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Abstract

Biomarkers can be ideal indicators for assessing the risk of the presence of a disease.

In this study, a label-free electrochemical biosensor was designed to quantify the vas-

cular endothelial growth factor A (165) (VEGF-A(165)) antigen, using reduced

graphene oxide-gold nanoparticle for early detection of breast cancer. The conductiv-

ity of gold nanoparticle along with its biocompatibility provide an enhanced surface,

suitable for anti-VEGF antibody immobilization. 11-mercaptoundecanoic acid was

used to facilitate a single-step and convenient bonding of the antibodies to the sur-

face, compared to previous studies. The dynamic range of the biosensor was

between 20 to 120 pg/ml and its limit of detection of the biomarker VEGF-A(165)

was obtained to be about 0.007 pg/ml, using different electric signal transduction

modes. Hence, the biosensor is a beneficial immunosensor with high sensitivity and

ideal dynamic range for early-stage diagnosis of breast cancer and other cancers dis-

eases associated with expression of VEGF-A(165). The as-prepared immunosensor

could be efficiently employed for designing a point-of-care diagnostic platform.
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1 | INTRODUCTION

One-in-five men and one-in-six women get cancer during their life-

time. Hitherto, more than 277 different types of cancer have been

identified,1 with lung cancer and breast cancer as the top two most

common cancers in the world, respectively.2 Cancer has a mortality

rate of one out of every six, for instance in 2018, according to Ameri-

can institute for cancer research report, about 9.6 million people died

of metastasis,2 which is the main cause of cancer deaths. Therefore,

diagnosis of cancer in the early stages can not only prevent metastasis

in many cases, but it can also reduce the suffering, and costs of

treating the disease between two and four times less. However, in

many low- and middle-income countries, access to various diagnosis

methods is low.

In the case of breast cancer, as an example, the common diagno-

sis approaches are mammography, histopathology, sonography. There

are also other methods which are based on genomic and proteomic

techniques to identify the circulating breast cancer biomarkers, such

as DNA microarray assay, and the enzyme-linked immunosorbent

assay (ELISA).3 In the absence of cancer, biomarkers are at very low

levels. However, their population increases as soon as the incidence

of cancer appears,4 making biomarkers valuable tools for early detec-

tion of cancer, as well as tools for classification and observation of the

disease, and assessing its resistance to chemotherapy.

Among breast cancer biomarkers, vascular endothelial growth fac-

tor (VEGF) is the one, which is known to provide the ability to detect

cancer at its early stages with the highest sensitivity and specificity.5

This biomarker has five different isoforms, namely, VEGF-A, VEGF-B,

VEGF-C, VEGF-D, and VEGF-placenta growth factor. The expression

of VEGF-A biomarker, as the most important member of the family,

increases dramatically in hypoxic solid tumours.4 Hypoxia, in fact,

leads to inadequate oxygen supply at the tissue, to the expression of
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VEGF mRNA and its receptors.6 The VEGF-A biomarker has multiple

subgroups, such as VEGF-A(206), VEGF-A(189), VEGF-A(165), VEGF-

A(121); of these, VEGF-A(165) is a predominant isoform.7 ELISA is

known as a definite and reliable tool for quantifying VEGF-A levels in

the body. However, detecting and quantifying VEGF-A proteins from

body tissues requires expensive equipment and trained staff and tis-

sue oxidation, limiting access and causing lack of flexibility in selecting

standards, and in the quality and amount of the sampling.8 As a result,

the development of accurate non-invasive, low-risk, and -cost

approaches is necessary to overcome the limits.

Nanobiosensors have attracted significant attention as tools to

convert analyte concentration into measurable amounts.9 Based on

the various transducer, there are different biosensors such as opti-

cal, piezoelectric and electrochemical biosensors. Electrochemical

biosensors are the oldest and most common nanobiosensors.10 In

these biosensors, a biomaterial such as an aptamer or antibody

(Ab) is immobilized on the metal or carbon electrode's surface, which

binds to an analyte and the sensor transforms this connection into a

readable electrical current in a short time. Due to their specificity

and sensitivity to a variety of analytes, electrochemical biosensors

are widely used for medical diagnosis, early detection or monitoring

of diseases. Various electrochemical techniques such as amperomet-

ric, impedimetric and potentiometric are capable of detecting high

molecular weight materials such as proteins with high sensitivity.11

Having VEGF as a signal protein produced by the cells that bind to

its receptors and initiate signaling pathways, there have been some

reports on various techniques for its detection, with employing

immunoassay as the most common one. Immunohistochemistry and

radioimmunoassay have high specificity to monoclonal antibodies

that are target-specific.12 However, these methods are considered

time-consuming and costly, making them inappropriate for point-of-

care clinical diagnostics.13 Electrochemical immunosensors, on the

other hand, are simple, cost-effective and accurate measurements

tools for detection of various proteins.14-17 However, loosing of the

electrical conductivity of the sensor, as a result of the attachment of

the analyte is their major drawback, which is generally solved by

introducing conductive nanomaterials, such as graphene oxide and

gold nanoparticles.18-21 These nanoparticles not only provide higher

conductivity but also they decrease the overpotential required for

the electrochemical response.18 In this study, referring to all the

limits mentioned above, a potentiometric immunosensor was

designed using reduced graphene oxide (rGO)-Au nanocomposite as

the substrate for highly-sensitive detecting of VEGF-A(165). The list

of the abbreviations used in this manuscript is available in Table 1,

for more convenience.

2 | MATERIALS AND METHODS

2.1 | Precursor materials

Potassium ferrocyanide KFe(CN)6, graphite powder, potassium perman-

ganate (KMnO4), sodium borohydride (NaBH4), Fetal bovine serum

(FBS), naphyon, AuCl4H�3H2O, 1-ethyl-3-[3Dimethylaminopropyl]

carbodimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),

11-mercaptoundecanoic acid (11-MUA), Sulfuric acid (H2SO4), Hydro-

gen peroxide (H2O2), monoclonal anti-VEGF antibody and VEGF-A

(165) recombinant antigen (Ag) were used as purchased from Sigma-

Aldrich (MO). Phosphate buffered saline was obtained from Amerta

Co. (Tehran, Iran), Bovine serum albumin (BSA) was purchased from

Equitech-Bio (TX), Prostate-specific antigen (PSA) was prepared from

Padtan elm.co (Tehran, Iran) were purchased from Sigma-Aldrich.

Double distillation water used during the experiment was obtained

by deionizer water purification system CR-350 grade A apparatus,

CRI Co. (Tehran, Iran).

2.2 | Fabrication of rGO/au nanocomposite

There are many methods reported for the fabrication of rGO, such as

exfoliation, chemical vapour deposition and chemical techniques,

including Standenmaier, Brodie and Hummer.22 In this study, GO was

first synthesized using the modified Hummer method and was then

reduced to rGO/Au using sodium borohydride (NaBH4), as an excel-

lent reduction agent, which reduces carbonyl and carboxyl groups to

hydroxyl groups but do not affect the hydroxyl groups.23,24

Due to high electrochemical activity and easily functionalization

rGO is widely used in the electrochemical analysis. Gold nanoparticles,

on the other hand, increase the electrical surface area, enhancing elec-

tron transfer rate and electrical conductivity, as a substrate for bioas-

says, so it can enhance the response of immunosensor and improve

its limit of detection.22

In brief, 1 g graphite was added into sulfuric acid (20 ml, 98%),

followed by stirring in the ice-water bath for 30 min. After that, 3 g

potassium permanganate was introduced into the mixture. Subse-

quently, after 30 min, 150 ml of double distilled water and hydrogen

peroxide (35%) were added and stirred for 24 hrs. At this stage, 0.6 g

GO was dispersed into 100 ml of double distilled water and sonicated

TABLE 1 List of abbreviations

11-MUA 11-mercaptoundecanoic acid

Ab Antibody

Ag Antigen

CV Cyclic voltammetry

EIS Electrochemical impedance spectroscopy

ELISA Enzyme-linked immunosorbent assay

FT-IR Fourier transform infrared

LOD Limit of detection

Rct Charge transfer resistance

rGO Reduced graphene oxide

SWV Squarewave voltammetry

TEM Transmission electron microscopy

VEGF-A(165) Vascular endothelial growth factor-A(165)

XRD X-ray diffraction
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for 10 min. After that, the mixture was treated with 1 g NaBH4 and

solution AuCl4H�3H2O (2 ml, 0.25 M) and stirred for 3 hrs to form the

rGO/Au nanocomposite.

2.3 | Immobilization of the antibody

To immobilize VEGF-A(165) over the rGO/Au nanocomposite, 4 ml of

the nanocomposite was dispersed in PBS (4 ml, 100 mM, pH = 7.4) to

get a homogenous colloid. Then, 11-MUA (4 ml, 100 mM) was added

into it as the linker and stirred for 3 hrs, followed by washing and

5-minute centrifuge at 10000 rpm. After that, EDC (400 μl, 200 mM)

and NHS (400 μl, 5 mM) were introduced into the mixture. The car-

boxyl groups of 11-MUA were activated by EDC/NHS to bond to the

anti-VEGF antibody. After 90 min EDC/NHS was removed by centri-

fugation. At last, the mixture was incubated with anti-VEGF antibody

(2 μl, 120 ng/ml) for 2 hrs. After centrifugation, the precipitate was

kept at 4�C.

2.4 | Preparation of the electrode

The fabrication process of the immunosensor involves an initial incu-

bation of 1 μl naphyon with 9 μl rGO/Au for 15 min. Naphyon is a bio-

compatible polymer that has thermal stability and is used for

stabilizing the nanocomposite on the surface of the electrode. Despite

the insulating properties of naphyon, the conductivity of the electrode

is achieved by some metal nanoparticle along naphyon.25

For preparing the electrode, the working electrode was first

polished using alumina powder (Al2O3) and then thoroughly rinsed

with pure water. In the 4 μl of the above-mentioned incubated solu-

tion was dropped onto the electrode surface. After drying, the work-

ing electrode of the immunosensor is ready to measure VEGF-A(165)

recombinant antigen. The electrochemical analysis is carried out in

potassium ferrocyanide (20 ml, 0.2 mM) solution.

2.5 | Optimization of the incubation time

The incubation time of the immunosensor was evaluated at several

time intervals, that is, 10, 20, 30, 40, 50, and 60 min.

2.6 | Determination of VEGF-A(165) antigen

In 10 ml of different concentrations of VEGF-A(165) was tested by

the designed immunosensor. VEGF-A(165) were incubated with the

immunosensor for 40 min. A cap was placed on the electrode to

prevent drying. The change in the electrochemical peaks was

studied using different electric signal transductions, namely cyclic

voltammetry (CV), electrochemical impedance spectroscopy (EIS) and

squarewave voltammetry (SWV), that shows different concentrations

of the antigen.

2.7 | Selectivity of immunosensor

To test the selectivity of the designed immunosensor, In the 10 μl of

several interfering biomolecules were incubated with the electrode

for 40 min.

3 | RESULTS AND DISCUSSION

3.1 | Instrumental characterizations

Before designing the immunosensor, the structures of GO and

rGO/Au nanocomposite were investigated by crystallographic, chemi-

cal, and morphological. X-ray diffraction (XRD) is used to widely to

analyze the crystallographic structure of materials. The XRD patterns

of GO and rGO/Au were shown in Figure 1(a). The main peak of GO

crystal occurred at 2θ = 13.4� corresponding to the (002) crystalline

planes.26 A broad hump is observed at 2θ = 24� representing the

(002) plane of graphite.27 The reflection peaks of Au with face cen-

tered cubic structure were seen at 2θ of 38.1�, 44.4�, 64.4�, and 77.5�

that attributed to planes of (111), (200), (220), and (311) respectively

(JCPDS file 89–3,697).28 The XRD patterns of the nanomaterials indi-

cate that GO was successfully synthesized and gold nanoparticles

were anchored on it, making rGO/Au nanocomposite.

Fourier transform infrared (FT-IR) spectroscopy plot of GO and

rGO/Au before and after immobilization of antibody is displayed in

Figure 1(b). In the GO spectra, absorption bands are at 1078 cm−1,

1,242 cm−1, 1,361 cm−1, 1,622 cm−1, and 1718 cm−1 related to

stretching vibrations of C-O, C-OH, C-O, C=C, and C=O, respectively.

The major absorbance band was observed at 3500 cm−1 that corre-

sponds to the stretching vibration of O-H groups in GO.29 The tiny

band observed at 650 cm−1 is due to the Au that is anchored to the

rGO.30 The bands, seen at 2915 cm−1 and 2,848 cm−1, are related to

C-H vibrations of CH2 groups of 11-MUA.31 The carboxyl groups of

rGO were utilized for amid bonding with antibody and the amid bond-

ing absorption bands were observed at 1640 cm−1, and 1,550 cm−1.30

The intensity of the 3,500 cm−1 absorption band significantly

decreased in rGO/Au and rGO/Au-Ab. The absorption bands of

1718 cm−1 and 1,078 cm−1 are associated with C=O and epoxy

groups, which are reduced in rGO, reflecting the successful reduction

of GO to rGO.

Morphological characterization rGO/Au nanocomposite carried

out by using transmission electron microscopy (TEM). Figure 1(c)

demonstrates a transparent single sheet rGO/Au, reporting an aver-

age Au nanoparticle diameter of 43 nm. This transparency of the

nanocomposite sheet is due to the thorough exfoliation of rGO/Au.

3.2 | Electrochemical characterization

The electrochemical characterization of the immunosensor's

performance was first performed, using CV and EIS techniques

in 0.2 M KFe(CN)6 solution, which comprises [Fe(CN)6]
−3 and
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[Fe(CN)6]
−4 ions that reduce on the electrode surface. This reduc-

tion is, in fact, the basis of electrochemical detection in the

immunosensor.

The result for the optimization of the incubation time is shown in

Figure 2(a). As it is observed, 40 min of incubation was obtained to be

the optimal time interval. As shown in Figure 2(b), the selectivity of

F IGURE 1 (a) XRD spectra of GO and rGO/Au. (b) FT-IR spectra of GO, rGO/Au and rGO/Au-Ab. (c) TEM image of rGO/Au nanocomposite.
Ab, Antibody; rGO, reduced graphene oxide; TEM, transmission electron microscopy; XRD, x-ray diffraction

F IGURE 2 (a) Optimization of the incubation time, and (b) selectivity diagram of the immunosensor
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the designed immunosensor was evaluated against PSA, FBS and PSA

protein and glucose at optimal conditions.

Figure 3 displays the EIS and CV results for bare, GO, rGO/Au,

rGO/Au-Ab and rGO/Au-Ab/Ag electrodes in 0.2 M [Fe(CN)6]
-4/−3

ion solution. EIS is a useful and sensitive technique that analyses the

electrochemical behavior of the adsorption of biomaterial to the

electrode's surface in the electrolyte solution. The diameter of a semi-

circle in EIS implies the extent of charge transfer resistance, that is,

the increase in the diameter of the semicircle shows an increase in the

impedance, thereby reducing the electrochemical reactions at the

electrode surface.32 As the Nyquist plot (Figure 3(a)) shows, rGO/Au

has excellent electrical conductivity, inducing an impedance decrease

F IGURE 3 (a) EIS and (b) CV plot of (bare, GO, rGO/Au, rGO/Au-Ab and rGO/Au-Ab/Ag electrode) in 0.2 M [Fe(CN)6]-4/−3 solution. It can
be observed the CV peak constantly decreased while EIS constantly increased. Ab, Antibody; EIS, electrochemical impedance spectroscopy; rGO,
reduced graphene oxide

F IGURE 4 (a) The response of the SWV current to the gradual decrease of the antigen concentration, (b) the response of EIS continuously
increase. The calibration curve of (c) SWV and (d) EIS. EIS, electrochemical impedance spectroscopy; SWV, squarewave voltammetry
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of about 40 Ω. As expected, after immobilization of antibody to

rGO/Au nanocomposite, an impedance increase to 126 Ω was seen.

This result indicated that the electrode's surface was blocked by the

insulation effect of the antibody.25 Compared to Jeffamine,33

11-MUA was used as the linker because it has a thiol group that can

be attached to the Au nanoparticle with covalent bonding, and car-

boxylic groups, as ideal groups for antibody binding. Furthermore, The

length of linker is reported to have a considerable effect on the

response of electrochemical biosensor.34 11-MUA, due to its short

chain that can form a self-assembled monolayer on the surface of the

electrode, can decrease the charge transfer resistance. Furthermore,

in comparison with other recent works,33,35 using 11-MUA makes the

designing very convenient, and the biosensor very sensitive.

The specific binding between the antibody and the antigen leads

to a dramatic impedance increase to 225 Ω. The obtained EIS results

are in agreement with the observed current peak decrease in CV plot,

as a result of the bonding (Figure 3(b)). In detail, a considerable

decrease in current peaks of CV was observed because of the anti-

body/antigen binding. Furthermore, one can see the effect of the low

conductivity of GO, in comparison with the rGO/Au's good conductiv-

ity, on their current peaks in the CV plot.

The SWV and EIS Nyquist plots of the immunosensor after incu-

bating with different concentrations of VEGF-A(165) antigen are dis-

played in Figure 4 As expected, after incubation of the modified

electrode with various concentrations of the antigen, shown in

Figure 4(a), as the concentration of VEGF-A(165) increased, the cur-

rent peaks of SWV gradually decreased. This occurs due to the reduc-

tion of electroactive species to the electrode's surface, while the

charge transfer resistance (Rct) value in the Nyquist plot gradually

increased (Figure 4(b)). It means that the accumulation of the specific

binding between the antigen and the antibody hindered charge trans-

fer between the solution and the redox probe to the electrode sur-

face. The calibration diagram is drawn based on the oxidation peak

currents and the resistance enhancement in Figure 4(c) and Figure 4

(d), respectively. This linear graph gives the correlation of about

0–120 ng/ml for SWV and 20–120 ng/ml for EIS. The sensitivity of

immunosensor was obtained by LOD = 3sb
m , where sb is blank signal

and m is the slope of the calibration curve. According to the calcula-

tions, the LOD of the immunosensor is obtained to be equal to

0.007pg/ml.

4 | CONCLUSION

VEGF-A(165) antigen is an ideal breast cancer biomarker, which is

highly expressed in the case of hypoxic solid tumors. Biomarkers can

be ideal indicators for assessing the risk of the presence of a disease,

in its early stages. In this study, a label-free electrochemical immuno-

sensor was designed to quantify the VEGF-A(165), using the rGO-Au

electrode for early detection of breast cancer.

The conductivity of Au nanoparticle along with its biocompatibil-

ity provide an enhanced surface, suitable for immobilization of the

anti-VEGF antibody. 11-mercaptoundecanoic acid was used as a

technique to facilitate a single-step and convenient bonding of the

antibodies to the surface.

The dynamic range of the biosensor was between 20 to

120 pg/ml and its limit of detection was about 0.007 pg/ml, making it

a beneficial immunosensor with high sensitivity, and ideal dynamic

range for early-stage diagnosis of breast cancer and other cancers dis-

eases associated with expression of VEGF-A(165) antigen. The as-

prepared immunosensor could be efficiently employed for designing a

point-of-care diagnostic platform and other innovative low-cost and

effective methods in identifying cancer.
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