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A new bimetallic CuCo Prussian blue analogue (CuCo PBA) loaded with carbon dots (CDs) was prepared
(represented by CD@CuCoPBA) and developed as a scaffold for anchoring the epidermal growth factor
receptor (EGFR) aptamer to detect EGFR and living EGFR-overexpressed cancer cells. The basic
characterizations revealed CuCo PBA exhibited nanocube shape and still remained its nanostructure and
physical/chemical properties after coupling with large amounts of CDs. As compared with the pristine
CuCo PBA, the CD@CuCoPBA displayed good electrochemical activity, strong binding interaction
toward aptamer, and high stability of aptamer-EGFR G-quadruplex in aqueous solution. As such, the
results of electrochemical impedance spectroscopy measurements indicated that the CD@CuCoPBA-
based aptasensor displayed an ultra-low detection limit toward EGFR (0.42 fg mL™%) and living EGFR-
overexpressed MCF-7 cancer cells (80 cell per mL), as well as high selectivity, good reproducibility, high
stability, repeatability, and acceptable applicability. Consequently, the constructed CD@CuCoPBA-based
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1. Introduction

As a transmembrane glycoprotein,® epidermal growth factor
receptor (EGFR) is vital in regulating normal cell signaling. The
mutation of EGFR is closely related to cell proliferation, inva-
sion, angiogenesis, metastasis, and inhibition of apoptosis,
thus representing the pathogenesis and progression of tumor
cells.> The overexpression of EGFR is closely associated with
some cancer such as breast, lung, bladder, prostate, pancreatic,
colorectal, and ovarian cancer.® Therefore, the in situ analysis of
the EGFR level in cell membranes, for which ligand binding
kinetics and affinity is essential in the early diagnosis of cancer
and cancer treatment. At moment, the radiolabeling assay is the
most widely utilized method to receptor density measurement,*
for which synthesizing radio-ligand often needs special training
and strict safety protection. The integration of metallic nano-
particles with EGFR,® fluorescent polystyrene nanoparticles
conjugated with an anti-EGFR monoclonal antibody,® and
a nano-biochip to analyze the EGFR level” are some recently
reported materials used in EGFR detection. EGFR was imaged
on a single living mammalian cell and investigated by scanning
electrochemical optical microscopy.® A facile and efficient
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aptasensor can be extended to be a promising universal method for early diagnosis of cancers.

multifunctional (anti-EGFR antibody and EGFR aptamer
conjugated) gold NPs-based resonance Rayleigh scattering assay
for sensitively determining the trace EGFR.? Consequently, the
common approaches for determine EGFR or EGFR-
overexpressed cancer cells often need complex instrumenta-
tion, special operations, the isolation of biomarkers, time
consuming, and clinically high cost.’ To develop advanced
biosensors with high sensitivity, simplification, fast response,
and low-cost is promising for the early diagnosis EGFR in
human serum.

Aptamers, one kind of artificial nucleic acid molecules,
which exhibit antibody-like characteristics, are capable for
recognizing diverse targets with high affinity and specificity.
Differentiating from antibodies, aptamer strands are relatively
small and lacking in immunogenicity. For cellular research,
aptamers have been applied to distinguish native protein
targets on the cellule surface and identify different types of cell
lines.** Therefore, aptamers may have great potential for ther-
apeutic, analytical, and diagnostic applications. Developing
electrochemical aptamer sensors (aptasensors) has aroused
attentions owning to their good feasibility, cheapness, and high
sensitivity for detecting cancer biomarkers. For instance,
a zirconium metal framework embedded with a nanocomposite
of silver nanoclusters was provided and applied as a scaffold to
fabricate electrochemical and SPR aptasensors for determining
carcinoembryonic antigens.' The protein tyrosine kinase-7-
targeted aptamer was strong anchored onto the bimetallic
ZnZr metal organic framework (MOF) architecture to develop
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PTK-7 sensor, giving a low detection limit (LOD) of 0.66 pg
mL~ " In comparison with the other approaches, electro-
chemical techniques offer short analytical time, high detection
limit, and wide linear detection range. It is vital to efficiently
anchor aptamer strands on to construct an efficient electro-
chemical aptasensor. Usually, aptamer strands have to be
modified with some functional groups such as thiol group,
biotin, amino, or azide group to link with the electrode mate-
rials via the formation of different covalent bonds.* Addition-
ally, aptamers also can be labelled with electroactive labels
(methylene blue, ferrocene derivatives, and ruthenium
complexes) to modify the electrochemical signals.’* Undoubt-
edly, these strategies can heighten the cost of the aptasensor
fabrication and make the fussy construction procedure
increase. Thereby, developing advanced electrode materials is
essential to fabricate advanced electrochemical aptasensors.'®
Various types of materials are being actively investigated, and
they include gold nanoparticles (AuNPs),"” carbon nano-
materials (nanotubes, grapheme, and carbon dots (CDs)),*®
conducting polymers,” metal oxides, and porous organic
frameworks.”® Good electrical conductivity, thermal property,
and high electrocatalytic activity enable carbon nanomaterials
to be favorable carriers for aptamers or targets.'® Nevertheless,
carbon nanomaterials can easily aggregate through the w-m*
stacking interaction, thus further reducing sensing perfor-
mance. Therefore, combining different nanomaterials into the
same electrochemical biosensor can enhance the aptamer
immobilization, signal transduction, and amplification. Among
the different carbon nanomaterials, CDs exhibit low toxicity,
high biocompatibility, and good stability and electrochemical
activity,”* all of which have been explored for biosensing and
bioimaging applications.”” Consequently, CD-based apta-
sensors can be developed to detect cancer markers and living
cancer cells.

Prussian blue analogues (PBAs) are well-studied materials
and have been extensively explored in the aspects of electro-
catalytic,”® electrochemical,*® magnetic,”® and photophysical
properties,®® as well as their potential analytical applications.*
Bimetallic MnFe PBA coupled with AuNP (MnFePBA@AuNP)
was used as biosensing platform to immobilize aptamers for
detecting trace biomarkers (human epidermal growth factor
receptor-2 (HER2) and living MCF-7 cells).?® A novel three-
dimensional silver nanocube@Prussian blue core-shell mate-
rial was provided to develop an ultrasensitive aptasensor.>®
Core-shell heterostructured PBA nanospheres were composited
with silver nanoclusters and further applied as aptasensors for
detecting bleomycin.** Especially, PBA nanocube precursors
containing different metal ion centers such as nickel, cobalt,
and iron were used to keep a general nanocuboidal structure
while optimizing the composition of metal centers to efficiently
anchor the probe biomolecules. Nevertheless, PBA-based
biosensors for detecting EGFR have not been reported.

Considering the merits of PBA and CDs, we designed and
synthesized a novel bimetallic CuCo PBA coupled with large
amounts of CDs (denoted as CD@CoCuPBA) and explored it as
a sensing platform for anchoring EGFR aptamers to detect
EGFR and EGFR-overexpressed MCF-7 cells (Scheme 1). The
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presence of CDs in CuCo PBA could facilitate aptamer immo-
bilization and enhance electrochemical activities. In compar-
ison with other routine nanomaterials, the CD@CuCoPBA
displayed outstanding advantages, such as (i) large specific
active surface area, high porosity, as well as robust structure of
PBAs,* (ii) active nitrogen species of C=N of PBAs, (iii) tunable
electronic structure by integrating active transition metals
showing different numbers of outer electrons,* and (iv) excel-
lent electrical conductivity and biocompatibility of CDs.** As
aresult, the proposed CD@CuCoPBA-based aptasensor exhibits
a very low LOD of 0.42 fg mL™*, high selectivity, and good
stability. This present approach can provide a new approach for
constructing promising aptasensors by using PBA materials as
platforms for detecting other analytes.

2. Experimental section

The parts of chemicals and regents, preparations of all solu-
tions, CDs and CuCo PBA, basic characterizations, electro-
chemical measurements, cell culture, cytotoxicity in vitro, and
cell imaging were provided in the ESI S1.7

2.1 Synthesis of CuCo PBA and CD@CuCoPBA composite

The preparation of CD@CuCoPBA was performed in according
to the similar procedure with that of CuCo PBA, besides the
precursor were dissolved in CDs solution (15 mL) instead of
Milli-Q water.

2.2 Development of the CD@CuCoPBA-aptasensor

The CD@CuCoPBA powder (1.0 mg) was decentralized in
1.0 mL of Milli-Q water and ultrasonically treated for 30 min to
obtain the homogeneous CD@CuCoPBA suspension with the
concentration of 1.0 mg mL . The CD@CuCoPBA dispersion (5
uL) was coated on the pre-treated Au electrode (AE) surface,
following by dried at room temperature with ultrapure N,
(CD@CuCOPBA/AE). Then, the CD@CuCoPBA/AE was incu-
bated with the aptamer solution (100 nM) for 30 min. As such,
the EGFR-targeted aptamer can be tightly anchored on the
electrode surface (Apt/CD@CuCoPBA/AE). Finally, the Apt/
CD@CuCoPBA/AE was incubated with the EGFR or MCF-7
cells solution with a series of concentrations for analyzing the
sensing performance (EGFR/Apt/CD@CuCoPBA/AE). For
comparison, the CoCu PBA dispersion and construction of
CuCoPBA-based sensor were developed by the same method.

2.3 Electrochemical measurements

All the electrochemical measurements, including EIS and cyclic
voltammetry (CV), were carried out on the CHI660D electro-
chemical workstation (Shanghai Chenhua, China). The tradi-
tional three-electrode system includes a modified electrode as
the working electrode, an Ag/AgCl (saturated KCl) electrode as
the reference electrode, and a platinum wire as counter elec-
trode. CV curves were measured in the mixture of 5.0 mM
K;[Fe(CN)g]/K4[Fe(CN)g] (1:1) as a redox probe dissolved in
0.10 M PBS at potentials ranging from —0.2 to 0.8 V vs. Ag/AgCl
(saturated KCI) at the scan rate of 100 mV s~ . EIS spectra were

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic diagram of the aptasensor fabrication based on CD@CuCoPBA for detecting EGFR, including preparation of the
CD@CuCoPBA, the immobilization of EGFR-targeted aptamer, and the detection of different analytes, including EGFR and living MCF-7 cells.

recorded with 5 mV amplitude in the frequency ranging from
0.01 Hz to 100 kHz under open circuit potential (Fig. S1}). EIS
data were analyzed using Zview2 software, of which EIS spectra
were simulated using an equivalent circuit consisted of solution
resistance (Ry), charge-transfer resistance (R.), constant-phase
element (CPE), and Warburg impedance (W,) (the inset in
Fig. S11). Each measurement was repeated at least three times.
All EIS data obtained in the present work were analyzed using
Zview2 software. A nonlinear least-square method was used to
fit and determine the parameters of the elements in an equiv-
alent circuit (Fig. S17).

The constructed CD@CuCoPBA-based sensor was immersed
in the EGFR solution with different concentrations to monitor
the limit of detection (LOD) against EGFR and tested using
electrochemical measurements. The selectivity of the developed
sensor for detecting EGFR was investigated by incubating with
the possibly coexisted interferences (0.5 pg mL ') with the 100~
folds of the concentration of EGFR, including HER2, mouse
immunoglobulin G (IgG), immunoglobulin E (IgE), prostate
specific antigen (PSA), bovine serum albumin (BSA), CEA, and
their mixed solution with EGFR. The reproducibility was
simultaneously assessed using five developed sensors inde-
pendently, while the stability was tested by continuously storing
the sensor in a refrigerator (4 °C) for 15 days and measured by
EIS every day. Additionally, to verify the applicability, the EGFR
solution with the same concentration for analyzing the LOD
were diluted in the human serum, which was purchased from
Solarbio Bioengineering Ltd. Company (Beijing, China).

To investigate the sensing performance of the developed
biosensor for determining the living MCF-7 cells in the

This journal is © The Royal Society of Chemistry 2020

biological solution such as the LOD toward MCF-7 cells, selec-
tivity, and stability, the similarly electrochemical operations
were carried out, which were described in the following parts.

3. Results and discussion

3.1 Working mechanism of CD@CuCoPBA-based
aptasensor for detecting EGFR and MCF-7 cells

Here, a CD@CuCoPBA composite was chosen as the sensitive
platform for constructing electrochemical aptasensor, which
was further exploited to determine trace EGFR or MCF-7 cells
(Scheme 1). After dried at room temperature with ultrapure N,,
the CD@CuCoPBA was uniformly covered onto the AE surface
due to the surface effect and quantum size effect. This combi-
nation was stable and the CD@CuCoPBA did not release from
the AE surface during the whole detection process. Next, when
the CD@CuCoPBA/AE was incubated in the aptamer solution,
the aptamer strands tended to approach to the surface of the
CD@CuCoPBA composite. As aforementioned, CD@CuCoPBA
exhibited outstanding properties, including large specific active
surface area, high porosity, robust structure of PBAs, excellent
electrical conductivity and biocompatibility of CDs, which were
favorable for the immobilization of aptamer strands, leading to
large amounts of aptamer strands adsorbed onto the surface of
the nanocomposite. Then, the Apt/CD@CuCoPBA/AE was used
to sensitively detect EGFR or MCF-7 cells. The aptamer strands
generated specific recognition with EGFR and formed Apt-
EGFR complex, thus causing the conformational change of
aptamers. Each step during the construction of CD@CuCoPBA-
based aptasensor, including the electrode modification with
CD@CuCoPBA, aptamers adsorption, and detection of targets,
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caused the change of electrochemical signals, such as the peak
current density of cyclic voltammetry (CV) curve and/or the
electron transfer resistance at the electrode/electrolyte inter-
face, which were measured by CV and electrochemical imped-
ance spectroscopy (EIS) techniques.*

3.2 Chemical component and nanostructure of CuCo PBA
and CD@CuCoPBA

The chemical components and structure of CD@CuCoPBA were
analyzed by Fourier transform infrared spectroscopy (FT-IR)
and X-ray diffraction measurements (XRD), as well as CuCo
PBA. The XRD patterns (Fig. S2at) of CuCo PBA (curve i) and
CD@CuCoPBA (curve ii) show main diffraction peaks located in
the range of 10-60°, of which all diffraction peaks correspond to
pure CuCo PBA and matched well with the simulation results.**
FT-IR spectra (Fig. S2bt) of the CuCo PBA and CD@CuCoPBA
illustrate a clear peak at the band of 2185 cm™ ', which is
attributed the stretching vibration peak of -C=N.*® Meanwhile,
the bands at 3420 and 1610 cm™ " are respectively due to the
presence of stretching and bending vibration of O-H containing
in the crystal water in the PBA framework,*” respectively.

To probe the variation in the chemical structures and envi-
ronments before and after the composite of CDs with CoCu PBA,
their X-ray photoelectron spectroscopy (XPS) characterizations
were performed, as depicted in Fig. S2¢.T The clear signals of Cu
2p, Co 2p, C 1s, N 1s, and O 1s signals are present in both CuCo
PBA and CD@CuCoPBA. As demonstrated in Fig. 1a-d, the high-
resolution Cu 2p, Co 2p, C 1s, and N 1s XPS spectra of the
CD@CuCoPBA nanospheres were deconvoluted by the XPSPEAK1
software and analyzed. The high-resolution Cu 2p XPS spectrum
was decomposed to the peaks at the binding energies (BEs) of
932.5 and 952.9 eV (Fig. 1a), due to the Cu 2p;/, and Cu 2p,,, of
Cu(1), respectively, while the peaks at the 935.9 and 955.6 eV are
corresponded to Cu 2ps, and Cu 2p,, of Cu(u), respectively.
Additionally, the characteristic satellite peaks at 963-962 and 943-
942 eV are also obtained. The high-resolution Co 2p XPS spectrum
(Fig. 1b) can be separated into the peaks at the BEs of 778.8 and
781.9 eV, which are respectively due to Co(0) and Co(u) of Co 2pz/,,
whereas the peaks at the BEs of 795 and 797 €V are respectively
assigned with the Co(0) and Co(u) of Co 2p,,. The other peak at the
BE of 798.9 eV is attributed to the satellite peak of Co(). The high-
resolution C 1s XPS spectrum (Fig. 1c) is simulated to three main
peaks at the BEs of 284.5, 285.3, and 286.3 €V, respectively corre-
sponding to C-C, C-N, and C-O, while the peak at the BE of 289 eV
is assigned with the N-C=0 group. Only one main peak at
398.6 eV is appeared in the high-resolution N 1s XPS spectrum
(Fig. 1d), corresponding to the pyridine N binding. Concurrently,
the high-resolution Cu 2p, Co 2p, C 1s, and N 1s XPS spectra of the
pristine CuCo PBA were displayed in Fig. S3.1 Evidently, there is no
substantial difference between them, suggesting that the addition
of CDs into CoCu PBA has no much effect on the chemical
structure and environment of each element.

3.3 Surface morphologies of CD@CuCo PBA nanospheres

FE-SEM and TEM characterizations were used to estimate the
surface morphologies of CuCo PBA and CD@CuCoPBA. The FE-
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SEM images of CuCo PBA nanocubes (Fig. S41) show uniform
shape with a size of 700 nm to 1.0 pym and smooth surface.
Meanwhile, every face is composed of several layers, which can
be further proved by its TEM image (Fig. S4c and dt). For the
CD@CuCoPBA nanocomposite (Fig. 1e and f), the CuCo PBA
retains its nanocube shape, giving an average size of 50 nm.
From its TEM images, however, the CDs are clearly distributed
within the CuCo PBA interior (Fig. 1g). A clear lattice spacing
(0.304 nm) of carbon is observed in the HR-TEM image (Fig. 1h).
All results suggest the successful combination CDs with CuCo
PBA nanocubes.

3.4 Biocompatibility of CD@CuCoPBA against MCF-7 cells
and in vitro cell uptake

The cytotoxicity and cell uptake behavior of the CD@CuCoPBA
composite were characterized and depicted in Fig. 2. In vitro
cytotoxicity of the CD@CuCoPBA nanocomposite to MCF-7 cells
was evaluated at various concentrations (10, 20, 50, 100, and 200
ug mL™ ) by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). As displayed in Fig. 2a,
the CD@CuCoPBA composite exhibits slight toxicity on MCF-7
cells at a dose of 50 ug mL ™" and above. Approximately 90.4%
cells are alive, which further confirmed that CD@CuCoPBA
have good biocompatibility. Besides, the influence of different
culture time intervals with MTT (4, 8, 12, 24, 48, and 72 h) on the
in vitro cytotoxicity of CD@CuCoPBA composite (200 ug mL ™)
was also studied. As shown in Fig. 2b, the CD@CuCoPBA
composite exhibits acceptable toxicity on MCF-7 cells at the
culture time of 12 h, and approximately 78.3% cells are alive.
The cell cytotoxicity increases along with the culture time, when
the culture time prolongs to 72 h, 69.5% cells are alive. There-
fore, the CD@CuCoPBA-based platform can be explored to
anchor aptamer strands, further directly detecting living cancer
cells in which EGFR are overexpressed. The culture time with
MTT was set as 4 h for better performance. The cell uptake
behavior of the CD@CuCoPBA composite was measured by
confocal laser scanning microscopy (CLSM). As displayed in
Fig. 2b, the cell uptake of CD@CuCoPBA is clearly observed
after cells were gestated with 50 pg mL~" of CD@CuCoPBA for
1 h. After irradiation of MCF-7 cells by a 488 nm laser, weak
yellow fluorescence is found, which is originated from the
fluorescent property of CD@CuCoPBA. The merged photo
proves that the CD@CuCoPBA composite was accumulated in
MCF-7 cells and directly generated fluorescence without
requiring the use of other dyes. This result indicates the
CD@CuCoPBA can be applied for live cell imaging.

3.5 Sensing performance of the CD@CuCoPBA-based
aptasensor for detecting EGFR

EIS and CV results of each step during the detection of EGFR
using the CuCoPBA- and CD@CuCoPBA-based aptasensor are
shown in Fig. 3 and S5, respectively. All electrochemical tests
were performed on the electron transfer kinetics of [Fe(CN)g]> ™/
*~ redox indicator on the electrode surface. In terms of the
CD@CuCoPBA-based aptasensor, EIS Nyquist plots for all
measurement step for detecting EGFR are demonstrated in

This journal is © The Royal Society of Chemistry 2020
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magnification SEM and (g and h) TEM images of the CD@CuCoPBA nanocomposite.

Fig. 3a. After fitting, the R, values for each step were obtained.
The R, values of the bare AE, CD@CuCoPBA/AE, and Apt/
CD@CuCoPBA/AE are 0.103,

0.321, and 1.058 kohm,
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(a) The high-resolution Co 2p, (b) Cu 2p, (c) C 1s, and (d) N 1s XPS spectra of the CD@CuCoPBA nanocomposite. (e and f) Low- and high-

respectively. After detecting EGFR, the obtained EGFR/Apt/
CD®@CuCoPBA/AE exhibits a R, value of 1.601 kohm. The
increase of the R value for the CD@CuCoPBA/AE indicates that

RSC Adv, 2020, 10, 28355-28364 | 28359
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behaviors of CD@CuCoPBA incubated with MCF-7 cell for 1 h. Confocal microscopy images were obtained through different channels according

to the CD@CuUCoPBA emission (the scale bar corresponds to 50 pm).

the CD@CuCoPBA nanocomposite displays relatively poor
conductivity.*® After the EGFR aptamer immobilization, the R,
value of the modified electrode increases from 0.321 to 1.058
kohm suggests that the EGFR aptamer was successfully
immobilized onto the CD@CuCoPBA/AE, further hampering
the charge transfer.** When detecting EGFR, the R, value
further increases because the specifically binding between
EGFR and the aptamer to form a tight complex.*® It further
hinders the electron transfer and the diffusion of redox mate-
rials. As shown in Fig. 3b, the similar discovery is obtained for
the CuCoPBA-based sensor for the detection of EGFR. The
achieved R, value caused by each step also raised successively.
The R values are 0.142, 0.872, 1.732, and 1.887 kohm for the
bare AE, CuCoPBA/AE, Apt/CuCoPBA/AE, and EGFR/Apt/
CuCoPBA/AE, respectively. The corresponding CV curves show
clear redox peak of [Fe(CN)s]>~"*~ (Fig. S51). The highest peak
currents of the bare AE surface are found. The oxidation and
reduction peaks decrease slightly due to the blocking effect of
the CD@CuCoPBA nanospheres. After immobilization of the
EGFR aptamer on to the CD@CuCoPBA/AE surface, a decrease
is appeared in reversible oxidation and reduction peaks, which
is attributed to the charge repulsion between [Fe(CN)s]**~ and
the phosphate groups containing in aptamer strands. When the
Apt/CD@CuCOPBA/AE surface is bound with EGFR, the oxida-
tion and reduction peak current densities are reduced, sug-
gesting that EGFR is successfully interacted on the Apt/
CD@CuCOPBA/AE surface and acted as a barrier, thus
hindering the electron transfer at the solid/liquid interface.

28360 | RSC Adv, 2020, 10, 28355-28364

The detection sensitivity of the EGFR aptasensor was also
checked by EIS (Fig. 3c). The EIS results reveal that EIS
responses gradually increase with increasing the EGFR
concentrations (0.001, 0.005, 0.05, 0.5, 5, 50, 500, and 1000 pg
mL ). Similarly, the AR, values increase with increasing the
EGFR concentration (Fig. 3d), of which AR, values vary linearly
with the logarithm of EGFR concentration within the range
from 1.0 fg mL™" to 1.0 ng mL " (the inset of Fig. 3d). The
regression equation can be expressed as AR, (kohm) =
0.30 log Conggrg (pg mL™') + 1.00 with a coefficient of deter-
mination (R?) of 0.9944, where Conggpg is the target EGFR
concentration, showing an ultralow LOD value of 0.42 fg mL ™"
(S/N = 3). Compared with other EGFR biosensors, the present
CD@CuCoPBA detection system exhibits superior sensing
performance toward EGFR (Table 1).

After analyzing the LOD of the CD@CuCoPBA-based apta-
sensor for detecting EGFR, we further investigated its selec-
tivity, reproducibility, and stability of the proposed sensor. The
proteins or biomarkers probably coexisted with EGFR in the
human serum, including HER2, IgG, IgE, PSA, BSA, CEA, and
their mixed solution were investigated under the same condi-
tions to assess the selectivity of the proposed sensor. As illus-
trated in Fig. 3e, when the CD@CuCoPBA-based aptasensor was
applied to separately analyze different interferents with
a concentration of 0.5 pg mL ™", EIS responses exhibit nearly no
difference compared with the background test. Howbeit, a large
EIS response is found once the aptasensor is incubated with the
mixed solution of EGFR and interferents, which is comparable
with the case of EGFR only. All results indicate high selectivity of

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 EIS Nyquist plots of the determination procedure for EGFR by using (a) the CuCoPBA- and (b) CD@CuCoPBA-based sensors, including the
bare AE, materials/AE, Apt/materials/AE, and EGFR/Apt/materials/AE; (c) EIS responses of the Apt/CD@CuCoPBA/AE against EGFR with different
concentrations of 0.001, 0.005, 0.05, 0.5, 5, 50, 500 and 1000 pg mL™%: (d) dependence of the AR values on the EGFR concentration detected
by the Apt/CD@CUCOoPBA/AE. The linear part of the calibration curve is shown in the inset of (d). () The sensing selectivity measurement. The
AR values of the proposed electrochemical sensor by separately adding different interferents, including HER2, 19G, IgE, PSA, BSA, and CEA with
the concentration of 0.5 pg mL™, EGFR of 5.0 fg mL™, and their mixture. (f) Reproducibility, (g) stability, and (h) regeneration of the proposed
aptasensors for detecting EGFR with the concentration of 5.0 fg mL™* (n = 3).
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Table 1 Comparison with other published work for the detection of EGFR

Materials Methods Detection range (pg mL ") LOD (pg mL ™) Ref.
Dithiobissuccinimidyl propionate EIS 1-1 x 10° 1 41

AuNPs Differential pulse voltammetry (DPV) 1 x 10° to 4 x 10* 50 10

AuNPs Resonance Rayleigh scattering 2 x 10*to 1 x 10° 100 9
CMK-3/poly-(AC-co-MDHLA) cv 107° x 10* 3.03 42
Ferrocene moiety-peptide ligands DPV 100-1 x 10° 37 43
AuNPs-protein G EIS 1-1 x 10° 0.34 44
CD@CuCoPBA EIS 1x102to1 x 10° 42 x 107* This work

the present aptasensor. In terms of the reproducibility, five
different CD@CuCoPBA-based sensors with 5.0 fg mL~" EGFR
were examined under the same measurement conditions
(Fig. 3f). The results demonstrate that similar AR, values are

obtained, giving a low relative standard deviation (RSD) of 2.4%.
To assess the stability, the long-term stability experiment was
tested (Fig. 3g). After 15 days, AR, value retains 97.3% of the
initial value, suggesting good stability of the constructed
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Fig. 4
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(a) EIS Nyquist plots and (b) CV curves for testing the whole detection procedure of MCF-7 cells using the proposed CD@CuCoPBA-based

aptasensor. (c) EIS responses of the Apt/CD@CuCoPBA/AE against MCF-7 cells with different concentrations of 5 x 102, 1 x 10%, 5 x 103, 1 x 10%,
5 x 10%, and 1 x 10° cell per mL; (d) dependence of the AR values on the MCF-7 cell concentration using the Apt/CD@CUCoPBA/AE. The linear
parts of the calibration curves are shown in the inset of (d). (e) The AR values of CD@QCuCoPBA-based aptasensor for detecting L929 and C6
cells with the concentration of 500 cell per mL. (f) Reproducibility of the CD@CuCoPBA-based sensor for detecting MCF-7 cells with the
concentration of 100 cell per mL (n = 3).
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aptasensor. To probe the repeatability, the CD@CuCoPBA-
based aptasensor bound with EGFR was dispersed in 0.5 M
KOH solution for 5 min. After incubating in the EGFR solution,
good electrochemical EIS responses for 10 cycles are observed
(Fig. 3h). Consequently, this investigation can broaden the PBA
applications in sensing fields, such as environmental moni-
toring and early determination of cancer markers.

3.6 Practicability of the developed aptasensor toward EGFR

The analytical reliability of the present constructed sensor for
detecting EGFR was tested by recovery experiments. The
CD@CuCoPBA-based sensor was used to determine the healthy
human serum samples containing EGFR with various concen-
trations. Corresponding to the results (Fig. 3d), the concentra-
tion of EGFR was calculated by using the constructed
CD@CuCoPBA-based aptasensor (Table S1t). As for the
healthy human serum samples, the recovery varied from 94.4%
to 104.0%, together with RSDs within a range of 1.9% to 4.5%.
Hence, it is promising for the utilization of the developed
aptasensor to monitor EGFR concentration in serum samples.

3.7 Electrochemical performance of the CD@CuCoPBA-
based sensor for determining living MCF-7 cells

Considering the sensing performance, low cell cytotoxicity, and
good cell image of the CD@CuCoPBA, we also applied it as the
scaffold nanomaterial for EGFR aptasensor to detect the cancer
cells which overexpress EGFR, MCF-7 cells. The CD@CuCoPBA-
based sensor was applied to monitor MCF-7 cells using the EIS
technique. The stepwise fabrication process is displayed in
Fig. 4a, including the CD@CuCoPBA/AE, Apt/CD@CuCoPBA/
AE, and MCF-7/Apt/CD@CuCoPBA/AE, which leads to the
gradually increases in the R, value. This result indicates that
recognition interaction took place between aptamer and the
MCF-7 cell surface. As can be seen from Fig. 4b, there is
a decrease in peak current, along with the step-by-step fabri-
cation of the aptasensor, which is consistent with the EIS
results. Thereby, the constructed CD@CuCoPBA-based sensor
can be applied to directly analyze the living cancer cells by the
electrochemical technique.

The sensitivity of CD@CuCoPBA-based sensor for deter-
mining MCF-7 cells was investigated. MCF-7 cells were added
into PBS to form the cell solution with different concentrations
of 5 x 10%,1 x 10%,5 x 10,1 x 10*, 5 x 10%, and 1 x 10° cell
per mL before use. As shown in Fig. 4c, the impedance of the
aptasensor increase with increasing the concentration of MCF-7
cells with the concentration ranging from 5 x 10% to 1 x 10° cell
per mL owning to the recognition interaction between the
EGFR-targeted aptamer and EGFR expressed in MCF-7 cells. By
analyzing the R value with the concentrations of MCF-7 cell
(Fig. 4d), the good linear relationship was achieved between the
obtained AR value and the logarithm of MCF-7 cell concen-
tration (log Conycr.7) (the inset of Fig. 4d). The linear equation
is presented as AR, (kohm) = 1.17 log Conycr-7 (cell per mL) —
2.96 with a R2 of 0.9961. The LOD was deduced to be 80 cell
per mL at an S/N ratio of 3. The analytical performance of the
aptasensor is also compared with previously reported
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biosensors for MCF-7 cells (Table S27t). The result hints that the
excellent sensing performance of the CD@CuCoPBA-based
sensor is contributed to high electrochemical activity and
strong aptamer binding interaction.

To test the selectivity of CD@CuCoPBA-based biosensor as
a sensitive layer for detecting living cells, cancer cell lines (C6)
and normal cell lines (L929) were also measured by EIS. As
depicted in Fig. 4e, there is no substantial change in the AR
value after the modified electrode is incubated in C6 and L929
cell solutions (500 cell per mL). In terms of the reproducibility
of the CD@CuCoPBA-based biosensor sensor, parallel tests of
five aptasensors were tested under same experiment conditions
(Fig. 4f). The RSD of five measurements is calculated to be 3.2%.
This founding further proves that the constructed
CD@CuCoPBA-based sensor can not only be utilized in detect-
ing living cancer markers but also be applied in clinical
analysis.

4. Conclusion

In summary, a novel nanocomposite of CuCo PBA loaded with
abundant CDs was synthesized and applied it as a bioplatform
for immobilizing EGFR aptamer to construct the electro-
chemical aptasensor to detect EGFR and MCF-7 cells. The
combined valences of Cu (Cu(r) and Cu(u)) and Co (Co(0), Co(1),
and Co(u)) species were coexisted, while rich carbon-related
functional groups were observed in the CD@CuCoPBA. From
the TEM analysis, it is clear that the CDs were distributed within
the interior of the CuCo PBA networks, which can facilitate the
electrochemical conductivity, fluorescence performance, and
good biocompatibility. Therefore, compared with the CoCuPBA-
based sensor, the CD@CuCoPBA-based one demonstrated
a superior sensing performance toward EGFR and EGFR-
overexpressed cancer cells. The electrochemical results
demonstrated that the CDs@CuCoPBA-based sensor gave low
LODs for the detection of EGFR (0.42 fg mL ') and MCF-7
cancer cells (80 cell per mL), together with high selectivity,
good reproducibility, high stability, repeatability, and accept-
able applicability. We anticipate that this work can benefit
researchers on biosensing and clinical assay because of the
outstanding sensing performance of CuCo PBA.
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