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Abstract

Two different DNA (ERBB2c and CD24c) modified gold nanoparticles and graphene
oxide loaded on glassy carbon electrodes were prepared for early detection of breast
cancer markers by electrochemical detection of HER2. Comparative study of
ERBB2c and CD24c for the detection was carried out. A “sandwich-type” detection
strategy was employed in this electrochemical DNA biosensor and its response was
measured by amperometric detection. The electrochemical signal enhancement
achieved via gold nanoparticles and grapheme oxide system allowed for sensitive
detection of the breast cancer biomarker ERBB2 and the control marker CD24. The
modified graphene oxide was characterised using Raman spectroscopy, UV-visible
spectroscopy, Fourier transform infrared spectroscopy transmission electron
microscopy, scanning electron microscopy and energy-dispersive X-ray spectroscopy.
The various steps involved in the modification of a glassy carbon electrode with
graphene oxide, gold nanoparticles and DNA probes, target and reporter probe were
electrochemically characterised using cyclic voltammetry and electrochemical
impedance spectroscopy. Using amperometric detection of a horse radish peroxidase
label, detection limits 0f0.16nMand 0.23nMwere obtained with sensitivity 378 nA/nM
and 219 nA/nM for ERBB2 andCD24 respectively.

Keywords: DNA, Biosensor, Gold nanoparticles, Graphene Oxide, Breast Cancer,
ERBB2 biomarker.
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1. Introduction

Breast cancer is the most common cancer disease among women and it is the major
cause of cancer mortality in females worldwide. Recent cancer statistics from the
USA reported that around 29% of new cancer cases in females are breast cancer and
approximately 14% of cancer mortality in females was caused by the breast cancer
[1]. ERBB2 (also referred to as HER2, human epidermal growth factor receptor 2), is
encoded by a proto-oncogene located at the long arm of human chromosome 17q,
plays an important role in human malignancies and is over-expressed in a high
number of human breast cancers [2,3]. Exosomes are endosome-derived nanovesicles
actively released into the extracellular environment and biological fluids, both under
physiological and pathological conditions, by different cell types. Extracellular
vehicles (EVs) released by cancer cells can transfer mMRNA, miRNA, and proteins to
different recipient cells within the tumour microenvironment, in both an autocrine and
Paracrine manner, causing a significant impact on signalling pathways, mRNA
transcription, and protein expression [4]. The transfer of EVs to target cells, in turn,
supports cancer growth, immunosuppression, and metastasis formation. The presence
of HER2 on cancer cells is linked to increased cancer metastasis and tumour
proliferation [5, 6]. Exosomes from SKBR3 and BT-474, both of which are HER2-
overexpressing breast cancer cell lines, contain active HER2. The CD24, encoded by
CD24 gene found on chromosome 6 (6q), is a small and heavily glycosylated cell
surface protein which is frequently overexpressed in a wide range of carcinomas and
is now considered as a prognostic marker in breast cancer [7, 8]. Several EV proteins
are differentially expressed in certain stages and types of breast cancer and may be
used as diagnostic markers of cancer progression or as a diagnostic marker, that is,
“liquid biopsy” for general cancer diagnosis. For example, the oncogenic cancer
marker CD24 [9] was uniquely expressed in serum-derived exosomes from breast
cancer patients [10]. Recently, DNA biosensors have garnered increasing attention
[11-14], being sensitive, inexpensive and simple diagnostic tools for genetic tests and
can be miniaturized to satisfy point-of-care requirements. The use of these sensors
allows the early diagnosis of cancer [13-15] as well as assisting in disease prognosis,

facilitating a timely intervention with the appropriate therapy. DNA biosensors
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depend on sandwich hybridization assay have attracted much more attention of
researchers [16,18]. The performance of DNA biosensors is highly dependent on the
immobilisation of short capture DNA probes, complementary to the gene(s) to be
interrogated, requiring optimal orientation and spacing for optimum target
hybridisation. Reporter probe labelled with enzymes or redox molecules is also
required to confirm the hybridization process between capture and target DNA. The
incorporation of some advanced materials that have a high surface-to-volume ratio
would allow the immaobilization of much more capture probes that accordingly
increase the sensitivity of the proposed sensor. Nanomaterials like carbon nanotubes
[19, 20], graphene [21] and graphene oxide [22-24], gold nanoparticles [16, 25], silver
nanoparticles [28], metal oxide nanomaterials [27] and quantum dots [28] offer stable
and well-organized platforms for DNA immobilisation onto the sensor matrix that can
markedly improve the sensor sensitivity. Graphene oxide (GO) is a carbon material
with a two-dimensional organized carbon lattice, that contains functional groups like
hydroxyl and carbonyl groups, which has attracted increasing interests for use in GO—
DNA based sensors. Single-stranded DNA (ssDNA) can immobilise on GO through
n—7 stacking interaction [29]. While the function groups distributed in the GO surface
provides a suitable anchor to covalently immobilize biomolecules through the
formation of amide bonds with its amino groups [30, 31]. The efficiency of DNA
immobilisation is further improved by incorporating metallic nanoparticles which
possess excellent biocompatibility with biomolecules [32-34]. Decorating graphene
oxide with metallic nanoparticles enhances its structural, electronic and catalytic
properties [35, 36]. The covalent linkage of such nanoparticles onto GO sheet,
increases the immobilisation opportunity toward the DNA analyte as they provide a
higher surface area for its assembling on it, thus increasing the sensor sensitivity.
Moreover, it is expected to improve the sensor durability. Thus, while the GCE
modified directly with AuUNPs may be used as a platform of DNA immobilization.
However, the covalent immobilization of AuNPs to GO, not only allows for higher
durability, but also enhances the electronic properties of each other resulting in
enhanced sensitivity. The combination between sandwich-type system and
nanoparticles that have a high surface-to-volume ratio would advantageously allow
the immobilization of much more capture probes that accordingly increase the
sensitivity of the proposed sensor. HER2 (human epidermal growth factor receptor 2)

is one such gene that can play a role in the development of breast cancer. The HER2
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gene is also called the ERBB2 (Erb-B2 receptor tyrosine kinase 2) gene. The HER2
gene makes HER2 proteins. HER2 proteins are receptors on breast cells. Normally,
HER?2 receptors help control how a healthy breast cell grows, divides, and repairs
itself. But in about 25% of breast cancers, the HER2 gene doesn't work correctly and
makes too many copies of itself (known as HER2 gene amplification). All these extra
HER?2 genes tell breast cells to make too many HER2 receptors (HER2 protein
overexpression). This makes breast cells grow and divide in an uncontrolled way.
HER?2 is a key prognostic marker and is a particularly important because HER2-
positive cancers can be treated with targeted therapies. Normal individuals have
HER2 levels in the range between 2 and 15 pg L™ in blood [13]. The aim of the
present work is the fabrication of an electrochemical DNA biosensor for early
diagnosis of breast cancer by detection of its biomarkers (ERBB2 and CD24). The
biosensor strategy is based on sandwich hybridization assay by immobilizing the
capture DNA probe of the target DNA onto graphene oxide-modified gold
nanoparticles. HRP-Labelled probe was then used to investigate the hybridization of
capture probe and target DNA, and hence evaluate the concentration of the DNA

biomarker in the sample.

2. Experimental

2.1. Materials

Potassium hexacyanoferrate(l11) (>99%), potassium hexacyanoferrate(ll) trihydrate
(>99.99%), potassium chloride, sodium chloride, gold(l11) chloride trihydrate
(>99.9%), sodium citrate tribasic dihydrate, N-hydroxysuccinimide (NHS),N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride(EDC), 4-aminothio-
phenol, potassium permanganate, sulphuric acid, ethanol, sodium hydroxide, 6-
mercaptohexanol, phosphate buffered saline pH 7.4, tris buffered saline pH 8.0,
salmon sperm DNA (50 ug/mL) and Denhardt's solution were purchased from Sigma-
Aldrich. Graphite powder was purchased from Riedel-de Haén. CD24, CD24-c,
ERBB2, ERBB2-c and DNA-r (DNA-HRP) were obtained from biomers, and TMB
one component HRP microwell substrate was from SurModics.

Capture probes (5'-3'):



CD24. SH-TTTTTTTTTTTTTTTACATATACGAGCCTGTAGA

ERBB2: SH-TTTTTTTTTTTTTTTCTAGGAATTCGGCTACTTAG

Targets (5'-3"):

CD24.
GGGTTCCCTAAGGGTTGGACAAGTAACTCCTCCCAGAGTACTTCCAACTA
ATCCAACTAATGCCACCACCAAGGCGGCTGGTGGTGCCCTGCATCTACAG
GCTCGTATATGTATCTAGATTGGATCTTGCTGGCGCGTCC

ERBB2:
GGGTTCCCTAAGGGTTGGACGTTCTGAGGATTGTCAGAGCCTGACGCGCA
CTGTCTGTGCCGGTGGCTGTGCTAAGTAGCCGAATTCCTAGTCTAGATTGG
ATCTTGCTGGCGCGTCC

Reporter probe (5'-3"): HRP labelled probe — Complementary to all markers

HRP-5' TCCAACCCTTAGGGAACC 3'

2.2. Instrumentation and electrochemical procedures

The surface morphology and composition of the developed sensor were
characterised using an environmental scanning electron microscopy (FEI ESEM
Quanta 600 FEG) and energy dispersive X-ray spectroscopy (Oxford Instruments),
respectively. Transmission electron microscope images were captured using (JEOL
JEM-1011). Raman spectroscopy analysis was done by RENISHAW inVia Raman
Microscope at 514 nm laser. UV-visible spectroscopy analysis was recorded by UV-
2401PC. FTIR analysis was performed using JASCO FTIR spectrometer model 6100.
The electrochemical experiments (cyclic voltammetry and electrochemical impedance
spectroscopy) were performed using an electrochemical workstation model 660A CH
Instruments Inc.The chronoamperometry analysis was done using an Autolab
potentiostat/galvanostat (PGSTAT12) with a glassy carbon electrode (3 mm diameter)
as the working electrode, while platinum wire and a standard Ag/AgCl electrode

(filled with 3 M KCI) were used as the counter and reference electrodes, respectively.

2.3. Preparation of graphene oxide (GO)



GO was prepared as per modified Hummers' method [37].10 g of graphite powder
was added to 15mL solution of concentrated H2SO4, K2S20s (5 g) and P20s5(5 g).
After 6 h, the mixture was cooled to room temperature and then carefully diluted with
Milli-Q water and finally filtered. The product was rigorously washed to remove the
acid and then dried in air. 2 g of the dried product was added to 46 mL of cooled
concentrated H2SO4 (0°C). Subsequently, 6 gkMnO4 was added gradually under
stirring conditions, at 35°C and stirred for 2 h. Milli-Q water (92 mL) was slowly
added and the mixture was maintained for 15 min. The termination of the reaction
was achieved by addition of Milli-Q water (280 mL) and 50 mL 30%H20;. The
product was filtered and washed with 500 mL 1:10 HCI solution. The obtained
yellow-brown product was then washed with Milli-Q water and dried at room

temperature.

2.4. Preparation of gold nanoparticles (AuUNPS)

AUNPs were prepared as previously reported [38]. Briefly, 20 mg of gold(I11) chloride
trihydrate solution was added to 192 mL of Milli-Q water. The solution was heated
until boiling. 8 mL of 1% (w/v) trisodium citrate was added rapidly under vigorous
stirring conditions. The color changed from pale yellow to blue and finally red. The
reaction solution was cooled to room temperature and stored at 4°C. The

concentration of the prepared stock solution of gold nanoparticles was50 mg L.

2.5. Preparation of gold nanoparticles-modified graphene oxide (AuNPs-GO)

AUNPs-GO was prepared as previously described, with some minor modifications
[39-41]. The prepared graphene oxide (20mg) was suspended in 4 mL of absolute
ethanol and sonicated for 1 h. EDC and NHS (0.05M) was added and mixed for 3 h.
10 mM of 4-aminothiophenol was added and the mixture stirred overnight. The
obtained product was washed with ethanol 5 times and dried. 20 mg of the product
was suspended in 100 mL of the prepared AuNPs solution and sonicated for 1 h
followed by an overnight incubation at 4°C. The supernatant was removed and the
obtained product was washed 5 times with Milli-Q water at room temperature then
dried.



2.6. Preparation of AUNPs-GO/GCE

Prior to electrochemical measurements, the glassy carbon electrode was polished with
1.0, 0.3, 0.05-micron size alumina powders, sonicated in ethanol and distilled water,
washed with deionized water and dried using argon at room temperature. The AuNPs-
GO (1mg) was suspended in 1 mL Milli-Q water and 5 pL was drop-casted onto the
cleaned GCE and oven-dried at 50°C.A schematic diagram showing the prepared
AuUNPs-GO is presented in Schematic 1.

2.7. DNA sensor fabrication

To prepare the DNA sensor(CD24-c/AuNPs-GO/GCE), the thiol-terminated capture
probe (CD24-c) was co-immobilized on the modified glassy carbon electrode
(AuNPs-GO/GCE) with 6-mercaptohexanol (1:10). 8 pL of 100 uM CD24-c was
mixed well with 72 pL of 100 pM 6-mercaptohexanol (prepared in 1 M KH2POy4),
AUNPs-GO/GCE was then incubated in 25 L of that mixture for 3 h under shaking
conditions at 37°C. The sensor was immersed in Milli-Q water, stirred gently for 10
min and finally dried using argon at room temperature. The capture probe-modified
sensor was incubated for 1 h in 25 pL of Denhardt’s solution, diluted 1:20 with
phosphate buffer (pH 7.4).

For the calibration curve measurements, the capture probe-modified electrode was
incubated in25 pL of each concentration (20, 10, 6.6, 3.3, 1.1, 0.37 nM) of CD24
target, prepared in hybridization buffer (Tris buffer + 1 M NaCl, pH 8, 0.05 M), for
30 min at 37°Cunder shaking conditions. The sensor was then gently washed in Tris
buffer (pH8, 0.05 M) and dried using argon gas. In the last step, the reporter DNA
was hybridized with the target DNA by incubating the sensor in 25 uL of reporter
probe (7 nM) for another 30 min. The sensor was again washed with Tris buffer and
dried using argon gas. The same procedures were followed to prepare the ERBB2
sensor (ERBB2-c/AuNPs-GO/GCE). CD24 and ERBB2 targets were also determined
by both sensors to evaluate the sensitivity of each sensor to its specific target.

3. Results and Discussion



3.1. Non-electrochemical characterisations

3.1.1. UV-visible spectroscopy

The UV-Visible spectra of the prepared materials were recorded (Fig.S1(A)). The
prepared AuNPs showed a characteristic absorption band at 524 nm. The absorption
bands of GO at 231 and 305 nm were attributed to =—r* transition of C=C and n—n*
transition of C=0 bonds [42] and were due to the carbonyl groups of GO. The amide
linkages formed between 4-aminothiophenol and GO decreased the band intensity of
the free carbonyl groups of GO and a weak band appeared at 250 nm. The
immobilisation of AuNPs was recognized by the disappearance of the gold peak at

524 nm due to covering of the surface of AuNPs [43].

3.1.2. FTIR

The recorded FTIR spectra showed a good indication for the success of the
preparation process. As can be seen in Fig.S1(B), graphite has no strong characteristic
absorption peaks as it has no functional groups, only a peak at 3433 cm™, which is
attributed to OH groups due to water hydration. GO shows a broad band at 3419 cm”
1(O-H stretch) starting from 1840 cm®, which together with the peaks at 1721 cm’
1(C=0 stretch, carbonyl/carboxy), 1624 cm™ (C=C stretch, aromatic), 1388 cm™ (C-
O, carboxy), 1212 (C-O stretch, epoxy) and 1050 cm™ (C-O stretch, alkoxy) is
indicative of the presence of graphene oxide as these bands are related to the skeleton
of the graphene oxide [44-48]. The amide bond formation between GO and 4-
aminothiophenol was identified by the appearance of an absorption band at 3216 cm"
1(N-H stretch) attributable to the presence of free secondary amine groups. The band
at 3388 cm™ proves that there were still some free carboxylic groups and the hydroxyl
groups of the graphene oxide itself. The decrease in the band intensities following
immobilisation on AuNPs is postulated to be due to an almost complete coverage of
the gold.

3.1.3. Raman spectroscopy



Raman spectroscopy is a non-destructive technique that is widely used to obtain
structural information of carbon materials. Usually, the Raman spectrum of a GO film
displays a D band at ~1350 cm™* and a broad G band at ~1580 cm™[49]. The G band
is characteristic of all sp?-hybridized carbon networks, which originates from the first-
order scattering from the doubly degenerate E>q phonon modes of graphite in the
Brillouin zone centre as well as bond stretching of sp? carbon pairs in both rings and
chains. Meanwhile, the D band is due to the breathing mode of aromatic rings [50],
which comes from the structural imperfections created by the attachment of
oxygenated groups on the carbon basal plane [51]. Therefore, the D band intensity is
often used as a measure for the degree of disorder [52]. Generally, the integrated
intensity ratio of the D and G bands (Ipo/lg) indicates the oxidation degree and the size
of sp? ring clusters in a sp®/sp? hybrid network of carbon atoms. Another band around
2680 cm ™, usually referred to as the 2D band, is the overtone of the D band, which
reflects the number of graphene layers [53,54]. The 2D band is attributed to double
resonance transitions resulting in production of two phonons with opposite
momentum. In contrast to the D band, which is only Raman active in the presence of
defects, the 2D band is active even in the absence of any defects [55]. Raman spectra
of graphite, GO, ATP-GO and AuNPs-GO can be seen in Fig. 1(A). The Raman
spectra of graphite shows a band at 1572 cm™ (sharp, G band) which are observed to
be due to the graphitic carbonic sp? carbon atoms (C-C stretch) and at 1351 cm™
(weak, D band) which is attributed to breathing of sp? carbon atoms [44,56,57]. The
preparation of GO is accomplished by disorders in the sp?-hybridized carbon sheets
which was induced by the addition of oxygen during the oxidation process. These
disorders resulted in an increase in the intensity of D band. The intensity ratio of the
D and G bands (Ip/lg) ratio increased once the graphene oxide had been prepared
confirming the formation of large sp® domain [58]. The decrease of the 2D band at

2694 cmtindicates that the prepared graphene oxide has only a few layers [59].

3.1.4. SEM/EDS

A further demonstration of the success of the self-assembly of AuUNPs on GO surface
via the formation of Au-S bonds, was observed, with gold being identified as one of

the surface components following surface modification(AuNPs-GO). As can be
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appreciated from Fig. S2, the SEM image of the AuNPs functionalised electrode
exhibits a good distribution of AuUNPs over the surface and EDS shows the presence

of the gold signal.

3.1.5. TEM

TEM was recorded for AUNPs-GO to measure the diameter of AuNPs, to examine the
distribution of the particles over GO, as well as confirming the success of the
preparation steps. As can be observed in Fig.1(B), AuNPs are well distributed and GO
is decorated with AuNPs which are only found attached to GO and this indicates that
the amide bond formation step (between GO and ATP) and the self-assembly (Au-S
bond) were successfully achieved. The diameter of the particles was measured to be
13 nm.

3.2. Electrochemical characterisation (CV and EIS)

To characterize the modified electrode surface and confirm the success of each step of
electrode modification, CV and EIS were recorded for the CD24 specific electrode after
each step of modification in 5 mM [Fe(CN)s]** (1:1) in 0.1 M KCI solution. As seen
in Fig.2(A), the electrodes were scanned from 0.7 to -0.2 V at a scan rate 100 mV/s and
it is observed that each step of modification was accomplished by a change in the values
of Ip and AE of the redox probe (Table 1) which is an indication for the surface
modification. Nyquist plot is also recorded (Fig. 2(B)) at 0.2 V with a frequency range
from 0.1 to 10° Hz. An equivalent electrical circuit was designed from the impedance
spectrum, Ret values (Table 1) were then calculated for each step of electrode
modification. The change in the values of charge transfer resistance is another
indication proving the modification and the hybridization process. The increase in Rt
value to 1062 Q after drop-casting AUNPs-GO is attributed to the presence of GO which
acts as an insulating layer that hindered electron transfer due to the disrupted sp2
bonding networks [16,60,61]. The immobilization of capture DNA probe and 6-
mercaptohexanol also increased the Rt value to 2017 Qdue to the complete coverage
of the gold nanoparticles and the negatively charged phosphate groups of the

immobilized DNA probe which repeal the redox couple. The Rt value increased again
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to 2630 Q after the hybridization of the target DNA. While upon the addition of the
reporter DNA probe the Rct value increased to 4619 Q, most probably due to the
increase in the electrostatic repulsion as the phosphate groups increases after each step
of hybridization and the steric hindrance caused by the hybridization and the
introduction of HRP.

Table 1 The characteristic parameters of CV and EIS of the proposed sensor during

different steps of its preparation

E. No Surface composition lred (MA)  lox (MA)  AE(V) R«(Q) C(HF)
1 Bare GCE -71.13 70.52 0.109  141.6 0.413
2 AuNPs-GO/GCE -49.69 45.46 0.192 1062 0514
3 CD24-c/AuNPs-GO/GCE -36.69 35.18 0.27 2017  0.490
4 CD24/CD24-c/AuNPs-GO/GCE -34.62 28.71 0.309 2630  0.505
5 DNA-HRP/CD24/CD24-c/AuNPs-

-23.03 26.48 0.37 4619 0.445
GO/GCE

3.3. Analytical performance

Once the capture probe (5'-3") is immobilized onto the modified electrode, its
nitrogenous bases of 20 nucleotides will be available to hybridize with the
complementary sequence of bases (3'-5") within the specific target DNA. Per this
hybridization, another sequence of bases (3'-5') of the target DNA will hybridize with
the HRP-labelled reporter probe (5'-3"). Reduced TMB (colourless) will be oxidized
(blue) by HRP loaded on the reporter probe, equation 1.

TMBReg + H202 -TMBoyxi + 2H20 1

Chronoamperometric measurements were fixed at -0.05V. This potential was chosen
as it is negative enough to fully reduce the oxidized TMB.

3.3.1. Non-specific interactions

When cross-reactivity and specificity studies were carried out, with immobilised

probes non-complementary to the target being interrogated e.g. ERBB2 probe and
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CD24 target, and vice-versa, a high non-specific current was observed, which was
postulated to be due to adsorption of the HRP label onto the highly reactive GO and to
address this a blocking step was introduced, and additionally the concentration of the
labelled reporter probe was optimised (Fig. 3A).The CD24 specific and non-specific
sensors (20 nM target was allowed to interact with both electrodes) were exposed to a
range of concentrates of the HRP labelled reporter probe, with no appreciable
difference between specific and non-specific observed at lower concentrations (0.4, 2
nM), but large differences observed at increasing concentrations, with the optimum
concentration chosen to be 7nM. In addition, two blocking reagents were tested to
decrease the non-specific binding (Fig. 3B); Denhardt's solution [62] diluted1:50 with
phosphate buffer and salmon sperm DNA [63] at a concentration of 50 pug/mL. The
salmon sperm DNA completely blocked the surface, to such an extent that the specific
binding was also markedly decreased. The protein nature of the Denhardt's solution
showed a good blocking function and a considerable decrease in the non-specific
current was obtained, with the signal ratio between the CD24 specific electrode and
non-specific electrode being 2.80 and 3.78 for the electrodes without and with
Denhardt's solution, respectively. The concentration of the Denhardt's solution was
also optimised, and the signal ratio between the CD24 specific and non-specific

electrode was improved t06.18using al:20 dilution of Denhardt's solution.

3.3.2. Calibration curves

The calibration curves were recorded using the optimised conditions of the
chronoamperometric method. The calibration curve was plotted for two electrodes,
one with an immobilisedCD24-c and the other with ERRB2-c. The surface was then
blocked using Denhardt's solution (1:20) and the CD24 target was then introduced in
different concentrations and finally 7 nM of DNA-HRP could hybridise with any
bound target. The electrode was then immersed for 30 seconds in TMB and the
current was recorded using chronoamperometry at -0.05V for 0.5 s (Fig. S3). As
shown in Fig.4A, The CD24 specific electrode (CD24-c/AuNPs-GO/GCE) showed a
linear current change when tested from 0.37 to 20 nM CD24and the CD24 non-
specific electrode (ERBB2-c/AuNPs-GO/GCE) exhibited no current change over
these concentrations, confirming the sensitivity and specificity of the CD24-c/AuNPs-

12



GO/GCE. ERBB2 was also measured at different concentrations with the same
electrodes and the same mentioned conditions (Fig. 4B), The ERBB2 specific
electrode (ERBB2-c/AuNPs-GO/GCE) showed a current change with the different
concentrations of ERBB2 while the ERRB2 non-specific (CD24-c/AuNPs-GO/GCE)
showed no change. Finally, the current of the non-specific interactions was subtracted
from that corresponding to the specific interaction to show the actual sensitivity (Fig.
4C) which is 219 and 378nA/nM for CD24 and ERBB2 targets, respectively. The
detection limit was calculated to be 0.23 and 0.16nM for CD24 and ERBB2 specific
electrodes respectively, based on signal to noise ratio = 3,(LOD =3¢ and o = s (blank
of specific signals) + s (blank of non-specific signals).The reproducibility was tested
by recording the current of the same concentration of the target DNA three times with
a fresh AUNPs-GO and DNA assay each time and the standard deviation of 0.37, 1.11,
3.33, 6.66, 10 and 20 nM of CD24 target was 0.053, 0.076, 0.18, 0.15, 0.14 and 0.16,
respectively. The current of different concentrations of ERBB2 was also measured
using the ERBB?2 specific sensor, again three times for each concentration, and the
standard deviation calculated for each concentration was 0.057, 0.070, 0.22, 0.096,
0.15, 0.086, respectively.

The regenerability was determined by repeating the current recorded fora selected
concentration using the same sensor following exposure to 0.1 M NaOH. The
regeneration removes the DNA target and the reporter probe so the immobilised
capture probe was again available for a new assay. A concentration of 10 nM of the
DNA was measured then the electrode was regenerated and measured again. The
percentage current change observed was 4.6% and 2.0% for CD24 and ERBB2,

respectively.

3.3.3. Comparison of some breast cancer biosensors

Table 2 summarizes a comparison with some other recent reports about breast cancer
biosensors and illustrating the analytical benefits for using the proposed biosensor for
the prognosis of the disease. Data in Ref. [15] describes an ultrasensitive
electrochemical aptamer-based assay for detection of human epidermal growth factor
receptor 2 protein (HER2) breast cancer biomarker. Results show that the reduced

graphene oxide-chitosan (rGO-Chit) film as a suitable electrode material possesses
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great favourable properties including high homogeneity, good stability, large surface
area and high fraction of amine groups as aptamer binding sites. Using methylene
blue (MB) as an electrochemical probe and differential pulse voltammetry technique,
two linear concentration ranges of 0.5-2 ng mL ™! and 2-75 ng mL ™! were obtained
with a high sensitivity of 0.14 nA ng* ml and a very low detection limit of 0.21 ng
mL™ (very lower than the clinical cut-off). The fabricated aptasensor showed
excellent selectivity for detection of HER2 in complex matrix of human serum
samples. The sensitive detection of HER2 can be attributed to the multiple signal
amplification of MB during its accumulation to the modified electrode surface via
both affinity interaction to aptamer molecules and electrostatic adsorption to the
HER?2 analyte as well as high charge transfer kinetic properties of the applied rGO-
Chit film. In Ref. [64] a  sandwich type-based voltammetric sensor for HER2 was
designed using an anti-HER?2 antibody immobilized onto GNPs, modified with 2,5-
bis(2-thienyl)-1H-pyrrole-1- (p-benzoic acid), and deposited on a GCE. A HER2-
specific aptamer was conjugated with GNPs modified with hydrazine and used as a
signalling probe. Following the immunoreaction, the sensor was immersed in a silver
nitrate solution. Subsequently, the silver ions were reduced by hydrazine into silver
metal and deposited onto the aptamer-GNPs conjugate. Using square wave stripping
voltammetry (SWSV), the level of HER2 was determined over the range from 0.1 ng
Lt to 10 pg L%, with a LOD of 37 pg L. Ref. [65] describes the fabrication of an
immunosensor for HER2 using anti-HER2 antibody attached to iron oxide
nanoparticles, which were deposited on a gold electrode surface. Using DPV, this
sensor was shown to be responsive to HER2 concentrations over the linear ranges
from 10 ng L™ t0 10 ug L™ and 10 pg L to 100 pg L%, with a LOD of 995 pg L. In
Ref. [66] a novel impedance aptasensor was developed by immobilizing HER2
(human epidermal growth factor receptor 2)-specific single stranded DNA aptamer
onto the monolayer of 3-mercaptopropionic acid self-assembled on gold nanoparticles
electrode. The efficiency of each electrode modification step and the performance of
thus constructed aptasensor were assessed by impedance spectroscopy. The
impedance response of the aptasensor showed a proportional relationship with the
concentrations of HER2 ranged from 107° to 102 ng mL™%. The aptasensor showed fast
HER?2 detection with negligible cross reactivity to various compounds likely to exist
in human serum samples (e.g. glucose, 1gG, DNA and RNA), indicative of excellent

sensitivity and specificity of the aptasensor. The aptasensor could be regenerated by a
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simple pH-shift method. Considering these advantages of the developed aptasensor, it
could provide a good potential sensing platform for non-invasive early detection of

breast cancer biomarker.

Table 2 Comparison of some breast cancer biosensors

Electrode material Technique LR (nM) LOD Reference
HER2/rGO/Chit DPV 0.5-2ngmlL-1 & 0.2lngmL™? 15
2-75 ng mL—1
GNPs / 2,5-bis(2-thienyl)- SWV 0.1ngL1-10.0 uygLt  37pgL* 64
1H-pyrrole-1-  (p-benzoic
acid) /GCE
anti-HER?2 antibody /iron DPV 10ngL'to 10 ugLt 0.995pgL! 65
oxide NPs / a gold electrode
HER2/3-mercaptopropionic  Impedimetry 107 to 102 ng mL™! 66
acid/AuNPs
DNA-c/AuNPs-GO/GCE CA 0.37-10 nM 0.16nM This work
ERBB2
0.23nM
CD24

SWV: square wave voltammetry, DPV: Differential plus voltammetry, CA: Chronoamperometry

3.3.4. Analysis of spiked real sample

Sample from a cancer patient was collected and the Invisorb® Spin Tissue Mini Kit
was used for its preparation for measurement. The sample was grinded under liquid
nitrogen to increase the lysis efficiency. Lysis of the grinded sample was performed
by incubating with 400 pL Lysis Buffer G and 40 pL Proteinase Kat 52°C. The
sample was then centrifuged for 2 min at 11.000 rpm to spin down non-lysed material.
The supernatant was transferred into a new 1.5 mL tube and 200 pL Binding Buffers
A were added to the lysate which was then transferred onto an Invisorb® Spin Filter,
placed into 2.0 mL receiver tube and incubated for 1 min at room temperature. The
genomic DNA was adsorbed onto the membrane as the lysate was drawn through by

centrifugal force for 3 min at 12.000 rpm and the filtrate was discarded. A 550 pL
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Wash Buffer was added onto Spin Filter and centrifuged for 1 min at 11.000 rpm to
remove remaining contaminants and enzyme inhibitors then the filtrate was discarded.
The washing was repeated once more. The genomic DNA was eluted from the spin
filter by incubating with200 pL pre-warmed Elution Buffer at room temperature for 3
min. Centrifugation for 1 min at 11.000 rpm was applied and the spin filter was
discarded. Finally, the eluate contains ready to use DNA. This DNA was used as a
biological matrix to spike some concentrations of ERBB2 and CD24 targets. 5 pL of
10 and 20 nM of ERBB2 were mixed well with 20 pL of the extracted DNA sample
to prepare 2 and 4 nM of ERBB2.

Table 3 Determination of the ERBB2 DNA breast cancer biomarker in spiked real

sample
SD, + nM
Sample Added, nM Found, nM (n=3) RSD, %  Recovery, %
n=
0 ND
Spiked real sample 2.00 2.58 0.07 2.86 129
4.00 4.17 0.26 6.39 104

*ND: Not detectable

4. Conclusions

Gold nanoparticle-modified graphene oxide (AuNPs-GO) grafted on GCE has been
proved to be an excellent platform for the immobilisation of thiolated nucleic acid
capture probes. The electrochemical detection of the breast cancer marker ERBB2 and
the control marker CD24 using this platform showed clearly the signal enhancement
achieved via AuNPs and GO. Using amperometric detection of a horse radish
peroxidase label as reporter probe, detection limits of 1.6x1072° M and 2.3x1071°M were
obtained with sensitivity 378 nA/nM and 219nA/nM for the target ERBB2 and CD24,
respectively. As, the normal level of ERBB2 (HER2) in blood is 2-15 pg L, thus our

developed sensor can be used safely for the early stage screening of breast cancer.
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Figures captions:

Schematic 1, Schematic presentation of the proposed sandwich-type DNA sensor,
the prepared AuNPs-GO/GCE showing the hybridization of target DNA with the
specific capture probe and HRP-labelled probe.

Fig. 1 (A) Raman spectra of the prepared materials at 520nm for 20s. (B) TEM of (a)
GO and (b) AuNPs-GO.

Fig. 2 (A) CV from 0.7 to -0.2 Vat 100 mV/s and (B) EIS from 0.1 to 10° Hz at 0.2 VV
for CD24 specific electrode in 5 mM[Fe(CN)e]*"* for (a)m bare GCE, (b) AuNPs-

GOIGCE, (c) ACD24-c/AuNPs-GO/GCE, (d) ¢ CD24/CD24-c/AuNPs-GO/GCE
and () ¥ DNA-HRP/CD24/CD24-c/AuNPs-GO/GCE.

Fig. 3 (A) Optimization of the concentration of DNA-HRP (20 nM target DNA) for
CD24 specific (blue) and CD24 non-specific (red). (B) Testing of Denhardt's solution
(1:50 and 1:20) and Salmon sperm DNA as blocking reagents (20 nM CD24) for
CD24 specific (blue) and CD24 non-specific (red).

Fig. 4 Calibration curves of (A) CD24 target at (®) specific and (e) non-specific
electrodes and (B) ERBB2 target at (#) specific and (#) non-specific electrodes. (C)
The calibration curve of (o) CD24 and (¢) ERBB2 targets representing the specific

current only.
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Highlights:

-Gold nanoparticles were linked to graphene oxide and then grafted on to
glassy carbon.

-Thiolated nucleic acid capture probes were surface immobilised.

-The signal enhancement achieved allowed sensitive detection of breast

cancer marker ERBB2

-The control marker CD24 was also detected at low concentration
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