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Abstract
Amethod is presented for electrochemical determination of the breast cancer biomarker HER2. A glassy carbon electrode (GCE)
was modified with densely packed gold nanoparticles placed on a composite consisting of electrochemically reduced
graphene oxide and single walled carbon nanotubes (ErGO-SWCNTs). An aptamer directed against HER2was then immobilized
ono the GCE. The modified GCE was characterized by cyclic voltammetry, differential pulse voltammetry and electrochemical
impedance spectroscopy. The immobilized aptamer selectively recognizes HER2 on the electrode interface, and this leads to an
increased charge transfer resistance (Rct) of the electrode when using ferri/ferro-cyanide as the electrochemical probe. The
method has a low limit of detection (50 fg·mL−1) and a wide analytical range (0.1 pg·mL−1 to 1 ng·mL−1). The assay is highly
reproducible and specific. Clinical application was demonstrated by analysis of the HER2 levels in serum samples, and sera of
breast cancer patients were successfully discriminated from sera of healthy persons.
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Introduction

Human epidermal growth factor receptor 2 (HER2) levels is
clinically used as an indicator of the breast cancer screening
[1]. Research has shown that the concentration of HER2 in
the blood of healthy people is on average about 2–15 ng·
mL−1 and increases in breast cancer patients by 15–75 ng·
mL−1 [2]. Therefore, development of fast and low-cost analyt-
ical methods for accurate HER2 detection is of great importance
in the early cancer diagnosis, monitoring the effectiveness of
treatment and assessing likelihood of remission post treatment.

Currently, the only techniques that have been U.S. Food
and Drug Administration (FDA) approved for HER2 status

detection involve DNA (in-situ hybridization, ISH) and pro-
tein (immunohistochemistry, IHC) evaluation [3, 4]. These
techniques, however, are expensive, time consuming, limited
sensitivity and specify, and very invasive [5, 6]. Therefore, the
development of a costly-effective, fast, facile, sensitive, selec-
tive and non-invasive method for the HER2 detection is re-
quired. For this purpose, a range of assays have been reported,
including fluorescence, chromatography, mass spectroscopy
and electrochemistry [7–13]. By comparison, electrochemical
(bio)sensors are most appropriate because of their relative
simplicity in terms of instrumentation and analysis, low cost
per assay, high selectivity and superior sensitivity, reliability,
quick response and potential for miniaturization [14–18].

Aptamers are single-stranded sequences that can bind spe-
cifically to the target molecules (e.g., proteins and drugs), that
can be considered oligonucleotide analogs of antibodies as
biorecognition layer in biosensors. Aptamers have numerous
advantages over antigene-antibody such as they can be select-
ed by in vitro technologies for their target molecules and they
are thermally stable under high temperatures, and they are
greatly flexible and easily modifiable with functional groups.
Therefore, the use of aptamers as receptor in electrochemical
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biosensors has increased sharply [19–21]. Nanomaterials can
be used as substrate for immobilization of aptamer, or as labels
to amplify electrochemical current. Both factors improve de-
tection limits. Carbon nanomaterials, including single- and
multi-walled carbon nanotubes, nanodiamonds, fullerene,
nanoporous carbon, carbon dots and graphene oxides are re-
ported in the field of electrochemical biosensing devices [22,
23]. Among them, the most extensively used carbonaceous
nanomaterials utilized in electrochemical biosensors are car-
bon nanotubes and various kinds of graphene [19, 20, 24, 25].
The great mechanical flexibility, high surface-to-volume
ratio, high efficiency of charge transfer, the abundant pres-
ence of edge-plane-like defects, exceptional electronic
properties, unique electrochemical stability and excellent
thermal conductivity, allow being used as very attractive
materials for the construction of electrochemical (bio)sen-
sors. Their high surfaces of carbon nanotubes can be readily
modified with a diversity of functional chemical groups
for bioreceptor immobilization that it is gaining importance
in the construction of electrochemical biosensors.
Nanocomposites prepared by a combination of carbon
nanotubes and other materials, such as metal nanoparticles,
polymers or ionic liquids are used to improve the electro-
catalytic propert ies and better immobilization of
biorecognition elements [26, 27].

In the cur ren t s tudy, cons ider ing benef i t s of
graphene oxide, AuNPs, and SWCNT nanomaterials, we used
them into an aptamer-based assay to apply the synergy contri-
butions on the enhancement of signal characteristics. Anti-
HER2 aptamer containing a sequence of 86 bases [28] was
used in conjugation with electrochemical impedance spectros-
copy (EIS) to monitor HER2 concentration. Furthermore, the
electrochemical assay was used for real sample analysis in
order to determine HER2 concentration in serum samples ob-
tained from patients with breast cancer.

Experimental section

Chemicals and instrumentation

Anti-HER2 DNA aptamer (APT): 5’-SH-(CH2)6-AAC CGC
CCA AAT CCC TAA GAG TCT GCA CTT GTC ATT TTG
TAT ATG TAT TTG GTT TTT GGC TCT CAC AGA CAC
ACT ACA CAC GCA CA −3′ was purchased from Bioneer
Corporation (www.bioneer.com, Daejeon, Korea). Graphite as
a source of graphene oxide (GO), chicken egg white lysozyme,
prostate-specific antigen (PSA), thrombin and HER2 were ob-
tained from Sigma-Aldrich (www.sigmaaldrich.com, St. Louis,
MO). Aptamer and HER2 solutions were prepared using Tris
buffer (containing 10mmol·L−1 Tris–HCl, 1.0 mmol·L−1 EDTA
and 10 mmol·L−1 NaCl, pH 7.4) and were stored at −4 °C until
use. The redox probe (3.0 mmol·L−1 of [Fe(CN)6]

3−/4- (1:1)

mixture and 0.1 mol·L−1 KCl in Tris buffer) was prepared
immediately before use. In addition, double distilled water was
used for the preparation of all aqueous solutions. All reagents
were obtained in analytical and extra pure grade and used
without any additional purification.

An Autolab PGSTAT302N (www.metrohm-autolab.com)
with NOVA 1.11 software (Eco Chemie, The Netherlands,
www.ecochemie.nl) in a three electrode cell assembly was
used for electrochemical measurements. Field emission-
scanning electron microscopy (FE-SEM; Model XL30,
Philips) and transmission electron microscopy (TEM) were
used for the surface morphology analysis (with a Philips
CM30 300 kV TEM operating at 300 kV). UV-Vis absorption
spectrum was conducted by a double beam (Jasco V–570
Model) UV-Vis-NIR spectrophotometer with a 1.0 cm quartz
cell. Fourier Transform Infrared (FT-IR) spectra were recorded
in KBr pellets with a Jasco 680-plus spectrometer from 4000
to 400 cm−1. A Bruker D8/Advance X-ray diffractometer de-
vice (using Cu-Ka radiation) was used for preparing the X-ray
diffraction (XRD) pattern. Raman spectra were measured
using Nicolet Almega® device.

Synthesis of GO-SWCNT

Functionalization of SWCNT to carboxylated SWCNT
(SWCNT-COOH) and synthesis of GO was discussed in the
supplementary materials. For the preparation of GO-SWCNT,
10 mg SWCNT and 10 mL of GO (1 mg·mL−1) were mixed
and ultrasonicated for 1 h. Finally, the composite was collect-
ed and re-dispersed in D.I. water (1 mg·mL−1) after being
washed with D.I. water and ethanol for three times and dried.

Immobilization of ErGO-SWCNT and AuNPs
on the electrode surface

Glassy carbon electrode (GCE, 3.0 mm diameter, Metrohm)
was first polished with Al2O3 powder (Aldrich, 0.1, 0.05 mm)
usingMetrohm polishing kit, and rinsed with deionized water,
followed by sonication in ethanol and deionized water.
Finally, the GCE were dried under a continuous nitrogen
stream at the room temperature. 2.5 μL GO-SWCNT was
directly drop cast on the cleaned GCE and allowed to dry.
The GO-SWCNT modified electrode was then subjected to
a constant potential of −0.9 V (vs. Ag/AgCl) for 1000 s in a
phosphate buffer (0.1 mol·L−1, pH 4.2) aqueous solution for
the electrochemical reduction of GO to ErGO. The electro-
chemical deposition of AuNPs were prepared by applying a
constant potential of −0.2 V in an electrochemical cell con-
taining 1.0 mmol·L−1 HAuCl4 solution containing 0.1 mol·
L−1 KNO3 as electrolyte for 180 s. The ErGO-SWCNT/
AuNPs films were rinsed with water and dried.
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Aptamer covalent immobilization
onto ErGO-SWCNT/AuNPs

In order to immobilize the aptamer on the surface of the elec-
trode, the modified GCE electrode was immersed in Tris buff-
er containing thiolated anti-HER2 aptamer (200 nmol·L−1) for
an immersion time of 9 h and then the film was rinsed with
Tris buffer (0.1 mol·L−1, pH 7.4). The aptamer modified elec-
trode was further treated with 1.0 mmol·L−1 6-mercapto-1-
hexanol for 30 min to obtain a well aligned aptamer monolay-
er and to deactivate the activated sites of the nanoprobe and
prevent their unspecific adsorption. In order to remove
aptamermolecules which were not stabilized through covalent
bounds, electrodes were washed with Tris buffer a few times.

HER2 detection

After preparing the GCE/ErGO-SWCNT/AuNP/APT, the
modified electrode was immersed in Tris buffer containing
HER2 with different concentrations for 40 min. Then, the
electrodes were rinsed with Tris buffer (pH = 7.4) to remove
non-bonded HER2 and finally, electrochemical signals of the
electrodes before and after interaction with HER2were detect-
ed using EIS. The changes in the electrochemical signals cor-
related to its concentration.

Electrochemical measurements

All electrochemical studies were carried out using PG electrode
as the working electrode, a Pt counter electrode and Ag/AgCl
reference electrode. The electrolyte used in all studies was
3.0 mmol·L−1 [Fe(CN)6]

3−/[Fe(CN)6]
4− (1:1) solution as a re-

dox probe and 0.1 mol·L−1 KCl in Tris buffer (pH 7.4). The
electrochemical impedance of the electrodes was measured in a

frequency range of 100 mHz to 100 KHz at potential of
+0.23 V versus Ag/AgCl with a sinusoidal signal of 10 mV.

Preparation of serum samples

Serum samples of breast cancer patients and healthy persons
were acquired from Alzahra Hospital, Isfahan, Iran, and centri-
fuged with G value of 9990 g before storage in the refrigerator at
−20 °C. The supernatant was diluted with Tris buffer before use.

Results and discussion

Characterization of the graphene oxide (GO)
nanosheets

Raman spectroscopy, FT-IR, SEM, and XRD techniques were
used to determine the characteristics of GO nanosheets. All
results indicated the successful synthesis of GO. The results
obtained from each technique along with necessary details are
presented in “Supplementary Materials” (Section S2.1).

Characterization of GO-SWCNT
and ErGO-SWCNT/AuNP

The SEM and TEM images of the SWCNTs, GO, ErGO-
SWCNT and ErGO-SWCNT/AuNP is presented in Fig. 1.
The SEM and TEM of SWCNT (Fig. 1a and b) shows a
tube-like homogeneous structure with rough surface features
that dispersed in DMF homogeneously with good dispersion.
As shown in Fig. 1c and d, the image of GO shows a sheet and
wrinkled structure. The SEM image of ErGO-SWCNT is
displayed in images of E and F. The gray lamellar structure
is related to the ErGO, which was entirely hidden by SWCNT.

Fig. 1 FE-SEM and TEM images of treated SWCNT (a and b), GO (c and d), rGO-SWCNT (e and f), and rGO-SWCNT/AuNP (g and h)
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CNT not only modified surface properties of the ErGO and
avoided from its probable agglomeration, but also exploit as a
connection between ErGO and the target molecules.
Assemble of the ErGO nanosheets and SWCNT into a nano-
composite lead to producing a new chemical network with
favorite structures and attractive properties with both the in-
teresting properties of SWCNTand GO nanosheets. As shown
in images of G and H, the AuNP were homogeneously and
densely covered on ErGO-SWCNT film. The diameter of
AuNP was in a variety of 10–100 nm and the number was
excessive. The very minor size and homogeneous and dense
spreading of AuNP afforded more opportunity for improving
the catalytic activity of ErGO-SWCNT/AuNP film. Generally,
the morphology and microstructure characterizations support-
ed the successful creating the ErGO-SWCNT/AuNP
nanohybrid with this approach.

The effectiveness of electrochemical reduction of the GO-
SWCNT to ErGO-SWCNT was studied by X-ray photoelec-
tron spectroscopy (XPS). Core C1s XPS spectra (Fig. S-2)
displays an intense decrease of the C-O bond for ErGO-
SWCNT (Fig. S-2B) when compared to GO-SWCNT precur-
sor (Fig. S-2A), likely related to the reduction of epoxides on
GO surfaces. It is interesting to investigate the C1s XPS spec-
trum of rGO after applying potential of −0.2 V to rGO mod-
ified GCE (rGO/GCE). As shown in the Fig. S-2C, the XPS
spectrum is similar to that of rGO (before applying potential,
Fig. S-2B) and not to that of GO (Fig. S-2A). Therefore, the
surface oxygen functional groups is not formed on the surface
of rGO by applying −0.2 V.

The UV–Vis absorption spectra of the ErGO-SWCNT and
ErGO-SWCNT/AuNP nanocomposites are shown in Fig. S-
2D. The ErGO-SWCNT displayed an clear characteristic ab-
sorption peak at ~228 nm (curve a), which was corresponding
to π–π* electronic transitions of aromatic C=C bonds [29].
However, the characteristic absorption peak of aromatic C=C
bonds for the ErGO-SWCNT/AuNP nanocomposite was red-
shifted to ~245 nm (curve b), indicating that the ErGO-
SWCNT was partially reduced by electrochemical treatment
[29]. The characteristic absorption peak at ~529 nm on the

ErGO-SWCNT/AuNP nanocomposites was attributed to a
distinct surface plasmon absorption band of AuNP [30], indi-
cating the growth of AuNP on the surface of ErGO-SWCNT.

The composition and purity of the ErGO-SWCNT/AuNP
hybrid nanocomposite were investigated using energy disper-
sive spectroscopy (EDS) technique as shown in Fig. S-2E. The
EDS spectrum shows the well-defined peaks of C and Au with-
out any detectable impurity element, which suggests that the
nanocomposite has a high purity in composition. Furthermore,
the Raman spectra of the ErGO-SWCNT and ErGO-SWCNT/
AuNP nanohybrids were compared in Fig. S-2F. It is clear that
the G and D peak positions in the ErGO-SWCNT/AuNP
nanohybrid were analogous to those seen in the ErGO-
SWCNT, while the ErGO-SWCNT/AuNP nanohybrid had an
boosted D/G intensity ratio (ID/IG) of 0.93 (curve b) relative to
the GO-SWCNT of 0.80 (curve a), which verified the ErGO-
SWCNT has been partially reduced through the electrochemi-
cal deposition of AuNP. All the inspections above support the
effective production of ErGO-SWCNT/AuNP film.

Investigating the electrochemical properties
of the nanocomposites

The electrochemical properties of bare GCE and GO, ErGO,
SWCNT, AuNP, ErGO/AuNP, SWCNT/AuNP, and ErGO-
SWCNT/AuNP modified GCE were investigated using CV,
DPV, and EIS. Figure 2a shows DPV graphs of GCEs modi-
fied with different nanomaterials at a solution containing
3.0 mmol·L−1 [Fe(CN)6]

3−/[Fe(CN)6]
4− (1:1). The graph for

the bare GCE (trace a) shows a discrete peak which after
coating the GO nanosheet on it shows a sharp decrease in peak
current (trace b). This is due to presence of functional groups
in GO that hampering electron transfer between the electrode
surface and electrolyte, thus reducing the electrical conductiv-
ity of GO. After coating GCE with ErGO nanosheet, the cur-
rent response increases (trace c), while ErGO/AuNP can en-
hance the electron transfer and available surface of GCE (trace
f), leading to an increase in the current response compared to
GO. This is the result of high conductivity, large surface area

Fig. 2 aDPV, bCV, and cEIS curves of (a) unmodifiedGCE, andmodified
GCE with (b) GO, (c) ErGO, (d) SWCNT, (e) AuNP, (f) ErGO/AuNP, (g)
SWCNT/AuNP, and (h) rGO-SWCNT/AuNP nanocomposites in a solution

containing 3.0 mmol·L−1 [Fe(CN)6]
3−/[Fe(CN)6]

4− (1:1) mixture and
0.1 mol·L−1 KCl
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and remaining oxygen-related defects of ErGO. Coating
SWCNT/AuNP nanocomposite on GCE increases peak cur-
rent (trace g) compared to SWCNT (trace d) which is due to
high conductivity and good electron-transfer properties of
AuNP. Modifying the electrodes with ErGO-SWCNT/AuNP,
increases the current responsemore thanGO, ErGO, SWCNT,
AuNP, ErGO-SWCNT, SWCNT/AuNP, and ErGO/AuNP
(trace h). This increase is the result of improved electron-
transfer ability and unique benefits of SWCNT, ErGO, and
AuNP and their synergy contributions.

Additionally, CV results (Fig. 2b) are similar to DPV re-
sults acquired under similar conditions. In the next step, EIS
measurements were carried out using various nano-modified
GCEs under similar conditions (Fig. 2c). The data was fitted
well with an equivalent circuit (Fig. S-3). The results showed
that in the case of ErGO-SWCNT/AuNP modified electrode,
the amount of Rct is sharply reduced compared to bare and
other modified electrodes because of the presence of SWCNT,
ErGO, and AuNP in ErGO-SWCNT/AuNP. This might be
due to great conductivity of SWCNT, ErGO, and AuNP.

Optimization of nanoprobe manufacturing process

In order to improve its performance and sensitivity, all param-
eters related to the electrochemical assay developed by ErGO-

SWCNT/AuNP were optimized. Optimized parameters in-
clude the aptamer anti-HER2 concentration, aptamer immobi-
lization time, and the interaction time between the HER2 and
aptamer-confined electrode. The optimization results are pre-
sented in more detail in “Supplementary Materials” in more
details (Section S2.3). The optimal concentration of aptamer,
immobilization time, and interaction time are 200 nmol.L−1,
9 h, and 40 min, respectively.

HER2 detection

EIS was used as a sensitive technique for the detection of
HER2. Impedance of the electrode was determined in a solu-
tion containing 3.0 mmol·L−1 [Fe(CN)6]

3− /[Fe(CN)6]
4− (1:1)

as redox probe and 0.1 mol·L−1 KCl. Immobilization of the
aptamer on the nanomaterials modified GCE hinders the ac-
cess of the redox probe to the electrode surface. This in turn
results in low electron transfer efficiency and an increase of
Rct in EIS measurements. After interaction of HER2 with
aptamer-confined electrode, Rct increases again because more
hindering of access of the redox couple to the electrode sur-
face. The AuNP, SWCNT/AuNP, ErGO/AuNP, and ErGO-
SWCNT/AuNP were used to prepare various types of HER2
assays. The quality of the immobilization of the APT and the
sensitivity for the detection of the HER2 on the GCEmodified

Fig. 3 Rct difference for each
step in detection of HER2 was
measured using presented
method, in which AuNP,
ErGO/AuNP, SWCNT/AuNP,
and ErGO-SWCNT/AuNP were
applied as sensitive layers.
Nyquist plots were acquired in a
solution containing 3.0 mmol·L−1

[Fe(CN)6]
3−/[Fe(CN)6]

4− (1:1)
mixture and 0.1 mol·L−1 KCl

Fig. 4 SEM images of GCE/
ErGO-SWCNT/AuNP/Apt: a
before and b after bonding of
HER2
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with each of these nanocomposites were compared with each
other. The EI spectrum of the different modified electrodes are
shown in Fig. S-5 (A-D). Additionally, Fig. 3 shows changes
in the Rct after modifying of the electrodes with nanomaterials
(blue bar), aptamer (red bar) and after interaction of the
aptamer with HER2 (green bar). The differences between
Rct values (ΔR) were used as the main comparison criteria
for before and after addition of a new nanocomposite layer.

For AuNP, SWCNT/AuNP, ErGO/AuNP, and ErGO-
SWCNT/AuNP based nanoprobs, ΔR values after HER2 de-
tection (CHER2 = 0.5 pg·mL−1) are 108, 59, 52, and 340 Ω, re-
spectively (Fig. 3). Values ofΔR show a significant signal after
interaction of the aptamer-confined electrode with HER2 in the
case of ErGO-SWCNT/AuNPmodified electrode, compared to
other nanomodified electrodes, making it the most appropriate
electrode for HER2 detection. The SEM images of the aptamer
functionalized GCE/ErGO-SWCNT/AuNP before and after in-
teractionwith HER2 is shown in the Fig. 4. by the SEM images.
The images showed that, after the incubation of the nanoprobe
in the HER2 solution, the protein captured by the aptamers
could be observed on the surface of the electrode.

To obtain the calibration plot, several HER2 solutions in
Tris buffer (pH = 7.4) were prepared with different concentra-
tions and measured using ErGO-SWCNT/AuNP. Figure 5a
shows the Nyquist plots of the aptamer modified GCE/
ErGO-SWCNT/AuNP after binding with different concentra-
tions of HER2 in Tris buffer. Results show that the Rct have
increased with increase in the HER2 concentration. Figure 5b
shows the calibration plot at various concentrations of HER2.
As can be seen, logarithmic increase in HER2 concentration
leads to linear increase in Rct. The calibration plot is linear in
the range from 0.1 pg·L−1 to 1 ng·mL−1 with a detection limit
of 0.05 pg·mL−1 at a signal-to-noise ratio of 3.

Selectivity

The competition with HER2 in the solution was also studied
in order to evaluate the selectivity of the method. For this
purpose, some proteins including lysozyme, BSA, human
IgG, PSA, BHb, and thrombin were used. These proteins were
also used to determine any probable non-specific adsorptions
onto GCE/ErGO-SWCNT/AuNP/APT. To this end, the

Fig. 5 a Nyquist plots of anti-HER2 nanoprobe for different concentrations of HER2 within 0 pg·mL−1 – 1000 pg·mL−1, b Linear calibration plot for
ΔRct vs. log CHER2

Fig. 6 (a) Effect of the presence of 100 pg·mL−1, PSA, thrombin, and
lysozyme on the EIS responses obtained with the GCE/rGO-SWCNT/
AuNP/APT in competition with 10 pg·mL−1 HER2. (I) Time dependence

of relative signal change corresponding to the original signal of the meth-
od at 10 pg·mL−1 HER2 on the first day of measurement
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concentration of the HER2 was measured under optimal ex-
perimental conditions in the presence of these proteins.
Figures 6a shows that after addition of PSA (100 pg·mL−1),
thrombin (100 pg·mL−1), and lysozyme (100 pg·mL−1) to the
solution containing HER2 (10 pg·mL−1), changes in Rct are
not significant. This shows good selectivity of the method in
the presence of other proteins. The results indicated that the
GCE/ErGO-SWCNT/AuNP/APTonly responds to HER2 and
not to another proteins.

Reproducibility and storage stability

For the application of the method in the analysis of different
real samples, it is necessary the method showed reproducible
signals to HER2. Therefore, in order to measure reproducibil-
ity, ten electrodes (GCE/ErGO-SWCNT/AuNP/APT) were
used for measuring 10 pg·mL−1 of HER2. The values of ΔR
for the measurements of 10 pg·mL−1 HER2 have a Relative
Standard Deviation (RSD) of 5.4%.

Storage stability of the GCE/ErGO-SWCNT/AuNP/APT
might present an important issue during practical applications

of HER2 detection. Time-dependency of current response,
relative to the original signal for 10 pg mL−1 HER2 solution
on the first day, is shown in Fig. 6b. Between measurements at
different days, aptamer modified electrodes were kept at 4 °C
under dry conditions. The results indicate that after 1 month,
anti-HER2 nanoprobes signal for 10 pg·mL−1 HER2 solution
is 94% of the original signal. This confirms excellent storage
stability of GCE/ErGO-SWCNT/AuNP/APT.

Recovery test

In order to verify the accuracy of the method, the concentra-
tions of HER2 in the spiked serum samples from normal hu-
man that diluted 400-fold were measured (Table 1). Using the
standard additionmethod, the recoveries of HER2 detection in
the spiked human serum samples are found in the range of
94.9%–106.2% (n = 3), representative the consistency and ap-
plicability of the GCE/ErGO-SWCNT/AuNP/APT for spiked
sample analysis.

Serum sample testing

Finally, HER2 contents in six serum samples from breast can-
cer patients and ten serum samples from healthy persons were
tested to determine the feasibility of GCE/ErGO-SWCNT/
AuNP/APT for real sample analysis. To remove observational
bias, each sample was analyzed in quintuple, and the resultant
data are presented in Table S-1. As expected, the concentra-
tions of HER2 in samples from cancer patients are higher than
those for healthy subjects, which is consistent with the previ-
ous reports. Therefore, this method can be used to differentiate
healthy people from people with breast cancer, and even mea-
suring the amount of HER2 in the serum samples to assess the

Fig. 7 Regression analysis of the
detection of HER2 with ELISA in
human serum samples

Table 1 Recovery measurements of HER2 spiked in serum samples
from healthy persons

Sample
no

Add
(pg·mL−1)

Found
(pg·mL−1)

Recovery
(%)

RSD
(%)

1 0 0.4 – 6.1

2 3 3.61 106.2 4.2

3 13 12.72 94.9 5.7

4 23 24.2 103.4 3.9

5 33 32.88 98.4 6.9
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prognosis of the cancer. Besides, in order to verify the reliabil-
ity of the aptamer-based assay, the serum samples were also
analyzed by commercial ELISA kit. As listed in Table S-1, the
HER2 levels determined by our method were in good agree-
ment with ELISA results. The results of the two methods were
analyzed by linear regression, which gave a R2 of 99.83
(Fig. 7). The results show that the method has advantages such
as high sensitivity, accuracy and specificity for detection of
HER2 in serum samples.

Conclusions

We introduce a novel electrochemical aptamer-based assay
based on ErGO-SWCNT/AuNP nanocomposite for detection
of HER2 protein. In the presence of HER2, aptamer on the
surface of the GCE modified with ErGO-SWCNT/AuNP ad-
sorbs the target HER2 molecules. This creates an electron
barrier and restricts electron transfer which results in increase
of Rct in EIS. The results indicate that the amount of
immobilized aptamer molecules on the GCE surface increases
after modification using ErGO-SWCNT/AuNP. Method of
using the nanocomposite in electrochemical assays proposed
in the current study can also be applied for detection of other
molecules and proteins. This means that the current aptamer-
based approach can be a powerful and selective tool for de-
veloping and improving novel electrochemical assays.
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