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An electrochemical biosensor based on functional composite nanofibers for hybridization detection of
specific K-ras gene that is highly associated with colorectal cancer via multiple signal amplification strat-
egy has been developed. The carboxylated multiwalled carbon nanotubes (MWCNTs) doped nylon 6
(PA6) composite nanofibers (MWCNTs-PA6) was prepared using electrospinning, which served as the
nanosized backbone for thionine (TH) electropolymerization. The functional composite nanofibers
[MWCNTs-PA6-PTH, where PTH is poly(thionine)] used as supporting scaffolds for single-stranded
DNAT1 (ssDNA1) immobilization can dramatically increase the amount of DNA attachment and the
hybridization sensitivity. Through the hybridization reaction, a sandwich format of ssDNA1/K-ras
gene/gold nanoparticle-labeled ssSDNA2 (AuNPs-ssDNA2) was fabricated, and the AuNPs offered excel-
lent electrochemical signal transduction. The signal amplification was further implemented by forming
network-like thiocyanuric acid/gold nanoparticles (TA/AuNPs). A significant sensitivity enhancement
was obtained; the detection limit was down to 30 fM, and the discriminations were up to 54.3 and
51.9% between the K-ras gene and the one-base mismatched sequences including G/C and A/T mis-
matched bases, respectively. The amenability of this method to the analyses of K-ras gene from the
SW480 colorectal cancer cell lysates was demonstrated. The results are basically consistent with those
of the K-ras Kit (HRM: high-resolution melt). The method holds promise for the diagnosis and manage-
ment of cancer.
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The ras gene, a proto oncogene, contains four exon sequences,
distributes in the total length of approximately 30 kb DNA, and
encodes a (mostly) nuclear phosphoprotein of 21 kDa [1,2]. H-,
N-, and K-ras are the main members of the ras family. Ras family
members normally cycle between active GTP-bound and inactive
GDP-bound states, and they function at cellular membranes to
transmit signals originating from extracellular stimuli to influence
cell growth, proliferation, differentiation, and survival [3]. Onco-
genic missense mutations at codons 12, 13, 61, and 146 strongly
attenuate GTPase activity and cause ras to accumulate in the
GTP-bound state, resulting in formation and progression of the
cancer [4]. K-ras is the most frequently mutated ras isoform, with
an incidence of approximately 15% across all human tumor types
[5,6]. K-ras mutations have also been associated with increased
tumorigenicity and poor prognosis [7,8]. Therefore, specific recog-
nition and quantitative detection of K-ras and the mutations in
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K-ras are extremely crucial in fundamental research and clinical
practice.

Up to now, a variety of methods for measuring K-ras mutation
have been reported. The conventional electrophoresis-based meth-
ods, such as restriction fragment length polymorphism [9,10],
denaturing gradient gel electrophoresis [11], and single-strand
conformation polymorphism [12], are complicated and time-
consuming. Furthermore, hazardous materials, including radioac-
tive isotopes and ethidium bromide, were used. Direct sequencing
[13,14] is expensive and not sensitive enough to detect low-
abundant mutations. Real-time quantitative polymerase chain
reaction (RQ-PCR)' [15,16] has the advantage of higher analytical

! Abbreviations used: RQ-PCR, real-time quantitative polymerase chain reaction;
MWCNT, multiwalled carbon nanotube; PA6, nylon 6; Py, pyrrole; ssDNA, single-
stranded DNA; wtp53, wild-type p53; mtp53, muted-type p53; TH, thionine; PTH,
poly(thionine); AuNP, gold nanoparticle; TA, thiocyanuric acid; FESEM. field-emission
scanning electron microscopy; DPV, differential pulse voltammetry; CV, cyclic
voltammetry; GC, glassy carbon; PBS, phosphate-buffered saline; dsDNA, double-
stranded DNA; 3D, three-dimensional.
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sensitivity for mutation detection. However, the use of organic
dye-labeled oligonucleotide probes makes its cost high. Compared
with direct sequencing and RQ-PCR methods, SNaPshot assay
[17,18] can simultaneously screen several mutations and reduce
the cost of assays. Nevertheless, this method still requires expensive
instruments and technical expertise. Recently, the DNA-based bio-
sensor for the detection of K-ras mutations has generated consider-
able interest for simple, rapid, and inexpensive testing of genetic and
infectious diseases. The sensors can translate the genetic recognition
event into a corresponding analytical signal through electrochemical
[19-21], optical [22-24], and electrochemiluminescence [25,26]
methods. Among them, electrochemical DNA biosensors rely on
the immobilization of a single-stranded oligonucleotide probe onto
an electrochemical transducer surface to recognize its complemen-
tary target sequence. The high sensitivity of such devices, coupled
with their high compatibility, portability, low cost, and minimal
power requirements, makes them excellent candidates for DNA diag-
nostics [19-21].

Various nanomaterials have been used as electrochemical
transducer surface to immobilize the oligonucleotide probe in elec-
trochemical DNA biosensors during the past decade [27]. It is still a
big challenge to make the biological recognition molecule utmost
and stability immobilizing on the supporting scaffolds [28]. The
nanofibers produced by electrospinning processes have advantages
of uniformity, porosity, mechanical strength, and large surface
areas [29,30]. It is believed that electrospun nanofibers can be used
as an ideal platform for highly sensitive biosensing applications
with the characteristics of high surface area for loading, capability
of functional immobilization with desired spacing, reproducibility,
and long-term storage [31]. Several reports have investigated the
development of nanofiber-based biosensing platforms for biomo-
lecular detection such as glucose [32] and protein [33]. But a bio-
sensor based on electrospun nanofibers has never been studied
to detect the ras gene.

Recently, we developed a novel electrochemical biosensor
based on functional composite nanofibers for sensitive hybridiza-
tion detection of p53 tumor suppressor using methylene blue as
an electrochemical indicator [34]. In the strategy, carboxylated
multiwalled carbon nanotubes (MWCNTs) doped nylon 6 (PA6)
composite nanofibers (MWCNTs-PA6) were prepared using elec-
trospinning, which served as the nanosized backbone for pyrrole

GC electrode

(Py) electropolymerization. The functional composite nanofibers
(MWCNTs-PA6-PPy) used as supporting scaffolds for single-
stranded DNA (ssDNA) immobilization can increase the amount
of DNA attachment. The biosensor displays good sensitivity, good
specificity, and a high degree of discrimination between the
wild-type p53 sequence (wtp53) and the muted-type p53
sequence (mtp53). To improve the detection sensitivity signifi-
cantly, remarkable adjustments have been made to the sensing
system. Here, an electrochemical biosensor based on functional
composite nanofibers for hybridization detection of specific K-ras
gene, which is highly associated with colorectal cancer via the mul-
tiple signal amplification strategy, is developed. The electrospun
nanofibers (MWCNTs-PAG6) served as the nanosized backbone for
thionine (TH) electropolymerization via two steps (see Materials
and Methods). The functional composite nanofibers [MWCNTs-
PA6-PTH, where PTH is poly(thionine)], with larger specific surface
area and good biocompatibility used as supporting scaffolds for
ssDNA1 immobilization, not only can dramatically increase the
amount of DNA attachment and the hybridization sensitivity but
also can have better stability. Through the hybridization reaction,
a sandwich format of ssDNA1/K-ras gene/gold nanoparticle-
labeled ssDNA2 (AuNPs-ssDNA2) was fabricated. The AuNPs-
ssDNA2 offered electrochemical signal transduction. An
amplification strategy through the formation of the network-like
thiocyanuric acid/gold nanoparticles (TA/AuNPs) was presented,
and the detection sensitivity improved noticeably. Finally, the
detection limit of the K-ras gene biosensor and the discrimination
between the K-ras gene and the one-base mismatched sequence
were improved to some extent compared with the p53 biosensor.
The experimental protocol is illustrated in Fig. 1. In this study,
the characteristics of the sensing system for the detection of
K-ras gene mutations and the analytical performance were exam-
ined. The amenability of this method to the analyses of K-ras from
the SW480 colorectal cancer cell lysates was demonstrated.

Materials and methods
Reagents and apparatus

The DNA oligonucleotides in this study were obtained from
Sangon Biotechnology (China). The oligonucleotide sequences are

ssDNA1
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Fig.1. Schematic representation of the preparation of the electrochemical biosensor.
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shown in Table 1. Thionine chloride, HAuCly, and thiocyanuric acid
were purchased from Sigma (USA). Nylon 6 was purchased from
Debiochem (China). SW480 colorectal cancer cells were purchased
from Shanghai Institute of Life Science Cell Resource Center
(China). A K-ras Kit (HRM: high-resolution melt) was purchased
from HelixGen (China). Carboxylated multiwalled carbon nano-
tubes were obtained from Shenzhen Nanotech Port (China). The
diameter was 40 to 60 nm, and the length was 1 to 10 pm. Other
reagents were of analytical reagent grade. All of the solutions were
prepared with ultrapure water from a Millipore Milli-Q system.

The field-emission scanning electron microscopy (FESEM)
images were recorded using an S-4800 FE-SEM microscope (JEOL.,
Japan). A CHI 660D electrochemical analyzer (CHI Instruments,
Chenhua, China) was used to carry out differential pulse voltam-
metry (DPV) and cyclic voltammetry (CV). A three-electrode sys-
tem was used with the modified glassy carbon (GC) electrode
(3 mm in diameter) as the working electrode, an Ag/AgCl (satu-
rated) as the reference electrode, and a platinum wire as the coun-
ter electrode.

Preparation of modified electrodes

The surface of GC electrode was carefully polished with 0.3 pm
Al,03 powders successively, rinsed with water and ethanol in an
ultrasonic bath briefly, and then allowed to dry at room tempera-
ture. PA6 and MWCNTs (0.1% of PA6) were dissolved in a mixture
of cresol and formic acid (6:4, v/v) to obtain a homogeneous
solution under vigorous stirring at room temperature. Electrospin-
ning was carried out with a 20-ml syringe (1.2 mm diameter spin-
neret) at an electrical potential of 17 kV over an 18-cm gap
between the spinneret and the cleaned GC surface at a rate of
1.2 ml/h. The ambient temperature and relative humidity for elec-
trospinning were kept at 25 °C and 40%, respectively. It took 4 min
to deposit the nanofibrous mat on the surface of the electrode. The
as-prepared electrode was marked as MWCNTs-PAG6 electrode.

Two different PTH-modified electrodes were carried out by two
steps as follows:

(a) MWCNTs-PA6-PTH electrode: (i) holding the MWCNTs-PA6
electrode at 1.5V for 10 min in 0.1 M phosphate-buffered
saline (PBS, pH 6.0) containing 100 uM TH and (ii) potential
scans for 15 cycles at 50 mV/s between —0.4 and 1.2V (vs.
Ag/AgC(l) in the solution. A modest stir was going on through
the electropolymerization. The electrode was washed with
0.1 M PBS (pH 6.0) to remove the adsorbed TH monomer
thoroughly. The as-prepared electrode was denoted as
MWCNTs-PA6-PTH electrode.

Table 1
Oligonucleotide sequences used in the experiment.

(b) PTH electrode: The PTH was modified on the bare GC elec-
trode with the same processes as in (a). The as-prepared
electrode was denoted as PTH electrode.

Preparation of AuNPs-labeled ssDNA2 probes

AuNPs with a diameter of 16 nm were prepared by citrate
reduction of HAuCl, in aqueous solution according to the literature
[35]. In brief, 100 ml of solution containing 0.01 g of HAuCl, was
brought to reflux, and then 2.5 ml of 1% sodium citrate solution
was introduced with stirring. The solution was kept boiling for
30 min and cooled to room temperature. The product was stored
in a dark glass bottle at 4 °C for further use.

5’-Mercapto-capped ssDNA2 (the extinction coefficient was
178,200 L/(mol-cm), and the final concentration was 10 uM) in
10 mM PBS containing 0.8 M NaCl (pH 7.3) was mixed with 5 ml
of the above fresh AuNPs solution for 40 h at 4 °C. The solution
was followed by centrifugation at 14,000 rpm to remove excess
ssDNAZ2. The red oily ssDNA2/AuNPs precipitate was washed with
10 mM PBS containing 0.8 M NaCl (pH 7.3) and redispersed in the
above PBS. The AuNPs-labeled ssDNA2 probe was obtained. The
concentrations of the AuNPs were determined using the absor-
bance values at 520 nm in conjunction with the molar absorption
coefficient [36]. Approximately 25 to 30% of the original nanopar-
ticle concentration was lost during centrifugation and workup. The
concentration of the AuNPs-labeled ssDNA2 probe was calculated
to be 8.6 uM according to the value of ultraviolet (UV) absorption
of the ssDNA2 at 260 nm. The AuNPs-ssDNA2 probes were stored
at 4 °C for later use.

Fabrication of electrochemical biosensing electrode

The MWCNTs-PA6-PTH electrode was immersed in 0.1 M
acetic acid solution (pH 5.4) containing 1 uM ssDNA1, and a con-
stant potential at +0.5 V (vs. Ag/AgCl) for 600 s was applied. Then
the electrode was rinsed with 10 mM PBS (pH 7.3), and the ssDNA
electrode was formed.

The ssDNA electrode was immersed in 10 mM PBS (pH 7.3,
0.8 M NaCl) containing K-ras sequence and AuNPs-ssDNA2 probes
at 40 °C for 45 min. In this way, the double-stranded DNA (dsDNA)
electrode was obtained. Then 10 pl of 10 uM TA was added into the
above PBS. The dsDNA electrode was incubated in the PBS for
20 min at room temperature. The electrode was washed with
10 mM PBS (pH 7.3) to remove the unhybridized K-ras sequence,
uncombined AuNPs-ssDNA2 probes, and the adsorbed dsDNA
complex on the electrode surface thoroughly. The network-like

Description

Sequence

K-ras (associated with colorectal cancer)

5“AAAACTTGTGGTAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCC-3'

ssDNA1 3'-OH-(CH,)6-TTTTGAACACCATCAACCTC-(CH,)-OH-5'

ssDNA2 3-ACCGCATCCGTTCTCACGGG-(CH,)s-SH-5'

‘Mismach1  5-AAAACTTGTGCTAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCC-3'
*Mismach 2

5'-AAAACTTGTGGTAGTTGGAGCTGATGGCGTAGGCTAGAGTGCCC-3'

Note. The same color italic bases are complementary ones. (For interpretation of the reference to color in this table note, the reader is referred to the Web version of this

article.)
2The underlined bases are mismatched ones.
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TA/AuNPs dsDNA (TA/AuNPs-dsDNA) electrode was obtained and
employed as working electrode to detect DPV signal.

Preparation of SW480 colorectal cancer cell lysates

The soluble cell lysates of the SW480 colorectal cancer cells
were prepared according to Makmura and coworkers [37].The pro-
cedure is as follows. Cells were washed three times with ice-cold
10 mmol/L PBS containing 137 mmol/L NaCl and 2.7 mmol/L KCl
(pH 7.4). After decanting the PBS solution, cells were lysed in
50 mmol/L Tris-HCl containing 150 mmol/L NaCl, 0.02%
NaNs;, 0.1% sodium dodecyl sulfate (SDS), 100 pg/ml phen-
ylmethanesulfonyl fluoride (PMSF), 1 pg/ml aprotinin, 1% Triton
X-100, and 0.5% sodium deoxycholate (pH 8.0) on ice for 20 min.
The lysed cells were then removed from the tube walls by a cell
slicker and transferred to a centrifuge tube. After sonication for
30s on ice, contents released from the cell were centrifuged at
4°C at 12 000rpm for 10 min. The supernatant was collected
and stored at 4 °C for later use.

Measurement

DPV measurement 1

The DPV measurements were conducted by recording the
reduction peak current at a potential of —0.14V of the PTH-
modified electrodes. The following parameters were used: pulse
amplitude 0.05 V, pulse period 0.2 s, pulse width 0.05 s, and poten-
tial domain between —0.4 and 0.15 V (vs. Ag/AgCl). The electrolyte
medium was 0.1 M PBS (pH 6.0).

DPV measurement 2

The electrochemical measurement signal of AuNPs was carried
out by two steps: (i) the electrochemical oxidation of AuNPs of
AuCl,~ was performed at 1.25V for 120 s in 0.1 M HCI solution;
(ii) immediately after the electrochemical oxidation, the DPV mea-
surements were conducted from 0.8 to —0.1V in the above HCl
solution with a pulse amplitude of 0.05V, a pulse width of 0.05 s,
and pulse period of 0.2 s, resulting in a measurement signal due
to the reduction of AuCl,;~ that relates to the amount of the AuNPs
for the sandwich format. The DPV peak height at a potential of
0.4V of the reduction of AuCl,~ was used in all of the
measurements.

Results and discussion

FESEM images of MWCNTs-PAG6 composite nanofibers and
MWCNTs-PA6-PTH electrode

The micro-morphologies of MWCNTs-PA6 composite nanofi-
bers and MWCNTs-PA6-PTH electrode were analyzed using
FESEM, as shown in Fig. 2. MWCNTs-PA6 composite nanofibers
with smooth surface are evenly distributed on the substrate, and
their orientations are random. The diameters of the nanofibers
range from 60 to 300 nm (Fig. 2A). A three-dimensional (3D) por-
ous and dense modification layer on the electrode surface was
obtained for MWCNTs-PA6-PTH electrode (Fig. 2B). Quantitative
estimation of the average pore diameter of the above nanofibers
was performed. Compared with the MWCNTs-PA6 composite
nanofibers, the average pore diameter of the MWCNTs-PA6-PTH
electrode decreased from 0.39 to 0.24 um. In this case,
MWCNTs-PA6 composite nanofibers served as the nanosized back-
bone for TH polymerization, resulting in the porous PTH film cov-
ered around the MWCNTs-PA6 composite nanofibers in a cylinder
structure. In this way, a significant increase of the PTH amount
around MWCNTs-PA6 composite nanofibers was generated.

S-4800 5.0kV 8.2mm x50.0k SE(M)

Fig.2. FESEM images of MWCNTs-PA6
MW(CNTs-PA6-PTH electrode (B).

composite nanofibers (A) and

Finally, the MWCNTs-PA6-PTH electrode with coarser nanofibers
and a smaller pore diameter was obtained.

Characterization of PTH film

In this study, the PTH-modified electrodes were obtained by a
simple two-step method. After a preanodization at 1.5V for
10 min, the cyclic voltammograms were scanned between —0.4
and 1.2V for the bare GC electrode and the MWCNTs-PA6 elec-
trode (Fig. 3A). It indicated the growth process of the PTH film
on electrode surface with consecutive cycles. During the process
of TH electropolymerization onto electrode surface, the currents
of a pair of reversible redox peaks continued to build up with every
successive sweep, indicating an increase in quantity of electroac-
tive species on the electrode. By removing the electrode from
TH-containing solution, a golden and purple film was formed on
the electrode surface. As shown in Fig. 3A, a marked increase in
the CV peak currents for the MWCNTs-PAG6 electrode (solid line)
compared with the bare electrode (dash dot line) is observed. It
is also seen that the electrochemical surface area of the
MWCNTs-PA6 electrode was significantly increased in contrast
to the bare electrode. As a result, the amounts of the PTH around
MW(CNTs-PA6 composite nanofibers were increased significantly.
It can be attributed to a large surface area of each MWCNTs-PA6
composite nanofiber, which can be regarded as an independent
microelectrode when the electropolymerization reaction takes
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Fig.3. (A) Repetitive CV curves for the electropolymerization of TH onto
MW(CNTs-PA6 (solid line) and bare GC electrode (dash dot line) surface in 0.1 M
PBS (pH 6.0) containing 100 uM TH with 15 continuous cyclic scans between —0.4
and 1.2 V (vs. Ag/AgCl) at 50 mV/s. Before the electropolymerization, the electrode
went on a preanodization at 1.5 V in the TH solution for 10 min. (B) DPV responses
for the PTH electrode (curve a) and the MWCNTs-PA6-PTH (curve b) scanning from
—0.40 to 0.15V in 0.1 M PBS (pH 6.0).

place on the MWCNTs-PA6 electrode. Finally, the MWCNTs-
PA6-PTH electrode with a larger electrochemical surface area
was obtained.

The PTH film was electroactive because each monomer unit
retained its electroactive heterocyclic nitrogen atom. Moreover,
as polymerization occurred, a large amount of positive charges
was accumulated on the electrode surface and used to create the
TH cation radicals. These active cation radicals were linked through
the -NH- bridge to form PTH film with a 3D porous structure onto
electrode surface. Those bridges between monomer units, as in
polyaniline films, were electroactive [38]. The preanodization
operation was critical. If the CV scans were directly carried out
without an oxidation pretreatment or with a preanodization
potential lower than 1.1V, there was not enough positive charges
accumulated on electrode to create TH cation radicals, which
resulted in a failing electropolymerization of TH because there
was no current growth under the same polymerization conditions.
However, if the preanodization was conducted below 1.5V, the
polymer film was not strongly attached to the electrode and
destroyed by wash in PBS with stirring. Hence, in the current
experiment, 1.5V was used as the pretreatment potential. The
pH value of the electropolymerization solution had a significant

effect on the electropolymerization process of the PTH. During
the near neutral biocompatible pH range (pH 6.0-8.0), pH 6.0
resulted in the best reversible and conductive PTH film onto elec-
trode surface. Therefore, pH 6.0 was chosen as the pH value of the
electropolymerization solution in this work. This result was in
accordance with Ref. [39]. As shown in Fig. 3B, there was a marked
increase in the DPV peak currents for the MWCNTs-PA6-PTH elec-
trode compared with the PTH electrode with scanning between
—0.4 and 0.15V (vs. Ag/AgCl) as in DPV measurement 1. Besides,
the MWCNTs-PA6-PTH electrode was stable in 0.1 M PBS (pH
6.0) without change of the PTH redox peak current after 2 days.
This property made MWCNTs-PA6-PTH electrode suitable to sen-
sitively detect DNA hybridization under biocompatible conditions.

CV behavior of different modified electrodes

The fabrication processes of the electrochemical biosensor were
characterized by CV using [Fe(CN)g]>~/4-, as shown in Fig. 4. A
symmetric and reversible voltammogram was obtained for a bare
GC electrode (curve b). Compared with the former one, the voltam-
mogram observed at the MWCNTs-PA6 electrode (curve c) dis-
played a slight decline in the redox current. It is consistent with
the fact that a trace amount of MWCNTSs had no effect on the con-
ductivity of the PA6, but MWCNTSs could increase the mechanical
stability of nanofibers and make them more durable under operat-
ing conditions [40,41]. A significant increase was presented in the
redox current for MWCNTs-PA6-PTH electrode (curve a). In this
case, the TH polymerization was taking place on the MWCNTs-
PA6 composite nanofibers that served as the nanosized backbone.
A positive charged PTH film with a 3D porous structure was formed
around the MWCNTs-PA6 composite nanofibers. The outstanding
charge transport characteristics of the positive charged PTH film
and the electrostatic attractive force to [Fe(CN)s]> /4~ led to the
increase in the redox current. Once the ssDNA1 was adsorbed onto
the MWCNTs-PA6-PTH electrode by electrostatic interactions,
asymmetric and irreversible waves accompanied by a decline in
the redox current were obtained for the ssDNA electrode (curve
d). This resulted in the ssDNA1, which has a single-strand nucleic
acid with negative charges on its phosphate backbone, making an
electrostatic repulsive force to [Fe(CN)s]> /4. When the dsDNA
electrode was formed, the increase in the amount of nucleic acid

10 4

Current (pA)
e T

'
]
1

-10 4

Ll 2 Ll ® 3 Ll k3 Ll

0.2 0.0 0.2 0.4 0.6
Potential (V)

Fig4. CV curves in 1mM [Fe(CN)s]> /4~ solution for the MWCNTs-PA6-PTH
electrode (a), bare GC electrode (b), MWCNTs-PAG6 electrode (c), ssSDNA electrode
(d), dsDNA electrode (e), and TA/AuNPs-dsDNA electrode (f). The signal amplifi-
cation was implemented in 10 mM PBS (pH 7.3) and 0.8 M NaCl (after hybridiza-
tion) containing 10 pl of 10 uM TA for 20 min at room temperature. Scan rate:
0.1 V/s; scan range: —0.2 to 0.6 V.
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made a stronger repulsive force to [Fe(CN)g]>~/4~. As a result, a fur-

ther decrease was presented in the redox current for the dsDNA
electrode (curve e). The signal amplification was further imple-
mented by forming network-like TA/AuNPs, and a large number
of AuNPs-ssDNA2 probes accumulated on the surface of the elec-
trode. Therefore, a further decline was found in the redox current
for the TA/AuNPs-dsDNA electrode (curve f). The change in the
CV curves of the electrodes illustrated the successful modification
of the biosensing components onto the GC electrode. It also indi-
cated that the interactions between the MWCNTs-PA6-PTH and
the ssDNA1, as well as the K-ras gene and the two complementary
ssDNA electrodes, had occurred.

Characterization of electrochemical biosensor

Here, three different design concepts of the electrochemical
biosensor for detection of the K-ras gene were investigated. The
PTH electrode (the TH electropolymerization process for the PTH
electrode was the same as that for the MWCNTs-PA6-PTH elec-
trode, and the concentration of TH was also the same) was used
to fabricate the sandwich format of ssDNA1/K-ras gene/AuNPs-
ssDNA2 without adding TA (Fig. 5, curve a) or with adding TA for
signal amplification (Fig. 5, curve b), and the MWCNTs-PA6-PTH
electrode was used to prepare the sandwich format of ssDNA1/
K-ras gene/AuNPs-ssDNA2 with adding TA for signal amplification
(Fig. 5, curve c). As shown in curve a of Fig. 5, the DPV peak current
(I,) of the AuNPs at 0.4 V (vs. Ag/AgCl) is very small (design concept
a). In contrast, with signal amplification by adding TA (design con-
cept b), the I, is approximately 4 times higher compared with the
former one (Fig. 5, curve b). In other words, a significant sensitivity
enhancement was obtained with the signal amplification. This
owes to the fact that TA can easily cap more AuNPs to form net-
work-like TA/AuNPs by the strong interaction among AuNPs and
three thiol groups of each TA molecule. As shown in curve c of
Fig. 5, using the MWCNTs-PA6-PTH electrode and signal amplifi-
cation by adding TA (design concept c), the I, was magnified 2
times compared with design concept b. It is consistent with the
fact that the functional composite nanofibers (MWCNTs-PAG6-
PTH) with large specific surface area and good biocompatibility
used as supporting scaffolds for ssDNA immobilization can
dramatically increase the amount of DNA attachment and the

(HA)
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Fig.5. DPV responses for various dsDNA electrodes. The PTH electrode was used to
fabricate of the sandwich format without (a) or with (b) signal amplification, and
the MWCNTs-PA6-PTH electrode was used to prepare the sandwich format with
signal amplification (c). The electrochemical measurement signal of AuNPs was
carried out by two steps in 0.1 M HCl solution. The concentration of the K-ras gene
was 10 pM.
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Fig.6. DPV responses for various TA/AuNPs-dsDNA electrodes: (a) blank; (b) 10 nM
K-ras; (c) 10 nM one-base mismatched sequence of the K-ras (G/C mismatched); (d)
10nM one-base mismatched sequence of the K-ras (A/T mismatched). The
electrochemical measurement signal of AuNPs was carried out by two steps.

hybridization sensitivity. It is worth mentioning that the I, from
design concept ¢ was cumulatively magnified 8 times compared
with design concept a. The above results proved that our design
concept of the electrochemical biosensor for detection of the
K-ras gene is feasible and can bring ultrasensitivity for the target
detection.

The binding specificity of the ssDNA electrode was investigated
by the control hybridization experiments for K-ras (complemen-
tary sequence of the ssDNA1), one-base mismatched sequence of
the K-ras (G/C mismatched), one-base mismatched sequence of
the K-ras (A/T mismatched), and the blank. As shown in column
a of Fig. 6, the I, values of the AuNPs at 0.4V (vs. Ag/AgCl) are
almost negligible after the process of hybridization with the blank.
However, the largest I, was detected when the ssDNA electrode
was hybridized with K-ras (Fig. 6, column b). Meanwhile, the
one-base mismatched DNA (G/C mismatched) (Fig. 6, column c)
and the one-base mismatched DNA (A/T mismatched) (Fig. 6, col-
umn d) turn out to be approximately 54.3 and 51.9% signal from
the K-ras when they are in the same concentration. In other words,
the discriminations of the K-ras and G/C mismatched DNA and of
the K-ras and A/T mismatched DNA are 54.3 and 51.9% using the
MWCNTs-PA6-PTH electrodes, respectively. The consistent data
were obtained when the experiment was repeated three times.
The results show that the MWCNTs-PA6-PTH-based DNA hybrid-
ization assay has high selectivity from the one-base mismatched
sequence. The relative standard deviation (RSD) of the I, for the
six repeated detections of K-ras (10 nM) was 4.87%, indicating
the good reproducibility of this method. The stability of the ssSDNA
electrode was investigated on 5, 8, 10, 12, and 15 days storage at
4 °C and further used to hybridize with the target K-ras sequence;
fully 97.4% of the initial sensitivity remained after 10 days, indicat-
ing that this modified electrode was a stable platform as an elec-
trochemical DNA biosensor. In summary, the electrochemical
biosensor demonstrated good performance, including higher bind-
ing specificity, long shelf life, and excellent reproducibility.

Optimization of experimental conditions

To maximize the detection sensitivity of the proposed electro-
chemical biosensor, various conditions were optimized by single
factor experiments. In 4 min, the MWCNTs-PA6 nanofibrous mat
was deposited on the surface of the GC electrode and was visible
directly. The cycles of CV for TH electropolymerization were inves-
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tigated. As shown in Fig. 3A, with the increase of the scan cycle
number, scanning current gradually increased and increased
slowly after 15 cycles. For conventional studies, the performance
of conducting polymer is strongly influenced by the thickness of
the polymer film. Increasing the film thickness will deteriorate
the hybridization detection sensitivity [42]. In consideration of
the analysis time and sensitivity, we employed 15 cycles of CV in
a range of —0.4 to 1.2V for TH electropolymerization with a scan
rate of 50 mV/s.

The efficiency of the hybridization is in correlation with the
ionic strength of the hybridization buffer, hybridization time, and
hybridization temperature. The I, of the AuNPs at 0.4V (vs. Ag/
AgCl) decreased with the increasing NaCl concentration and
hybridization time. It reached plateau regions at the NaCl concen-
tration of 0.8 M and the hybridization time of 45 min. Thus, the
optimal NaCl concentration and hybridization time were chosen
at 0.8 M and 45 min, respectively. The curve of the I, varied with
the hybridization temperature from 10 to 60 °C, with 10 °C incre-
ments, and was like a parabola with its peak at 40 °C. So, 40 °C
was chosen as the optimal hybridization temperature.

AuNPs have good electrochemical response in acid medium. The
strongest I, of the AuNPs was detected in the HCI detecting solu-
tion when the H,SO4 and HNOs detecting solutions were in the
same concentration. It resulted in the gold ion (Au*) and Cl~ being
able to generate stable AuCl, . The concentration of the HCI detect-
ing solution was selected according to the literature [40]. So, 0.1 M
HCI solution was selected as the DPV detecting solution.

Calibration curve of K-ras detection

The sensitivity of the electrochemical biosensor was investi-
gated. The DPV responses for various TA/AuNPs-dsDNA electrodes
are shown in Fig. 7. The peak current difference [Al, where
Al = I(K-ras) — I,(blank)] of AuNPs reduction grew when the
K-ras concentration increased, and the Al, was linear to the loga-
rithm of K-ras concentration ranging from 0.1 to 100 pM (as shown
in the Fig. 7 inset). The equation for the resulting calibration plot
was y = 8.14Igx + 4.24 (where x was the concentration of K-ras
and y was the Al,,), with correlation coefficient as 0.9991. The
detection limit for K-ras of 30 fM was estimated using 3o (where
G is the relative standard deviation of a blank solution, n=11).
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Fig.7. DPV responses for various TA/AuNPs-dsDNA electrodes. The concentrations
of K-ras were 10 nM (a), 1 nM (b), 100 pM (c), 10 pM (d), 1 pM (e), 0.1 pM (f), and
0 M (g). Inset: Related calibration plot versus K-ras concentrations in a range from
0.1 to 100 pM.

Table 2
Test results of soluble cell lysates of SW480 colorectal cancer cells.

Cell lysates K-ras (this method) K-ras Kit (HRM)
(pM) (pM)
SW480 colorectal cancer cells 7.9 8.7

The consistent data were obtained as shown in the error bars in
the Fig. 7 inset when the experiment was repeated three times.

Analysis of SW480 colorectal cancer cell lysates

Finally, the amenability of this method to analyses of the K-ras
gene from SW480 colorectal cancer cell lysates was demonstrated.
Through the hybridization reaction, a sandwich format of ssDNA1/
K-ras gene (the soluble cell lysates of the SW480 colorectal cancer
cells)/AuNPs-ssDNA2 was fabricated. The signal amplification was
further implemented by the formation of the network-like TA/
AuNPs. The DPV peak height at 0.4 V was detected. To further val-
idate the method for clinical applications, HRM (K-ras Kit) tests
were compared with the developed method for the analyses of
the soluble cell lysates of the SW480 colorectal cancer cells. First,
the K-ras gene fragments in the soluble cell lysates of the SW480
colorectal cancer cells were specifically amplified by PCR. Then,
HRM was designed to monitor fluorescence change and produced
a melting profile. As shown in Table 2, the results of the electro-
chemical biosensor are basically consistent with those of the
K-ras Kit (HRM). The consistent data were obtained when the
experiment was repeated three times. The method was
capable of determining K-ras from real samples without extensive
sample pretreatment/separation or specialized instruments. It
holds promise as a clinical protocol for assaying K-ras DNA binding
capacity in normal and cancer cells at sensitive levels.

Conclusions

An electrochemical biosensor based on functional composite
nanofibers for hybridization detection of a specific mutation in
the K-ras gene has been developed. The MWCNTs-PAG6-PTH elec-
trode with unique 3D nanostructure, large specific surface area,
and good biocompatibility was proposed and can be used to
enhance stability, speed, and sensitivity. Through the hybridization
reaction, a sandwich format of ssDNA1/K-ras gene/AuNPs-ssDNA2
was fabricated, and the signal amplification was further imple-
mented by forming network-like TA/AuNPs. A significant sensitiv-
ity enhancement was obtained; the detection limit was down to
30 fM, and the discriminations were up to 54.3 and 51.9% between
the K-ras gene and the one-base mismatched sequences including
G/C and A/T mismatched bases, respectively. The sensor system
was successfully applied to analyze K-ras from the SW480 colorec-
tal cancer cell lysates. The results of the electrochemical biosensor
are basically consistent with those of the K-ras Kit (HRM). The
proposed biosensor has been demonstrated to offer a convenient,
specific, and sensitive method of detecting gene mutation.
Moreover, the nanofibers modified electrode and the amplification
strategy are expected to have wide applications in other biomole-
cule monitoring and disease diagnosis.
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