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The use of non-invasive approaches for monitoring therapy processes in cancer patients at late stages is
truly needed. In this work, we aim to develop an electrochemical interface based on polydopamine
combined with gold nanoparticles and reduced graphene oxide for impedimetric detection of lung
cancer cells. Gold nanoparticles (around 75 nm) were dispersed onto reduced graphene oxide material
pre-electrodeposited onto disposable fluorine doped tin oxide electrodes. The coordination between
gold and carbonaceous material has somehow improved the mechanical stability of this electrochemical
interface. Polydopamine was later introduced onto modified electrodes via self-polymerization of
dopamine in an alkaline solution. The result has demonstrated the good adhesion and biocompatibility
of polydopamine towards A-549 lung cancer cells. The presence of the two conductive materials (gold
nanoparticles and reduced graphene oxide) has led to a six-times decrease in charge transfer resistance
of polydopamine film. Finally, the as-prepared electrochemical interface was employed for impedimetric
detection of A-549 cells. The detection limit was estimated to be only 2 cells per mL. These findings
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Introduction

Circulating tumor cells (CTCs) that detach from the tumor
lesion and then travel in the blood stream during tumor
metastasis are an important biomarker for monitoring cancer
stages and validating cancer treatment processes." Commonly
used methods for detecting CTCs mainly include immuno-
magnetic beads* and microfluidic technologies.® For instance,
the Cell Search system, the only FDA-approved product for CTC
detection, is based on the enrichment of cells overexpressing
epithelial cell adhesion molecule (EpCAM) on magnetic beads
pre-modified with antibodies. These methods share some main
drawbacks such as high-cost instrumentation, extensive proto-
cols, long analysis time, and expensive reagents. Several sensing
systems were also employed for rapid detection of CTCs such as
field effect transistors,*®> chemiluminescence,” photo-
electrochemistry,® fluorescence,” Raman,' surface plasmon
resonance,'* immucytochemical staining.’> Among them, elec-
trochemical sensors are becoming more prominent in CTC
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have proved the possibilities to use advanced electrochemical interfaces for point-of-care applications.

detection not only for their rapidity, simplicity, portability and
high sensitivity but also their ability to be adapted to electronic
devices.™

To date, most of the electrochemical platforms reported for
cytosensing purposes have been based on immunosensors or
aptasensors. In 2021, He Su et al. demonstrated a three-
dimensional graphene/ZnO macroporous structure modified
with anti-EpCAM for detection of breast cancer cell MCF-7."* An
electrochemical cytosensor based on gold nanoparticles and
carbon nanosphere has been reported for voltammetric detec-
tion of lung cancer cell A-549."* A sandwich-type electro-
chemical immunosensor in which the capture antibody was
immobilized on gold nanoparticles/acetylene black film
whereas the signal antibody was decorated with Pt@Ag nano-
flowers was developed by Sitian Tang et al. to detect MCF-7 in
2018.'° The electrochemical signal resulting from H,0, reduc-
tion can be amplified with the aid of Pt@Ag nanostructure due
to its intrinsic horseradish peroxidase activity and then recor-
ded using differential pulse voltammetry technique (DPV).
Electrochemical immunosensor in sandwich-format was also
adapted to detect other antigens over-expressed in patients with
cancer such as human epidermal growth factor receptor 2
(breast cancer),” squamous cell carcinoma antigen (skin
cancer),”® alpha-fetoprotein (hepatocellular carcinoma),” or
even the whole cell.*® Although these immunoassays exhibit
high sensitivity and good specificity, they are quite time-
consuming, require expensive reagents and strict storage
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conditions for antibodies. The use of aptamers, artificial
oligonucleotides selected by systematic evolution of ligands by
exponential enrichment (SELEX), might help to overcome these
issues. Mahdi Sadeghi** has shown an electrochemical apta-
sensor based on graphene sheets decorated with Rhodium
nanoparticles to detect HER2-ECD (oncomarker for breast
cancer). The selected anti-HER2 aptamer strand made up 54
oligonucleotide bases was fixed on the electrode surface, ready
to recognize HER2-ECD oncomarker via G-quadruplex forma-
tion between them. Xiaoyan Zhou et al. has even utilized AS1411
aptamer (a nucleolin-targeting aptamer) as probe antibodies to
detect HeLa cell in sandwich-format immunoassay.>* Still, it is
needed to undergo a time-consuming procedure to select as well
as synthesize suitable aptamers.

Recently, electrochemical cytosensors which do not use
either antibodies or aptamers, but directly detect the targeted
cells in a label-free manner are highly desirable. In 2021,
a biodetection system for A-549 lung cancer cells using biomi-
metic polydopamine (PDA) was proposed by Bolat et al.>* It was
reported that PDA modified electrode is a good platform for
rapid and label-free detection of A-549 cells in the concentration
range from 10 to 10° cells per mL with a low detection limit of
25 cells per mL. Despite of the good adhesive property,* the low
conductivity and slow electron transfer at PDA layer might still
somehow affect to the recorded signals. Thus, some more
conductive nanostructures with good biocompatibility such as
gold nanoparticles and carbonaceous materials*>*® should be
employed. In this work, we aim to develop an impedimetric
cytosensor based on polydopamine in combination with gold
nanoparticles (AuNPs) and reduced graphene oxide (rGO). An
electrochemical platform based on electrochemically reduced
graphene oxide and electro-deposited gold nanoparticle were
first prepared to ensure good electron transfer rate at electrode
surface. Herein, the presence of carbonaceous matrix (rGO)
might help to prevent aggregation, thus providing more
homogenously distributed AuNPs. The use of gold particles is
probably beneficial to improve electron transfer rate at elec-
trode surface. Polydopamine (PDA) was introduced onto AuNPs/
rGO hybrid film by self-polymerization of dopamine in alkaline
conditions. As usual, this PDA coating probably enhanced the
adhesion of cells onto electrode surface, thus improving
sensing performances of the as-developed sensor. Electro-
chemical impedance spectroscopy (EIS), a versatile and non-
destructive technique, will be further used to analyze CTCs in
a label-free manner.

Experimental

Materials and apparatus

Dopamine hydrochloride (DA-HCI) (MW = 189.6), phosphate
buffer saline (PBS) tablet, potassium hexacyanoferrate(i)
(K3[Fe(CN)g], MW = 329.2), potassium hexacyanoferrate(i)
(K4[Fe(CN)g]-3H,0, MW = 422.4), and gold(ui) chloride tri-
hydrate (HAuCl,-3H,0, MW = 393.8), fluorine doped tin
oxide coated glass electrode (FTO electrode) (L x W x thick-
ness = 100 mm x 100 mm X 2.3 mm, surface resistivity ~7 Q
sq~ ") were purchased from Sigma-Aldrich. Cell culture plate
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(96 wells, 07-6096) were purchased from Biologix and lung
adenocarcinoma cell line (A-549) was purchased from
(American Type Culture Collection (ATCC). Graphene oxide
(GO) was prepared by our research group using Hummer's
methods.

Preparation of PDA/AuNPs/rGO modified FTO electrode

Before being modified, FTO electrodes were cleaned carefully in
Piranha solution (H,SO,: H,O, = 3:1). Then, all the FTO elec-
trodes were cleaned thoroughly with distilled water several
times to remove excess acid. After being dried, clean FTO elec-
trodes were coated with a thin layer of transparent nail polish as
a nonconductive layer, making the area of the FTO working
surface become fixed (1 x 1 cm?).

AuNPs/rGO hybrid film was prepared using electrochemical
approach as described in our previous works.”””** Firstly, rGO
was deposited by cyclic voltammetry (CV) from GO dispersion in
aqueous condition. The reduction was performed in 1 mg mL "
GO dispersion in PBS (pH 7.4) by scanning 20 cycles from
—1.2 V to 0 V (vs. Ag/AgCl) at a scan rate of 50 mV s~ '. The rGO
deposited FTO was then rinsed with double distilled water and
let dry at room temperature. After that, 2 mM HAuCl,-3H,0 in
aqueous 0.25 M Na,COj; solution was used to deposit AuNPs
onto the rGO/FTO electrode surface in a potential range from
—0.9 V to 0.2 V at a scan rate of 50 mV s~ '. Finally, the PDA
adhesive layer was introduced by immersing AuNPs/rGO/FTO in
tris solution (pH 8.5) containing dopamine hydrochloride (DA-
HCI) (2 mg mL™") under a constant magnetic stirring for 60
minutes.

Morphology and structure studies

FE-SEM images (field emission scanning electron microscopy)
were captured by using S-4800 system (Hitachi, Japan) oper-
ating at 5.0 kV accelerating voltage. Structural behaviours of
the samples were examined using Fourier Transform Infrared
spectrometer (Nicolet™ iS50, Thermo-Scientific) and Raman
spectrometer (Lab-ram, Horiba, Japan, excitation laser
532 nm).

Electrochemical behaviors

All the electrochemical measurements were carried out with
Autolab - PGSTAT302 potentiostat/galvanostat instrument
controlled by NOVA software (Autolab, Switzerland) and a three-
electrode system with an Ag/AgCl (3 M KCl) reference electrode,
platinum wire counter electrode, and a FTO working electrode.
Cyclic voltametric (CV) measurements were performed in
a redox probe solution of 5 mM Fe(CN)s>"*~ in phosphate
buffer solution (PBS, pH 7.4) by scanning from —0.6 V to 0.9 V
(vs. Ag/AgCl) at a scan rate of 100 mV s~ '. The electrochemical
impedance spectroscopy (EIS) measurements were performed
in the same redox probe solution with a frequency range from
0.01 Hz to 100 kHz at AC potential of 0.3 V with a sinusoidal
amplitude of 10 mV. By using the electrochemical fitting
program of Autolab - PGSTAT302 potentiostat, the elements of
Randles circuit values were calculated.
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Cell viability - MTT test

The viability of the cells on polydopamine film were tested using
MTT assay at high cell concentration of 10° cells per mL. Firstly,
polydopamine was introduced to several wells in 96-wells plate
by self-polymerization of dopamine solution in alkaline condi-
tion. The wells modified with polydopamine film were all
treated under UV light for 2 hours in order to avoid unwanted
contaminants. Then, the treated wells were incubated with 200
uL A-549 cell suspension in PBS (pH 7.4) for 48 h at 37 °C. After
that, they were rinsed with PBS (pH 7.4) and dried for 30
minutes in a 37 °C incubator. The presence of cells onto the as-
prepared surfaces can be examined using a high-resolution
microscope. Finally, 20 uL MTT solution was added to each
well and incubated for 3 hours at 37 °C, the medium was
aspirated, and then 200 pL of isopropyl alcohol (IPA) was added
to each well to dissolve formazan crystals. The MTT assay result
was obtained by using SpectraMax iD5.

Cell detection

After the adhesion of A-549 lung cancer cells with different
concentrations (10" to 10* cells per mL) on PDA/AuUNPs/rGO
modified FTO electrodes, cell detection will be conducted
using EIS technique. All the EIS measurements were conducted
in 5 mM Fe(CN)¢>/*~ in PBS (pH 7.4) with a frequency range
from 0.01 Hz to 100 kHz at AC potential of 0.3 V with a sinu-
soidal amplitude of 10 mV.

Results and discussions
Preparation of PDA/AuNPs/rGO/FTO

The aim of this work is to prepare a PDA/AuNPs/rGO hybrid film
on FTO electrodes for further cytosensing applications towards
lung cancer cells. The PDA layer is needed to ensure the adhe-
sion of the cells on the electrode surfaces. The gold material is
beneficial to improve the charge transfer whereas the rGO
supporting layer might help to have a better dispersion of gold
nanoparticles. Meanwhile, the AuNPs/rGO might also facilitate
the immobilization of the cells and somehow enhance the
mechanical stability of the film.

The formation of each material layer onto FTO electrode can
be seen by naked eyes. While both rGO and PDA are in dark
colour, AuNPs exhibits a common shiny pink colour (Fig. S17).
The color of the oxidizing dopamine solution also changed from
light orange to dark brown (Fig. S2t). During the time of reac-
tion, PDA was obtained in solution by oxidative self-
polymerization of dopamine® in tris solution (pH 8.5) - an
alkaline aqueous buffer solution, and at the same time, the
electrodes were coated by PDA.

Cyclic voltammetry method was chosen to deposit rGO and
AuNPs since we can easily observe the formation of these two
materials onto the electrode surface via cyclic voltammograms.
The GO with oxygenated moieties was irreversibly reduced to
rGO at negative potentials®*® (data not shown here). Cyclic
voltammograms recorded during the growth of AuNPs onto rGO
modified electrode (Fig. 1) shows one peak related to bulk
deposition (BD) (—343 mV vs. Ag/AgCl) and another one
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Fig. 1 Cyclic voltammograms recorded during the growth of gold
nanoparticles on rGO/FTO.

attributed to underpotential deposition (UPD) (—600 mV vs. Ag/
AgCl) of gold ions. The latter process is more related to the
formation of adatom-substrate bond whereas the former one is
attributed to the formation of adatom-adatom bond. Generally,
it is hard to observe the UPD peak for bare electrode. And we
might observe the UPD peak if the electrode is modified with
a suitable material that is favoured to rapid metal nucleation.
Similar results have been obtained for AuNPs grown on FTO
electrode modified with PDA.*' The intensities of both BD and
UPD peaks were gradually decreased after every cycle due to the
continuous decrease in local concentration of metallic ions
nearby the electrode surface.?®

SEM images for the bare FTO, rGO/FTO, AuNPs/rGO/FTO,
and PDA/AuNPs/rGO/FTO are represented in Fig. 2. The bare
FTO electrode shows a very rough surface. A thin and wrinkled
film was observed on the electrode surface after being coated
with electrochemically reduced graphene oxide. Indeed, it was
generally reported that the rGO material often exhibits this
flexible texture.”””**** As seen in Fig. 2, the AuNPs has grown
onto rGO/FTO electrode with average particle diameter esti-
mated to be around 75 nm. Actually, AuNPs commonly tend to
aggregate during the growth to generate particle clusters.*
However, we have observed here the discrete particles instead of
accumulated ones since the use of rGO supporting layer might
have helped to prevent particle aggregation. Similar effects were

500 nm \’

500 nm
R a1}

- [

AuNPs/rGO/FTO iy Pb/uNPs/rGO/TO
. - | nunes/160/FT0 SRR PoA/au

2 3 : s ’ o

Fig. 2 SEM images of modified electrodes.
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also observed once conducting polymers or thin organic layers
were employed as supporting layers to electro-deposit metal
nanoparticles.”***3¢ Indeed, the large surface area of rGO with
highly flexible texture might provide a sufficient number of
nucleation sites for metallic nanoparticles.”® In the same time,
the residual functional groups (mainly hydroxyl, carboxylic)
with negative charge can attract more metal ions from solution
to the electrode surface via electrostatic interaction, thus
increase the number of nucleation sites and also possibly
enhance stability of the as-grown particles.? Finally, the highly
porous PDA material was observed once PDA is present on the
electrode surface. Similar morphology was also found on PDA
film deposited directly on FTO electrode (not shown here) and
PDA aggregates in solution (Fig S31). The surface morphology of
PDA based film is actually controlled by competition between
aggregation in solution and deposition on the surface. At high
dopamine concentration (>1 mg mL '), there are many aggre-
gated particles generated on a thin PDA film with the thickness
less than 20 nm.*” It was also reported that the abundant
hydroxyl groups in PDA are good capping and reductive agents
for synthesis of gold nanoparticles on FTO electrode.** That
explains the formation of a thin capping layer surrounding as-
grown gold nanoparticles. To conclude, all these findings
have firmly confirmed the generation of PDA/AuNPs/rGO film as
expected. The chemical components of as-prepared films on
FTO electrodes was first examined by EDX technique. The
atomic weight of Au in the PDA/AuNPs/rGO/FTO hybrid film was
estimated to be 4.31% (Table S17).

XPS analysis was further conducted to reveal binding states
of elements in the samples (Fig. 3). The survey XPS spectrum of
PDA/AuNPs/rGO/FTO electrode shows presence of C, O, N, and
Au elements. C 1s deconvoluted spectrum exhibits C-C (285.0
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Fig. 3 XPS analysis of modified electrodes.
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eV), C-0 (286.3 eV) and C=0 (288.7 eV). O 1s spectrum shows
two common binding states of oxygen at 530.0 eV (O=C) and
531.5 (C-C) eV in organic compounds rich in oxygen-containing
functional groups. High-resolution N 1s spectrum shows
binding states of nitrogen with carbon atoms in indolic moie-
ties in PDA. Au 4f deconvoluted spectrum indicated two
featured peaks of Au 4f;,, (87.8 €V) and Au 4f;,, (84.2 eV).
Raman spectra of the samples were utilized to examine
structural behaviors of the samples (Fig. 4). Two typical peaks
located at 1595 cm ™" (G) and 1342 cm ™" (D) relevant to graphitic
structure and defective structure of carbonaceous material*
were observed in rGO/FTO. In the Raman spectrum of AuNPs/
rGO modified electrode, we do obtain the two similar peaks,
but the D peak is slightly shifted to lower wavenumber by
32 em~'. As mentioned above, the defective sites on graphite
structure with possibly negative charges are more favorable for
the nucleation and growth of gold nanoparticles. Probably, the
observed peak shift is a clear evidence to confirm once more
time the coordination between gold material and defects on
graphite flakes. The sample PDA/AuNPs/tGO/FTO shows all
characteristic features of both rGO and PDA materials, once
more confirmed the successful preparation of the expected
hybrid film. Actually, the PDA material containing indolic
moieties also exhibits vibration peaks attributed to sp> carbon
atoms (1561 cm™ ') and sp® carbon atoms (1320 cm '), and one
more peak related to C-N bond (1409 cm ™) (Fig S31). The Ip/Ig
ratio which indicates the defect level of graphite structures was
also found to be increased from 1.70 (rGO/FTO) to 2.88 (AuNPs/
rGO/FTO) and 2.78 (PDA/AuNPs/FTO). Consequently, the size
graphite domain (estimated from empirical Tuinstra-Koenig
relation®) is decreased from 11.3 nm (rGO/FTO) to 6.7 nm
(AuNPs/rGO/FTO) and 6.9 nm (PDA/AuNPs/FTO). The high Ip/Ig
ratio and small size of graphite domain in our samples might be
resulted from limited reduction yield of graphene oxide on FTO
electrodes and large number of layers in as-prepared rGO films.

Charge transfer resistance

Since we aim to develop an impedimetric sensor based on as-
prepared hybrid film for cytosensing purpose, it is essential to

1310 cm’

{—rco
AuNPS/1GO
1310 cm”! :
310 cm {—— PDA/AUNPS/{GO
D
1342 cm’’
G
1595 cm””

Intensity (a.u)
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Raman shift (cm'1)
Fig. 4 Raman spectra of modified electrodes.
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Nyquist plots recorded
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Fig. 5 EIS spectra recorded on PDA/FTO and PDA/AUNPs/rGO/FTO.

evaluate the charge transfer behavior of the hybrid film itself.
The charge transfer resistance of PDA/FTO and PDA/AuNPs/
rGO/FTO were determined from EIS spectra (Fig. 5) recorded
in 1 M KCl solution containing 5 mM Fe(CN)s*> /4",

As seen from Fig. 5, the recorded Nyquist plot contains
a semi-circle and a linear line. While the semi-circular part at
higher frequencies corresponds to the electron-transfer limited
process, the linear part at lower frequencies represents the
diffusion-controlled process.*” In the impedance spectra, the
diameter of semicircle indicates the electrode/solution interface
resistance (or charge transfer resistance, denoted as Rcr),
calculated by using Randles circuit model where Rg is the
resistance of the electrolyte solution, Cy, is the double layer
interfacial capacitance between the electrode and the solution,
and Zy as the Warburg impedance.

The charge transfer resistance of PDA film (1087 + 2.2 Q for
PDA/FTO electrode) was found to be improved by six times with
the AuNPs/rGO ad-layer (162.5 + 2.7 Q for PDA/AuNPs/tGO/FTO
electrode). The presence of homogeneous gold nanoparticles
decorated onto reduced graphene oxide flakes with relatively
low charge transfer resistance (the semi-circle nearly disappear)
is the reason behind this improvement in electron transfer
behavior of the hybrid film. Moreover, the hybridization
between gold material and carbonaceous supports at defect
sizes (as observed in Raman spectra) might also contribute
partly to the increase in electron transfer rate at electrode
surface.®® In deed, the electron transfer resistance of bare FTO
and rGO/FTO electrodes are also very small (less than 50 Q). The
decrease in charge transfer resistance enables us to downscale
the detection limit of the developing impedimetric cytosensor.

Cell viability - MTT test

The biocompatibility of PDA material was tested using MTT test
against A-549 lung cancer cells. The PDA film was generated
inside the 96-wells plate using the same method to produce PDA
film onto electrode surface. The test was conducted at high cell
concentration of 10> cells per mL. The optical density at 570 nm
(related to formazan crystal) was measured for both non-
modified plate (blank) and PDA modified plate (sample), and
then the viability was determined as:
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Fig. 6 Microscopy image of A-549 cells immobilized on polydop-
amine film (MTT test).

mean ODgmpic

100
mean ODblank %

% Viability =

The viability of the cell was determined to be 98%. This
result indicated that the PDA material exhibits no toxicity
towards A-549 cells. It has been previously reported that PDA
solution has no significant toxicity against HeLa cells** and PDA
film displayed a viability of 112% towards A-549 cells.>**> The
presence of A-549 cells with non-sphere morphology on the
surface of the plate was also obtained on microscopy image

(Fig. 6).

Cell detection

EIS technique was used to detect the tumor cells immobilized
onto the electrode surface. We will first build the calibration
curve on PDA/AuNPs/rGO/FTO electrode in concentration range
from 10"-10" cells per mL. The EIS spectra of PDA/AuNPs/rGO/
FTO electrode incubated with A-549 cells at different concen-
trations are shown in Fig. 7. The recorded Ry values were found
to be increased with the increasing concentration of A-549 cells.

The relationship between the variation in charge transfer
resistance and cell concentration is as follows: ARqr (kQ) =
0.1340 +0.3570 x log(C (cells per mL)) (R> = 0.9916) (Fig. 8). The

1000 |-
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Fig. 7 EIS spectra recorded on PDA/AuNPs/rGO/FTO at different cell

concentrations.
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Fig. 8 Calibration curve.

detection limit (3.3 x S,/S, where S, is the standard deviation
and S is the slope of the calibration curve) was estimated to be 2
cells per mL. This value is comparable with those obtained in
previous works (Table $27).2*2%*%> Indeed, PDA has been re-
ported to be a suitable material to develop electrochemical
cytosensor for detection of A-549 due to the strong adhesion
between PDA and receptor-rich tumor cells.?* Also, the detection
limit was improved by fourteen times compared with sensing
platform without AuNPs/rGO ad-layer (Fig S5T). Compared with
PDA/FTO sensor (Fig S57), the electrochemical signals recorded
on EIS spectra during cell detection are much more stable with
much smaller errors and better R-square (R* = 0.9977).

Conclusions

In conclusion, PDA/AuNPs/rGO film has been successfully
prepared onto FTO electrode for further application in A-549
detection. Gold discrete nanoparticles (75 nm) were electro-
deposited onto electrode surface with the aid of rGO support-
ing layer. Later, this ad-layer becomes the matrix to grow PDA
material from alkaline solution with less aggregates. The results
have shown that the PDA material exhibits good adhesion and
biocompatibility towards A-549 cells. Meanwhile, the introduc-
tion of AuNPs/rGO ad-layer has improved the electron transfer
at electrode surface about six times. These findings allow us to
further detect A-549 cells on as-developed electrochemical
cytosensor based on PDA/AuNPs/rGO/FTO. The detection limit
of the as-prepared sensor was 1 cells per mL. The final elec-
trochemical cytosensor based on PDA/AuNPs/rGO films can be
coupled with a cell size-based microfilter in near future to
ensure the cell selectivity (the size of CTC cells is much larger
than that of heathy cells).
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