamic acid monomers connected by
amide linkages between x-amino and y-carboxyl groups [22].
According to the reported results, the use of carbon nanotube/
polymer composite for electrode modification improved the
performance compared to individual polymer or carbon nano-
tubes modified electrodes. Indeed, a carbon nanotube-PGA
composite, provides outstanding properties, such as durability
and activity with large surface area which can facilitate the
electron-transfer reaction.

In this study, we have proposed a dual-aptamer-based sand-
wich biosensor for electrochemical detection of MCF-7 breast
cancer cell and MUCI tumor marker. In the sandwich bioas-
say method, cancer cells are sandwiched between capture
aptamer and AgNPs-labeled aptamer (detection aptamer) and
the electrochemical signal of detection aptamer attached to the
biological target is determined. In aptasensor designing, a
MWCNT-PGA nanocomposite modified electrode was used
as biomolecules immobilization matrix. Using of a nanocom-
posite containing PGA, providing appropriate carboxylic
functional groups and a biocompatible platform for aptamer
immobilization. First, MUC1 aptamer (as capture aptamer) is
immobilized on the surface of MWCNT-PGA/GCE via cova-
lent bonds between free carboxylic group of polymer and the
5'-NH2-terminal end of synthetic aptamer. When a proper
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concentration of MCF-7 cell was put on the surface of elec-
trode, the cells is captured through the specific interaction
between the aptamer and the target. Then, in order to complete
the sandwich architecture, the aptamer conjugated AgNPs
(Apt-AgNPs) was added to the bio complex for cell detection
(Scheme 1). Differential pulse anodic stripping voltammetry
(DP-ASV) of AgNPs was evaluated for quantification of can-
cer cell in the sample. The accumulation potential of —1.0 V
was applied for 120 s and a differential pulse voltammogram
was then recorded at a scan rate of 100 mV-s ' by sweeping
the potential from —0.1 to 0.5 V (vs. Ag/AgCl). In this work
we used AgNPs as a signaling probe due to its extraordinary
electrochemical behavior and good biocompatibility. We have
tried to improve the signal amplification using biomolecules
labeled with nanomaterials that effectively increase the bio-
molecules loading towards a sandwich complex reaction, and
result in an improvement of detection sensitivity. It is notice-
able that the use of MWCNT-PGA nanocomposite and Apt-
AgNPs as a signal tag can improve the sensitivity of the con-
structed aptasensor for determination of MCF-7 cancer cells
and MUCI1 biomarker. The applicability of the fabricated
aptasensor in cancer screening was evaluated by analyzing
the MUCI serum levels in patient woman who have been
subjected to breast cancer.

Experimental section
Chemicals and reagents

All the used chemicals had analytical grade and used without
purification. MWCNT, sodium dihydrogen phosphate,
disodium hydrogen phosphate, poly(glutamic acid), silver ni-
trate, sodium borohydride, bovine serum albumin (BSA), glu-
tathione (GSH), potassium hexacyanoferrate (II)
(K4[Fe(CN)g]), potassium hydroxide (KOH), 1-ethyl-3-(3-
dimethylaminopropyl) carbo-diimide hydrochloride (EDC),
Trypan blue, N-hydroxysuccinimide (NHS), 6-mercapto-1-
hexanol (MCH) were purchased from commercial sources
Sigma Aldrich (https://www.sigmaaldrich.com/european-
export.html). MUC1 protein was provided by Novus
Biological (Cambridge, UK, https://www.novusbio.com/).
All the buffer and the double distilled water were sterilized
using an autoclave.

The human breast cancer cells MCF-7 as target cell and
SKBR3, HeGp2, HEK, Hela cells as control cells were re-
ceived from Iranian Biological Research Centre (Tehran,
Iran, http:/en.ibrc.ir/). MCF-7 cells were cultured in a 5%
CO, incubator at 37 °C and supplemented with Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% FBS,
1% penicillin/streptomycin.

All oligonucleotides used in this study were synthesized
and purified by Bioneer Company (Korea) and the sequences
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Scheme 1 Schematic
representation of the aptamer-
base sandwich biosensor for
MCE-7 cancer cell detection

of oligonucleotides were as follows: MUC-1 aptamer: 27 mer,
5'-NH2-TGC AGT TGATCC TTT GGA TAC CCT GGT- 3’
(Mw (8451.8), Tm (64.9 °C)).

Instrumentation

The electrochemical measurements were performed with an
Autolab potentiostat/galvanostat (PGSTAT-302 N, Eco
Chemie, Netherlands). The experimental conditions were con-
trolled with Nova 1.7 software. All experiments were carried
out with a conventional three-electrode system composed of
glassy carbon electrode (GCE) as the working electrode (WE),
a platinum counter electrode (CE) and an Ag/AgCl (sat. KCI)
reference electrode (RE). The Metrohm model 691 pH/mV
meter was applied for pH measurements. The experimental
conditions included a frequency between 100 kHz and
0.01 Hz, AC amplitude of 10 mV for EIS, and a scan rate of
100 mV-s ' for the cyclic voltammetry. The impedance spec-
tra were shown as Nyquist plots and fitted by a Randles equiv-
alent circuit. The SEM images were recorded using a
TESCAN instrument model VEGA3. The MCF-7 cancer cells
were observed on a slide under a microscope and counted
using a Neubauer chamber or Hemocytometer. Trypan blue
has been used as a dye to detect dead cells.
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Choice of materials

MWCNT and graphene have been used extensively as elec-
tron transfer facilitators in fabrication of breast cancer biosen-
sors [23]. We used a nanocomposite made of MWCNT and
PGA for modifying the surface of glassy carbon electrode
(GCE) to benefit from the properties of both nanomaterials
and natural polymer materials. PGA is a good candidate for
biosensing assay because of having numerous free protonated
carboxyl groups (pKa = 4.45) on the side chain that can link to
biomolecules through electrostatic and covalent bonds [24]. It
is highly useful due to the abundant presence of carboxylic
groups needed for grafting aptamers to the electrode surface.
We used a nanocomposite made of MWCNT and PGA for
modifying the surface of glassy carbon electrode (GCE) to
benefit from the properties of both nanomaterials and natural
polymer materials. The probe sequence was immobilized onto
MWCNT-PGA/GCE surface by covalently attachment be-
tween free carboxylic group of polymeric layer onto the elec-
trode surface and the amino-terminal end of the aptamer.
Indeed, the presence of MWCNT- PGA composite, on the
surface of GCE provides outstanding properties, such as du-
rability and activity with a large specific surface area. AgNPs
as a signaling probe was preferred other nanoparticles in the
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present work due to its admirable electrochemical behavior.
This nanoparticle exhibits lower oxidation potential and facile
electron transfer, so it can produce a defined and resolved
voltammetric signal in electrochemical-stripping detection.
Silver metal can be oxidized readily and there is no need to
use poisonous oxidants. Besides that, the oxidation peak cor-
responding to the silver has more intensity than the AuNPs, so
a signal improvement can be achieved by using AgNPs [25].
Therefore, compared with Au NP, Ag NP can be directly de-
tected using a sensitive electrochemical-stripping detection
due to their lower oxidation potential and facile stripping con-
ditions. Glutathione has been used as a linker to prepare the
Apt-AgNPs bioconjugate. Amino acids are the ideal agents
for the functionalization of nanoparticles; because different
functional groups are presented in their structure.
Glutathione is a tripeptide (—Glu-Cys-Gly) that contains a thi-
ol group which can be easily adsorbed onto the surface of
AgNPs. Meanwhile, there are also many other functional
groups such as -NH, and -COOH which have strong affinity
to biomolecules coupling.

Procedure

Preparation of the MWCNT-poly(glutamic acid)
dispersion

Preparation of MWCNT/polymer nanocomposites was per-
formed using solution mixing which is the most common
method for CNT/polymer nanocomposites fabrication be-
cause it is amenable to small sample sizes [26]. In this method,
a dispersion of MWCNT in a suitable solvent and polymers
are mixed in solution. Due to the difficult dispersion of
MWCNT in a solvent by simple stirring, the necessary weight
fractions of MWNTs (1.0 mg) were dispersed in 1.0 mL of
distilled water by ultrasonic processor at room temperature for
1 h. Then PGA (0.20 mg) was added to this solution and the
mixture was stirred for 1 h followed by sonication again for
30 min. finally, a nanocomposite consisting of MWCNT in a
polymer matrix was applied for electrode modification
process.

Preparation of the modified glassy carbon electrode
(MWCNT-PGA/GCE)

Pretreatment of a GCE is the first step in fabrication processes
of the aptasensor. The surface of GCE was polished by
0.05 pmol'L™! ALO; and sonicated in anhydrous alcohol
and water solutions for 5 min until a mirror-like surface was
obtained. The polished electrode was modified with
MWCNT-PGA/GCE nanocomposite. For this purpose,
20 uL of MWCNT-PGA suspension was dropped on the sur-
face of GCE and exposed to air for solvent evaporation.
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Bioconjugation of AgNPs with MUC1 aptamer

In order to supply the Apt-AgNPs bioconjugate, glutathione
has been used as a linker. At first the synthesis of glutathione
functionalized silver nanoparticles (GSH-AgNPs) was carried
out based on the method described in the literature [27]. A
250 pL of the GSH-Ag NP solution was added to the 50 puL of
MUC] aptamer solution (0.1 umol-L™") in the presence of
EDC and NHS (1.0 mmol-L™"). The resulting solution was
kept for 2 h under moderately shaking in the dark for the
assembling of AgNPs to amine group of MUC1 aptamer seg-
ment. The reaction is based on the interaction between termi-
nal amine group of aptamer and the free carboxylic group of
glutathione. To remove the non-conjugated nanoparticles, the
Apt-AgNPs were centrifuged (5000 rpm for 20 min) and sub-
sequently washed with phosphate buffer (pH 7.4). The precip-
itation was suspended into 50 uL of phosphate buffer (pH 7.4)
and stored at 4 °C. The synthesized Apt-AgNPs is ready for
modification of electrode.

Test protocol

Immobilization of MUC1 aptamer on the surface
of the modified GCE

The terminal carboxylic acid groups of MWCNT-PGA mod-
ified GCE was activated by immersion in an aqueous solution
of NHS/EDC (1.0 mmol-L ™) for 1 h at room temperature. The
electrode was then washed quickly with dual distillated water
and 10 pL of an aptamer solution (5 pmol-L™") was dropped
on the surface of the electrode for 16 h in a chamber saturated
with water vapor. There was an important point before the last
step in order to obtain the operative conformation of MUC1
aptamer for binding to the target of MCF-7 cells. The MUCI1
aptamer had to be prepared as follows: denaturation of anti-
TET aptamer at 90 °C for 15 min, cooling at 4 °C for 10 min
and placing it at 25 °C for 15 min. The probe sequence im-
mobilization onto the surface of MWCNT-PGA/GCE is based
on covalently attachment of free carboxylic group of polymer
(-COOH) and the 5'-NH2-terminal end of synthetic aptamer.
Each modification step was followed by CV and EIS measure-
ments. After being thoroughly rinsed with distillated water,
the MUCI aptamer functionalized electrode can be ready for
use.

The formation of aptamer-cell-aptamer sandwich
architecture

After washing with water, 20 uL of phosphate buffer contain-
ing MCF-7 breast cancer cell with specific concentration was
dropped on the surface of MUC1 aptamer functionalized elec-
trode. It was incubated at 37 °C for 60 min to allow the
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immobilization of the target cells onto the surface of elec-
trode. After capturing the cells onto the electrode surface,
the electrode was immersed in a phosphate buffer contain-
ing 0.5% Tween-20 and 1% BSA at the room temperature
for 30 min to remove the nonspecific adsorbed cells on the
surface of electrode. In the last step, the electrode was
incubated with Apt-AgNPs bioconjugates for 40 min
which leads to the formation of an aptamer—cell-aptamer
architecture. After being rinsed with the phosphate buffer,
the prepared aptasensor was used for electrochemical
measurements.

Direct electrochemistry of AgNPs aggregations

The prepared electrode was firstly immersed in HNOj3 solu-
tion (0.5 mol-L™") for about 10 min to fully dissolve AgNPs
loaded on the surface of electrode. Then, the phosphate buffer
was added to the resulting solution for electrochemical analy-
sis using a three-electrode system and anodic stripping volt-
ammetry. After an acid-dissolution of AgNPs, differential
pulse anodic stripping voltammetry was performed for quan-
tification of released Ag* from the complex. Anodic stripping
voltammetry is a voltammetry method for quantitative deter-
mination of trace amount of ionic species. The analyte of
interest is accumulated on the working electrode during a de-
position step for a known period of time and stripped from the
surface into the solution by applying an oxidizing potential.
Constant potential of —1.0 V was applied to the working elec-
trode for 120 s and potential was then swept from —0.1 to
0.5 V (vs. Ag/AgCl) with modulation amplitude of 25 mV.
The electrochemical signal of Ag oxidation, was proportional
to the concentration of Ag ions in the solution and further
corresponded to the amount of the concentration of captured
MCF-7 cells. The control experiments were performed in a
similar manner but without adding the MCF-7 cells. For the
detection of MUC1 marker, the aptasensor was prepared in a
similar way as mentioned above except MCF-7 was replaced
by MUCI1 protein.

Results and discussion
Electrochemical characterization

CVand EIS are two effective techniques have been adopted to
get information on the changes of interfacial properties in the
aptasensor assembling processes. Figure 1 displays the CV
and EIS responses of the stepwise modification process on
the GCE (a), MWCNT-PGA/GCE (b), MUC1 aptamer/
MWCNT-PGA/GCE (c), MCF-7/MUC1 aptamer/MWCNT-
PGA/GCE (d) and Apt-AgNPs/MCF-7/MUC1 aptamer/
MWCNT-PGA/GCE (e) in a solution containing

electrochemical probe of K4Fe(CN)g (0.5 mmol-L™!) and
K5Fe(CN)g (0.5 mmol-L ™).

Electrochemical characterization
of the aptamer-cell-aptamer sandwich

Cyclic voltammetry characterization study the formation of
the cancer aptasensor on the surface of electrode was con-
firmed by the commonly used CV technique (Fig. 1a).
Figure la shows that the peak current (Ip) of MWCNT-
PGA/GCE (curve b) is higher than that observed for the bare
GCE (curve a). Considerable increase in the peak current in-
tensity can be related to the large surface area and high elec-
tron conductivity of nanocomposite. The presence of free car-
boxylic groups on the polymeric layer provides a suitable
platform for aptamer stabilization. By immobilization of the
MUCI aptamer on the surface of modified electrode (Fig. 1a,
curve c), the peak current is decreased significantly. The
[Fe(CN)s]> " ions cannot reach to the electrode surface due
to the electrostatic exclusion interaction between the probe
and MUCI aptamer. Based on the recorded data (Fig. la,
curve d), further decrease in the peak current is observed after
incubation of immobilized aptamer with target cells for
60 min. The results confirm the successfully capturing of
MCEF-7 breast cancer cells and the formation of aptamer—
cell-aptamer sandwich architecture.

EIS characterization

EIS signals were applied to evaluate the electron transfer prop-
erties of the modified GC electrodes (Fig. 1b). The Nyquist
diagram obtained for bare GCE in 0.5 mmol-L ! K3Fe(CN)g
shows a small electron transfer resistance (Fig. 1b, curve a).
By modification of the GCE with MWCNT-PGA composite,
the conductivity and electron transfer process are improved
and the R value is decreased. After the aptamer immobiliza-
tion, by the formation of aptamer monolayer on the surface of
modified electrode (Fig. 1b, curve b), the semicircle diameter
in the impedance spectrum is increase which can be related to
the electrostatic repulsion between the aptamer and electro-
chemical probe. Subsequently, due to the nonconductive prop-
erties of biomacromolecule, further increase of the charge
transfer resistance can be observed when the MCF-7 breast
cancer cell was incubated with MUC1 aptamer (Fig. 1b, curve
c). The last step involves the recognition of the reporter Apt-
AgNPs bioconjugates by MCF-7 cells (Fig. 1b, curve d)
which leads to a decrease of the impedance value interestingly.
This is due to high electron transfer efficiency of the synthe-
sized Apt-AgNPs bioconjugates, although the aptamer layer
acts as an insulating barrier which impairs the interfacial
charge transfer process. The results indicate that the formation
of aptamer-cell-aptamer structure was performed successfully.

@ Springer
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Fig. 1 Cyclic voltammograms (a) a
and Nyquist diagrams (b) of the 80

modification steps of Apt-
AgNPs/MCF-7/MUC1-Apt/
MWCNT-PGA/GC electrode in
0.5 mmol-L ™! [Fe(CN),]>7* 40 +
containing 0.1 mol-L ™" KCI: (a)

e (a) GCE

(b) MWCNT-PGA/GCE

60 A (¢) MUC1-Apt MWCNT-PGA/GCE

(d) MCF-7/MUC1-Apt/MWCNT-PGA/GCE
(e) Apt-AgNPs/MCF-7/MUC1-Apt/MWCNT-PGA/GCE

-0.1 0 0.1 0.2 0.3 0.4 0.5
E (V vs Ag/AgCl)

(a) GCE

s (h) MWCNT-PGA/GCE
(¢c)MUC1-Apt/MWCNT-PGA/GCE
(d) MCF-7/MUC1-AptMWCNT-PGA/GCE

= (¢)Apt-AgNP/MCF-7/MUC1-Apt/MWCNT-PGA/GCE

bare GCE, (b) MWCNT-PGA/ < 2071
GCE, (¢) MUC1-Apt/MWCNT- 2
PGA/GCE (d) MCF-7/MUCI- = 07
Apt/MWCNT-PGA/GCE (e) 20 |
Apt-AgNPs/MCF-7/MUC1-Apt/
MWCNT-PGA/GCE. Inset (b): 40 A
The Randles equivalent circuit
applied to model impedance data -60
in the presence of redox couples 03
b
2100
1400 -
S
N
700 A
0 4
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The results obtained by EIS were in good agreement with the
CV experiments.

Scanning Electron Microscope (SEM) analysis
of MWCNT-PGA/GCE

The surface morphologies of modified bioelectrodes were in-
vestigated by SEM technique. According to Fig. 2, the un-
modified GCE surface of is completely smooth which can
create a suitable platform for stabilization of polymeric nano-
composite on it. After covering the electrode surfaces by
MWCNT-PGA nanocomposite film, the SEM image indicates
a porous network structure. MWCNT show a high degree of
dispersion and remain successfully embedded all over the
polymeric matrix. A high interface area and highly porous
structure of the polymeric nanocomposite provides more ac-
tive sites for satisfactory immobilization of aptamer molecules
through the covalent interaction onto surface of the prepared
nanocomposites.

@ Springer
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Optimization of experimental variables

In a sandwich-type aptasensor, several experimental conditions
can influence the sensor performance which should be optimized
(Fig. S1). The following parameters were optimized: (a) concen-
tration of MUCI1 aptamer (b) incubation time for capturing MCF-
7 and (c) incubation time for recognizing bioconjugates.
Respective data and Figures are given in the Electronic
Supporting Material. The following experimental conditions were
found to give best results: (a) concentration of aptamer: 5.0 pmol-
L™ (b) Optimal incubation time for capturing MCE-7: 60 min (c)
Optimal incubation time for recognizing bioconjugates: 40 min.

Analytical performance of the assay

Under optimum conditions, the performance of the sandwich
type aptasensor for determination of MCF-7 breast cancer cell
was investigated using DPV analysis (Fig. 3). The electro-
chemical measurements were performed after the Apt-
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Fig. 2 SEM images of GCE (a)
MWCNT/GCE (b) MWCNT-
PGA/GCE (¢), respectively

26 KV 20.0 KX

AuNPs/MCF-7/MUCI1 aptamer/PGA-MWCNT/GCE elec-
trode was incubated with different concentration of cancer
cells for 60 min. The DP-ASV signals related to the Apt-
AgNPs complexes were recorded and applied for evaluation
of biosensor sensitivity. It can be seen that the peak currents of
the biosensor increase by increasing the concentration of
MCEF-7 cells. Due to Fig. 3a, the fabricated biosensor shows
a good linear response versus the logarithm of concentration
of MCF-7 cell ranging from 1.0 x 10% to 1.0x 107 to cells-
mL ", The linear regression equation was calculated as y =

14.943x - 11.946 with a correlation coefficient of 0.9949 and
detection limit of 25 cells'mL ™" (Fig. 3b). Table 1 shows the
analytical characteristics of the fabricated aptasensor in com-
parison to other similar investigations for cellular analysis.
The results show that the detection limit in this study is better
than other reported works. It is believed that the introduction
of Apt@AgNPs improves the sensitivity of the aptasensor for
breast cancer cell detection.

The detection limit of the cell biosensor was compared to
other reported biosensor for MCF-7 detection, as indicated in
Table 1. The fabricated biosensor shows lower detection limit
for detection of MCF-7 cancer cell compared to the previously
reported works [28-33].

Selectivity, reproducibility and stability
of the sandwich-type biosensor

To investigate the interference effects on the binding specific-
ity of the biosensor to MCF-7 cancer cell, control experiments
using SKBR3, HeGp2, HEK and Hela cells was performed.
As illustrated in Fig. 4, the control cells cannot be captured by
MUCT aptamer after incubation in the sensing system, leading
to no obvious current change. However, a significant current

1um

KYKY-EM3200  SN:0702 27KV 400KX  1um KYKY-EM3200  SN:0778

5

»

A

27 KV 40.0 KX 1um KYKY-EM3200 SN:0778

change was obtained for MCF-7cells. The present electro-
chemical aptasensor exhibits a high selectivity for the detec-
tion of MCF-7 cells.

0 cells-mL™*

102cells-mL™*
103cells-mL*
10%cells-mL™*
105cells-mL*
108 celsl-mL*

107cells-mL™*

0.15 0.2 0.25
E (V vs Ag/AgCl)

E—

0.3 0.35

y = 14.943x- 11.946
R?* = 0.9949

3 4 5
Log [C ycrs] (cell mLY)
Fig. 3 a Differential pulse anodic stripping voltammograms of the
sandwich-type biosensor at the optimum condition for different concen-
trations of MCF-7 cancer cell (n = 3), potential sweep from —0.1 t0 0.5 V
(vs. Ag/AgCl) with potential pulse amplitude of 25 mV, scan rate
100 mV~sﬁl, accumulation potential of —1.0 V, and accumulation time
of 120 s (b) The corresponding calibration plot of DP-ASV response
versus MCF-7 cancer cell concentration
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Table 1  Comparison of the dynamic range and detection limit of several biosensors for determination of MCF-7 breast cancer cell

Method Signal ammplification Liner range/ cells'mL ™" Limit of detection/ cells'mL ™" References
Electrochemisrty Quantum dots 1.0x10-1.0 x 10° 1.0x10? [28]
Electrochemiluminescence Rul-aptamer 1.0 x 10°-5.0 x 107 38 [29]
Electrochemisrty HRP labeled aptamer 1.0 x 10°-1.0 x 107 1.0x10? [30]
Electrochemisrty CdS NPs 1.0 x 10*-1.0 x 107 33 %107 [31]
Surface plasmon resonance NiO NPs 5.0 x 10*-4.0 x 10° 136 [32]
Electrochemistry AgNCs 5.0%10'-5.0 x 10° 50 [33]
Electrochemistry AgNPs labeled aptamer 1.0 x10-1.0 x 107 25 This work

The long-time stability of the fabricated aptamer biosen-
sor was evaluated by studying its DPV responses during a
28-day period (Fig. S2a). When the biosensor was stored in
a 0.1 mol-L™" of phosphate buffer (pH 7.4) at 4 °C for 14-
days, no significant change was observed in the current
signal and it retained more than 92% of its initial response.
The current response was gradually decreased after 21 and
28. This proved that the fabricated biosensor has an accept-
able stability for about half month. The reproducibility of
the biosensor has been studied at MCF-7 cancer cell con-
centration of 10* cellssmL™". Five parallel prepared elec-
trodes were used for target (10* cells'mL ") detection in
the same day. The relative standard deviation (RSD) for
single-electrode repeatability and electrode-to electrode re-
producibility were calculated as 2.4% and 5.8% (n =5)
respectively. As shown in Fig. S2b, the similar electro-
chemical responses of the electrodes imply the suitable re-
producibility of the cell biosensor.

Detection of MCF-7 cancer cells in human serum

In order to evaluate the potential application of the MCF-7 cell
biosensor in complex real sample, three different concentra-
tion of MCF-7 cells were spiked in the human serum which

70

60

" . I . I

MCF-7 SKBR-3 HeGp2 HEK Hela

o

Fig. 4 Selectivity testing of the sandwich-type cell biosensor for MCF-7
cancer cells: SKBR3, HeGp2, HEK and Hela cells were used as control
cells. The cell concentrations were 1.0 x 10* cellsmL ™
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was diluted with phosphate buffer and the measurements were
performed. As shown in the Table 2, the recovery values in-
dicate the good applicability of the method for cancer cell
analysis. Also, a comparative study was performed for a buff-
er and the human serum solution containing the same MCF-7
cell concentrations. According to Fig. 5, a behavior similar to
that found for a cell-containing buffer was observed. So, due
to these results, the constructed biosensor can be applied for
MCF-7 breast cancer cell detection in a complicated sample
matrix.

Detection of MUC1 in human serum

The fabricated aptasensor can also be applied for the detection
of MUCI1 protein in serum samples. This is due to the fact that
the detection of cancer cells by the MUC1 aptamer was carried
out through the MUCI protein presented on the cell surface
[34]. The electrochemical aptasensor for detection of MUC1
was prepared completely similar to the MCF-7 cancer cell
aptasensor. The MCF-7 cells were replaced by MUCI and
the specific interaction between aptamer and MUCI ensured
capture of MUCI on the surface of electrode. Fig. S3 shows
the current response of the biosensor after incubating with
different MUC]1 concentration. The peak current was in-
creased proportionally to concentration and a linear response
was obtained in the range of 5200 ng'mL"', with detection
limit of 3 ng'mL™". In order to demonstrate the utility of this
biosensor in clinical assay, a series of serum samples from
women patients who have been subjected to breast cancer
were analyzed by biosensor and ELIZA method. According

Table 2  The recovery percent values for cancer cell analysis (n=3)
Sample Added Found Recovery
solution (cellsmL™) (cellsmL™) (%)

1.0 x 10? 0.98(+0.04) x 10* 98.0

1.0 x 10° 1.02(0.02) x 10° 102.8
3 1.0 x 10° 1.01(0.03) x 10° 101.0
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Fig. 5 Comparison of peak current of differential pulse voltammogram
for buffer solution and diluted human serum samples containing the same
concentration of MCF-7 cancer cell (0, 102, 103, 10° cells~mL71).
Experimental conditions are the same as Fig. 3a

to the results in table. S1, the fabricated biosensor, no signif-
icant differences were observed between the values obtained
by electrochemical and ELIZA method. The aptasensor bio-
assay demonstrated a promising potential application to
screen clinical samples.

Concluding remarks

In the present work an ultrasensitive sandwich-type biosensor
has successfully designed to detect of MCF-7 human breast
cancer cell and MUC1 biomarker. A MUC]1-binding aptamer
is immobilized on the modified GCE surface captures the
target and the other aptamer labeled with silver nanoparticles
provides a well-defined electrochemical characteristic. The
employment of PGA-MWNNT nanocomposite as an elec-
trode modifier increases the loading amount of aptamers on
the electrode surface and can preserve their bioactivity. The
aptasensor has good selectivity to MCF-7 cancer cell and
MUCI protein. The fabricated sandwich-type aptasensor is
successfully used for determination of cancer cells in human
serum sample. The electrochemical biosensor is a cost saving
method and offers robust results compared with classical an-
alytical techniques such as Enzyme-Linked Immunosorbent
Assay (ELISA). However, the main limitations of the method
are being time-consuming and having rather complex proce-
dure. Based on the results, we anticipate that the method can
be expanded for the detection and quantification of other can-
cer cells with the aid of related aptamers and provides a prom-
ising tool in biomedical and clinical application.
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