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Objective This study, a simple electrochemical nanogenosensor has been developed for the rapid and sensitive detection of methylated
Septin 9 DNA as a useful biomarker for early colorectal cancer detection or screening.

Methods The process consists of three main steps: (i) The surface modification of screen-printed carbon electrode (SPCEs) with a poly(l-Arg)/
reduced graphene oxide composite film followed by immobilizing anti-5-methylcytosine antibody, (i) preparation of probe-modified
Fe304/N-trimethylchitosan/Au nanocomposites for the hybridization with complementary DNA sequences, (iii) capturing methylated
DNA target by antibody-modified SPCEs and subsequent electrochemical detection through redox peak currents of gold nanoparticles
which generated a concentration-dependent response.

Results The surface modification of the electrode and hybridization with the methylated target were confirmed by cyclic voltammetry

method and differential pulse voltammetry was used for quantitative evaluation of methylated target DNA.
Condlusion The assay showed a wide linear range from 0.01 to 1000 pM with a low detection limit of 0.01 pM.
Keywords Fe O,/TMC/Au nanoparticle, polyarginine, DNA methylation, SEPT9, anti-5-methylcytosine antibody

Introduction

DNA methylation, best-known epigenetic modifications, pro-
vides a useful source of biomarkers for cancer classification
and prognosis.”” The first evidence on link between DNA
methylation and cancer was reported by Feinberg and Vogel-
stein’ and afterward, the analysis of DNA methylation bio-
markers, has become one of the attractive field in early cancer
diagnosis, prognosis and therapeutic monitoring.**

To date, the huge number of DNA methylation bio-
markers have been discovered and analyzed in various malig-
nancies including prostate cancer, breast cancer, lung and
colorectal cancers.>*

Methylated Septin 9 (mSEPT9) DNA has been reported as
a biomarker for screening and early detection of colorectal
cancer (CRC).”® A number of clinical trials have evaluated the
performance of mSEPT9 in human plasma for CRC detection.
The sensitivity and specificity of mSEPT9 in these studies
varied from 50-90% to 88-91%, respectively, depending on
the experimental assays.””’

Up to now, several methods have been developed to detect
methylated DNA biomarkers including methylation-specific
Polymerase chain reaction (PCR). (MS-PCR), pyrosequencing,
bisulfate sequencing, methylation specific microarray and
methylation-specific fluorescence resonant energy transfer.'”"

However, these methods are complicated and time-
consuming, requiring a large amount of purified PCR samples
and costly instrumentation which limit the use of them in
clinical laboratories. During the past decade, the different
models of biosensor technologies including electrochemical,
electrical, optical, and mass based methods have been
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developed and reported for the detection of methylated DNA
allowing rapid, easier to use and cost effective diagnostic than
conventional methods.'>"”

Among these biosensors, electrochemical biosensors have
been widely applied in biosensing due to their unique features
such as high sensitivity, rapid and simple implementation, low
cost, and compatibility with miniaturization technologies.'***
Furthermore, the incorporation of nanomaterials and conduc-
tive polymers into electrochemical biosensors can efficiently
improve the assay sensitivity as well as enhance signal-to-
background ratio and stability of biosensors.'*"”

In this study, SPCEs modified with reduced graphene
oxide (RGO) and poly(r-arginine) [poly(L-Arg)] was used as
sensing platform. Graphene oxide (GO) and RGO show great
potential for electrochemical biosensing due to their large sur-
face area, good electrical properties, ease of synthesis and
functionalization, good water dispersity, and excellent bio-
compatibility. These properties make graphene-based nano-
materials excellent scaffolds for the construction of sensitive
electrochemical biosensors for a variety of analytes.'® Recent
research reported the electrodes covered with RGO showed
better electrochemical biosensing performance as compared
to bare electrode or electrodes modified with carbon
nanotubes.”

Electrochemical reduction is commonly used for the sub-
sequent reduction of predeposition GO to RGO on electrode
surface due to its simplicity, fast, low-cost, and greater effi-
ciency rather than other approaches such as chemical and
thermal reduction.”' >

J Contemp Med Sci | Vol. 4, No. 4, Autumn 2018: 216-221



L. Syedmoradi et al.

In addition to graphene based nanomaterials, poly(amino
acid)-modified electrodes such as poly(r-Arg) have also been
used in electrochemical sensing due to their excellent electro-
catalytic ability. Poly(1L-Arg) possesses a protein-like structure
containing a positively guanidyl group which able to interact
with the negatively charged groups of GO through electro-
static interactions.”** Thus, the poly(L-Arg)/RGO composite
film can take advantage of the good electronic properties of
graphene and excellent electrocatalytic activity of L-arginine,
leading to the excellent performance of sensing platform.***

Here, we report an immuno-DNA based technique for the
simple and fast detection of SEPT9 methylated DNA target,
considered a useful biomarker for screening and early detection
of CRC. In this work, RGO-modified SPCEs were prepared by
the electrochemical reduction of GO suspension predeposited
on electrode surfaces. The RGO-modified electrodes were then
coated with the poly(L-Arg), followed by the simple entrapment
of anti-5-methylcytosine (anti-5mC) antibody on the
polymer-modified surfaces. Next, Fe O, /N-trimethylchitosan
(TMC)/Au nanocomposites modified with biotinylated
Single-strand DNA (ssDNA). probe are used for the subsequent
hybridization between DNA target sequence and nanoparti-
cle-DNA probes. Finally, the nanoprobe-DNA hybrid was cap-
tured by the antibody-modified SPCEs, which in turn produce
a signal current proportional to the amount of DNA target.

Experimental Section
Materials and Reagents

Chemicals

Ferric chloride hexahydrate (FeCl,-6H,0), ferrous chloride
tetrahydrate (FeCl-4H,0), NaOH, and acetic acid were
obtained from Acros Organics (USA). Chloroauric acid
(HAuCl,), sodium dodecyl sulfate (SDS), low molecular
weight chitosan, dialysis tube with molecular cutoff 12,000 Da,
sodium azide, streptavidin, monoclonal anti-5mC antibody,
GO and r-arginine were purchased from Sigma Chemical
Company (St. Louis, MO, USA). The analytical HCI, NaCl,
D-glucose, glutaraldehyde, N-methyl pyrrolidone (NMP),
iodomethane, sodium hydroxide, sodium iodide and acetone
were purchased from Merck (Darmstadt, Germany). All other
chemicals used were of analytical grade and deionized water
was used in all the experiments. The SPCEs (3.4 cm length x
1.0 cm width x 0.05 cm height) were purchased from DropSens
(Spain).

Oligonucleotides

Biotinylated ssDNA probes and target methylated DNA
sequences used in this study were purchased from Tag
Copenhagen A/S (Denmark); the DNA sequences are listed as
follows:

Methylated sequence (target):

5"-mCGGmCGCCCCAGCCAGMCGmCGCAGGGC
CmCGGGCCCMCGCMCGGGGGMCGC-3'

Probe sequence:
5'-GGCCCGGGCCCTGCGCGCTG-biotin-3’

Procedures

Preparation of Au/TMC/Fe304 Nanocomposites
The Au/TMC/Fe,O, nanocomposites is composed of three
layers (magnetic core, intermediate TMC polymer, and gold
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NPs coating shell) were separately prepared according to the
previous literature. Briefly, Fe(II) and Fe(III) chloride were
dissolved in distilled water at a ratio of 0.5 and Fe,O, nanopar-
ticles were then precipitated in the presence of NaOH.”

The TMC polymer was prepared using iodomethane in
the presence of NMP and NaOH according to previous
publication. Colloidal Au nanoparticles were synthesized by
the reduction of aqueous HAuCl, with p-glucose in the pres-
ence of NaOH at 60°C.

In the following, a thin layer of previously produced TMC
polymer was coated on Magnetic nanoparticle (MNP). by use
of the cross-linker glutaraldehyde. For this purpose, the 1:1M
ratio of Fe,O, to TMC, were dissolved in a solution containing
glutaraldehyde, NaCl, and SDS. The mixture was incubated at
50°C for 5 h under stirring to obtain TMC coated nanoparti-
cles. Next, 200 mg of TMC@Fe,O, NPs were exposed to 25 mL
of colloidal gold NPs at room temperature for 1 h under stir-
ring condition. The product, Fe,O,/TMC/Au nanocomposites,
was magnetically pelleted, washed with PBS and kept away
from light at 4°C after adding sodium azide (0.01%).>"**

Characterization of Produced Nanomaterials

The size and morphology of Fe,O, nanoparticles, Fe,O,/TMC
nanocomplexes, and Au/TMC/Fe,O, were evaluated by trans-
mission electron microscopy (TEM) (Zeiss, EM10C, 80 kV,
Germany). The chemical interactions in the product formula-
tion was confirmed by Fourier transform infrared spectros-
copy (FTIR).

In addition to above-mentioned characterization, the
crystallinity of the nanocomposites and magnetic properties
of magnetic nanomaterials were studied by X-ray diffraction
and vibrating sample magnetometer respectively as previously
reported by our group.'®”

Preparation of Nanocomposite-conjugated Probes
The biotin-labeled probe was attached onto the Au/Fe,O, NPs
through a two steps process: (1) Coating the Au/Fe,O, NPs
with streptavidin; (2) immobilization of biotinylated DNA
probe onto the streptavidin-coated NPs. First, to prepare the
streptavidin-coated NPs, 20 pg streptavidin dissolved in
500 pL PBS was added to the 20 mg of Au/TMC/Fe,O, NPs
and incubated at 37°C for 1 h under shaking condition. The
streptavidin was electrostatically conjugated with the gold
magnetic particles. The nanocomposites were washed and
magnetically separated. The products were then magnetically
separated and washed. The coupling efficacy was then evalu-
ated by measuring the OD,, values of streptavidin suspension
before and after conjugation process. Next, the biotinylated
ssDNA probe which could specifically detect SEPT9 was
immobilized onto the streptavidin-coated NPs. 250 micro-
liters of PBS buffer containing 400 pmol of biotinylated DNA
probe was added to streptavidin-coated nanocomposites and
incubated at 37°C under shaking condition.

Finally, the particles were rinsed with PBS buffer and the
immobilization efficiency was estimated from the OD,
of the oligonucleotide solutions pre- and post-immobilization
process.

Fabrication of Poly(l-Arg)/RGO-Modlified Electrode

The SPCEs consist of a carbon working electrode (4 mm
diameter), carbon counter electrode, and a silver pseudo-ref-
erence electrode. First, 5 pL of 1 mg ml™ GO in water was

values
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drop-casted onto the working electrode and a thin film of
RGO was formed by CV method from —1.5to 0 V vs. Ag/AgCl
for 10 cycles at a scan rate of 100 mV s~'.*>*° The modified elec-
trode was then washed with PBS solution to remove remaining
GO particles on the electrode surface.

Next, 50 pL of L-Arg was electrodeposited onto
RGO-modified SPCE surface by CV method from -2 to 2 V at
100 mV s™! for seven cycles.”*** After a washing step, 5 uL of
PBS solution containing 100 ng of anti-5mC antibody was
added to the working zone of each SPCE and kept overnight at
4°C. The Ab-modified SPCEs were washed with PBS buffer to
remove the excess Ab and unreacted surface sites were then
blocked using BSA (3%) for 15 min.

Quantification of Methylated DNA by using Fabricated
Nanobiosensor

Hybridization process

The hybridization was performed by stirring at room temper-
ature. First, various concentrations of methylated DNA target
were prepared in PBS buffer and then, 4 mg of probe-modified
NPs was added to each concentration and incubated for 2 h
under gently shaking.

After hybridization process, the NPs were magnetically
separated, washed, and re-suspended in PBS buffer. In the
following, 20 uL of the resulting suspensions were added to the
Ab-modified SPCEs and kept at 37°C for 40 min under gently
shaking. After a washing step with PBS, the electrodes were
assessed by electrochemical measurements.'®

Electrochemical measurements:

Electrochemical characteristics of stepwise modifies elec-
trodes were performed CV mode and differential pulse
voltammetry (DPV) method using 50 pL of HCI (1M) on the
surface of modified electrodes.

All electrochemical measurements, performed at room
temperature, involved oxidoreduction of gold nanoparticles in
the nano-complex. The basic analysis of the SPCEs was
obtained through CV mode, at the potential range of —0.7 to
+1.1 V and the scan rate of 50 mV s . The performance of the
biosensor was evaluated by DPV mode.'**

The specificity of the constructed biosensor was evaluated
by using the PCR-amplified unmethylated DNA sequence as a
negative control in this sensing platform.
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The accelerated stability of the modified electrodes was
assessed every 7 h for over 3 days at 37°C, and was compared
with newly prepared electrodes. Furthermore, the reproduci-
bility of assay was evaluated using detection of two concentra-
tions in independent measurements.”!

RESULTS AND DISCUSSION
Strategy of Analysis

The goal of this study was to define the valuable properties of
nanomaterial and conductive polymer for development of an
ultrasensitive DNA-based electrochemical nanobiosensor. In
this work, poly(r-Arg)/RGO composite film and Fe,O,/TMC/
Au nanocomposite were applied to make a highly sensitive
assay that can detect DNA methylation. To increase the sensi-
tivity of the assay, Fe,O,/TMC/Au nanocomposite was used as
a tracing tag to label DNA probe.” Besides, the composite film
made of conducting RGO/Arg was electrochemically polym-
erized on the SPCEs. Fe,O,/TMC/Au nanocomposite-labeled
DNA probe was used to capture the target sequence, and then
on RGO/Arg/anti-5mC modifies SPCE recognition was per-
formed between methylated DNA and anti-5mC antibody. An
overview of the detection process is proposed in Fig. 1.

Characterization of Fe304/TMC/Au Nanoparticles

Transmission electron microscopy was used to investigate the
size and shape of the Fe,O,, Fe,O,/TMC and Fe,O,/TMC/Au
nanoparticles. The monodisperse Fe,O, nanoparticles with a
diameter of about 10 nm can be seen in Fig. 2a. A core-shell
structures with a diameter of 12 nm was observed for the mag-
netic Fe,O,/TMC nanocomposite (Fig. 2b). After the assembly
of gold NPs on the surface of Fe,O,/TMC nanocomposite, the
diameter of the final nanocomposites has significantly
enhanced and reached 20 nm (Fig. 2c). FTIR analysis was used
in order to study the positive assembly of TMC-coated Fe,O,
NPs and final Fe,O,/TMC/Au nanocomposites. As seen in Fig. 3,
in FTIR spectra of TMC four typical peaks were observed at
about 3430 cm™ (overlap of O-H and intermolecular hydrogen
bonding vibrations), 2900 cm™ (assign to the C-H bond),
1650 cm™ (ascribe the N-H bending vibration) and 1070 cm™
(C-O-C stretching vibration). Furthermore, two specific
peaks at about 1470 and 1600 cm™ can be used for differenti-
ating TMC from chitosan. In FTIR spectra of Fe,O,/TMC

Fig. 1 Schematic of the principal mechanism for methylated DNA detection by the genosensor.
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Fig. 3 FTIR spectra of TMC (a), Fe304/T MC(b) and Fe304/T MC/Au
() nanoparticles.

nanocomposite we found a detectable peak at about 1502 cm™
that can relate to the shifted N-H bond. There is an additional
peak at about 1630 cm™ which was made due to the interac-
tion between the N-H groups of the TMC and the CHO group
of glutaraldehyde. Lastly, a strong peak at about 585 cm™
(curves b and c) is assigned to the Fe-O bonds and obtained
from naked Fe O, particles.'**

Characterization of Streptavidin Coupled Fe304/
TMC/Au Nanocomposite

Streptavidin was immobilized on the surface of Au nanopar-
ticle in Fe,O,/TMC/Au nanostructure by physical adsorption.
UV spectroscopy analysis of the reaction solution, both before
and after immobilization of streptavidin was applied to eval-
uate the amount of streptavidin conjugated onto the surface of
Fe,O0,/TMC/Au nanocomposite. The freshly prepared
streptavidin solution before coupling demonstrates a max-
imum absorption at 280 nm. The OD,, values of pre- and
post-immobilization defined the efficiency of 83% for the
binding of streptavidin to the whole nanocomposite.
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Immovbilization of Biotinylated DNA Probe Onto
the Streptavidin Fe304/TMC/Au Nanocomposite

Streptavidin-Fe,O,/TMC/Au particles was bound to the biotin
labeled probe through the interaction between streptavidin
and biotin. The non-covalent interaction between streptavidin
and biotin is exceptionally fast and consistent. Fe,O,/TMC/Au
nanocomposite was not only used as a label in this study, but
also applied as the immobilization substrate and separation
system that is actually essential in biosensors development. We
detected an immobilization efficacy of about 87% by meas-
uring the OD,  values before and after immobilization.

Characterizations of Poly(l-Arg)/RGO
Composite Film

The surface modification of the SPCEs with poly(L-Arg)/RGO
composite film were assessed with electrochemical characteri-
zation. The surface of bare SPCEs were coated with a thin layer
of RGO through electro-deposition of GO solution. A cathodic
peak appeared at —0.8 V which is attributed to the chemical
reduction of the oxygen-containing groups in GO. Meanwhile,
the cathodic peak slightly shifted toward a more positive
potential and the peak current decreased with each cycle (data
not shown). This results confirm depositing GO and its reduc-
tion to RGO on the SPCE surface.

The second step of electrode modification was performed
by the polymerization of L-Arg, the potential was cycled
between —0.2 and +2 V vs. SPCE. Resulted voltammogram of
poly(z-Arg)/RGO/SPCE shows the current peak of arginine
increased with CV scan rates indicating that arginine was
electropolymerized on the SPCE surface (data not shown).

Electrochemical Characterization of the
Genosensor

To confirm the accuracy of the genosensor preparation pro-
cedure, each step of surface modification was investigated
using CV. Figure 4 presents the CV obtained at bare SPCE,
RGO-modified SPCE, Arg-modified SPCE and RGO/
Arg-modified SPCE in the presence of 5.0 mM [Fe(CN) >
containing 0.1M KCI.

Comparing with the bare SPCE, redox peak currents were
obviously increased with the formed layers, demonstrating
electrical conductivity of the composite film is good which in

110
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Fig 4. Cyclicvoltammograms of the modified electrodes in 5.0 mM
[Fe((N)G]""“ containing 0.1M KCI after each step of modification:
bare electrode (a), RGO-modified electrode (b), Arg-modified elec-
trode (c), RGO/Arg-modified electrode (d).

219



Research
Electrochemical biosensor for detection of DNA methylation

308

200
1000 pM

l

0.01pM

-19%

-188

A

4N

168

ol

(4

03 04 0s
o

L. Syedmoradi et al.

04
" ¥ =3.0387x+188.91
R = 0.9751 ¢
s
o
193 /;
= ~ &
- ) /
) ’/,./‘
-~ /
.
188 g
.-/.‘
¥
1%
3 - B | 0 ] H 3 4

Leg (€ den of medylated DA (M)

Fig 5. (a) Differential pulse voltammograms for the electrochemical detection of methylation upon serial dilutions of target between
0.01 and 1000 pM in 1M HCl. The concentrations of target methylated DNA are: 0.01, 0.1, 1, 10, 100, 500, and 1000 pM. (b): The calibra-
tion curve of methylated DNA as the relationship between current and methylated DNA concentration. Each data point is the average

of three replicates.

Table 1. Spike and recovery results obtained from
methylation-nanobiosensor in plasma. Data are presented as
the means of three replicates

Added methylated Detected methylated Recovery RSD%
DNA (pM) DNA (pM) (%)
10 1043 £ 0.6 104.3 5.25
100 101.67 +2.32 101.67 2.03
1000 998.10 £ 6.17 99.84 0.63

turn lead to the enhancement of electron transfer between the
surface of the composite layer and the electrode.

Analytical Performance for Quantitative
Detection of Methylated DNA

The quantitative analysis of methylated DNA target was investi-
gated by DPV because this method can provide high current
sensitivity and peak resolution. The standard solutions with
concentration ranging from 0.01 to 1000 pM methylated DNA
target were prepared by diluting the stock solution with PBS.
Analyses were performed in triplicates for each concentration.

Differential pulse voltammetry measurements were per-
formed between +0.05 and +0.35 V at scan rate of 50 mV/s by
holding the working electrode at a condition potential of +1.3 V
for 70 s in HCL.

As shown in Fig. 5a, the reduction peak current of gold
nanoparticles gradually enhanced with increasing the concen-
tration of methylated DNA from 0.01 to 1000 pM. The
increased values of current for methylated DNA concentration
are shown in Fig. 5b. The limit of detection of this method was
calculated to be 0.01 pM.

Reproducibility and Stability of the Developed
Genosensor

In order to define the reproducibility of proposed genosensor,
the mean intra-assay coeflicient of variation coefficient of var-
iation (CV). for 10 and 100 pM of target methylated DNA esti-
mated to be 3.0-2.1% respectively, and the inter-assay was 5.2
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and 3.8%. Furthermore, the performance of nanogenosensor
in the biological sample was examined by adding two concen-
trations of target methylated DNA (10, 100, and 1000 pM) to
plasma samples. The obtained recovery results are presented
in Table 1, showing suitable data with relative standard devia-
tion (RSD) values ranging between 0.63% and 5.25%. The
recovery is between 99.84% and 104.3%, that clearly demon-
strate the capability of the presented method for detection of
methylated DNA in real samples.

The accelerated stability of the modified electrodes was
defined. Various SPCEs were prepared under the same proce-
dure as explained in the Method section, stored and assessed in
3 days (data not shown) our prior publication.'® The response of
the nangenosensor stayed stable within the limits up to 21 h.
Then, the developed nanogenosensor showed an average of 22%
reduction in electrochemical sensing performance.

Conclusion

In this study, we have developed immuno-DNA electrochem-
ical sensing platform using poly(L-Arg)/RGO composite film
and Fe,O,/TMC/Au nanocomposite as labeling tags for the
rapid, simple, and sensitive detection of methylated biomarker.
The fabricated nanogenosensor exhibited good linear range
with a low detection limit of 0.01 pM, providing a useful
alternative technology to the conventional methodologies.

Moreover, the synergistic influence of RGO and
poly(r-Arg) led to a great analytical performance of the sensing
platform which can be applied to determine methylated DNA
biomarker with suitable results.
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