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Abstract
A novel electrochemical DNA biosensor for ultrasensitive and selective quantitation of Escherichia coli DNA based on aminated
hollow silica spheres (HSiSs) has been successfully developed. The HSiSs were synthesized with facile sonication and heating
techniques. The HSiSs have an inner and an outer surface for DNA immobilization sites after they have been functionalized with 3-
aminopropyltriethoxysilane. From field emission scanning electron microscopy images, the presence of pores was confirmed in
the functionalized HSiSs. Furthermore, Brunauer–Emmett–Teller (BET) analysis indicated that the HSiSs have four times more
surface area than silica spheres that have no pores. These aminated HSiSs were deposited onto a screen-printed carbon paste
electrode containing a layer of gold nanoparticles (AuNPs) to form a AuNP/HSiS hybrid sensor membrane matrix. Aminated
DNA probes were grafted onto the AuNP/HSiS-modified screen-printed electrode via imine covalent bonds with use of glutar-
aldehyde cross-linker. The DNA hybridization reaction was studied by differential pulse voltammetry using an anthraquinone
redox intercalator as the electroactive DNA hybridization label. The DNA biosensor demonstrated a linear response over a wide
target sequence concentration range of 1.0×10-12–1.0×10-2 μM, with a low detection limit of 8.17×10-14 μM (R2 = 0.99). The
improved performance of the DNA biosensor appeared to be due to the hollow structure and rough surface morphology of the
hollow silica particles, which greatly increased the total binding surface area for high DNA loading capacity. The HSiSs also
facilitated molecule diffusion through the silica hollow structure, and substantially improved the overall DNA hybridization assay.
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Introduction

Escherichia coli bacteria are commonly found in the intestines
of humans and animals. Most E. coli strains are harmless;

however, some serotypes are pathogenic, such as E. coli
O157:H7, which produces Shiga toxin and causes severe ill-
nesses (e.g. stomach cramps, diarrhoea, kidney failure) and
even death [1]. Shiga toxin-producing E. coli can be transmit-
ted through contaminated water or food, or through contact
with infected animals or people. The symptoms of E. coli in-
fection usually start within 3 or 4 days after exposure, but the
incubation period can be as short as 1 day or as long as 10 days.

Traditional microbiological detection of E. coli involves
differential agar media for bacterial colony growth followed
by enumeration of E. coli bacteria on the basis of colony-
forming units. Preenrichment of the sample with selective
culture, biochemical screening and serological confirmation
are essential [2]. Although these methods are sensitive and
selective, it takes days or weeks to get results. Moreover, the
process is laborious and requires well-trained personnel, and
interpretation of the test results is difficult [3]. The culture-
based method is vulnerable to microbial contamination, and
frequently results in inhibition of growth of the bacteria of
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interest as well as the presence of viable but non-culturable
bacteria, which leads to the underestimation of viable cells of
the pathogen fromwater [3]. E. coli genotype detection can be
conducted with DNA colony blot hybridization, but a long
handling time makes this method unsuitable for most labora-
tory diagnoses [4]. Detection of bacteria has evolved to more
rapid, sensitive and specific immunoassays such as the
enzyme-linked immunosorbent assay (ELISA) and polymer-
ase chain reaction methods, but these methods are limited by
the requirements of sophisticated instruments and pretreat-
ment involving purification of the samples [5]. Finally, this
method uses agarose electrophoresis gel stain, but the process
is time-consuming and dangerous [6]. The ELISA technique
needs overnight incubation and 2 h to perform the test [7]. The
plate counting method, ELISA and polymerase chain reaction
need enrichment, separation, a morphology test, a serological
test and a biochemical test to detect the exact pathogen [8].
Use of a DNA biosensor is a suitable method to solve this
problem because DNA biosensors are easy to handle, portable
and highly sensitive.

In recent years, DNA biosensors based on nucleic acid
hybridizations have been vigorously pursued. Various analyt-
ical biosensing methods have been used for the quantification
of DNA, including optical methods [9], magnetic methods
[10], use of field-effect transistors [11], use of a quartz crystal
microbalance [12] and electrochemical techniques [13]. The
electrochemical DNA biosensor method has received the most
attention because of its high sensitivity, short reaction time,
convenience and simple operation [14]. Li et al. [15] used the
electrochemical DNA biosensor method to detect DNase I
activity through the presence of methylene blue on a gold
electrode. Evtugyn et al. [16] constructed electrochemical
DNA sensors based on nanostructured organic dye/DNA/
polyelectrolyte complexes. However, the sensitivity of these
sensors has remained low and the concentration of the target
gene is usually very low in the samples. Therefore, an ultra-
sensitive analytical method of detecting nucleic acids is clear-
ly essential [17]. Generally, the sensitivity of the DNA biosen-
sor chiefly relies on the structure and surface morphology of
the DNA supporting material. The use of large surface area
materials such as microparticles or nanoparticles has often
allowed more DNA probes to be immobilized on the matrix
so as to increase the biosensor sensitivity compared with that
of a one-dimensional structure membrane [18].

Electrochemical biosensors based on silica nanoparti-
cles are widely used as a biomolecule supporter to detect
the DNA hybridization reaction. Liebana et al. [19] used
silica magnetic particles as the carrier in electrochemical
genosensing of Salmonella, Listeria and E. coli. The
genosensor had a low detection limit of less than 0.15 ng
μL-1. Cai et al. [20] used silica nanoparticles with a car-
boxyl group to develop a biosensor for adenosine
triphosphate-binding aptamer detection. Hoechst 33258

was used as the hybridization label. The biosensor had a
low detection limit of less than 20 μM. Cha et al. [21]
developed a hepatitis B virus DNA biosensor by using
silica nanoparticles with a carboxyl group. This DNA bio-
sensor used ethyl-3-(3-dimethylaminopropyl)carbodiimide
and N-hydroxysuccinimide to activate the carboxyl func-
tional group. It was highly sensitive, was stable, had high
reproducibility and had a low detection limit.

Hollow silica appears to be attractive because of its high
chemical and thermal stability, large surface area and tun-
able size, and good compatibility with other materials
[22–24]. It has a wide range of applications, including as
a catalyst support [25], gas adsorbent [26], heavy metal ion
adsorbent [27], inorganic carrier [28] and semiconductor
nanoparticles [29, 30]. Besides, hollow silica has also been
used as an efficient supporting substrate for enzyme immo-
bilization [31, 32] and for drug or small interfering RNA
delivery applications [24, 33]. It has great potential to be a
good DNA supporter candidate by virtue of its large inner
and outer surfaces, which can be differentially functional-
ized. In addition, its inner void allows diffusion of small
molecules and ions, providing a shorter diffusion path
length [22, 34]. A higher surface area is available for
DNA probe immobilization for the same spot diameter
compared with a flat surface [14].

Because of the large surface area provided by hollow
silica spheres (HSiSs), we have studied the potential of
this material for improving DNA biosensor performance.
In preliminary investigations on the synthesis and charac-
terization of HSiSs, we studied this material by Fourier
transform IR spectroscopy and cyclic voltammetry (CV)
[35]. In the work reported here, we further investigated
the structure and also the potential of a DNA biosensor
constructed by our depositing a gold nanoparticle
(AuNP)/HSiSs matrix on a screen-printed carbon paste
electrode for ultrasensitive detection of E. coli DNA. We
obtained the E. coli pathogenic DNA sequences from
Solanki et al. [36]. The 3-aminopropyltriethoxysilane
(APTES)-functionalized HSiSs were synthesized with
use of Tween 20 surfactant molecules, which formed the
spherical micelle template. The three-dimensional silica
network was formed around the surfactant micelle tem-
plate via hydrolysis and condensation of silicon alkoxide
precursors. The core–shell compositions then underwent
thermal decomposition to remove the surfactant template.
The aminated DNA probe was coupled to the aminated
HSiSs via a glutaraldehyde bifunctional cross-linker, and
deposited onto the AuNP-modified screen-printed carbon
paste electrode. The AuNPs were used to increase the
conductivity of the DNA biosensor. E. coli target DNA
was quantified by differential pulse voltammetry (DPV) in
the presence of an electroactive anthraquinone DNA hy-
bridization label.
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Materials and methods

Instrumentation

CVand DPV were performed with an Autolab PGSTAT elec-
trochemical analysis system supplied with the GPES software
package. The working electrode was prepared bymodification
of the screen-printed carbon paste electrode (Scrint
Technology, Malaysia) with HSiSs, AuNPs and DNA mole-
cules. The auxiliary electrode was a platinum electrode, and a
Ag/AgCl reference electrode was used to measure the poten-
tial of the working electrode. All DPV electrochemical mea-
surements were performed in 6 mL of 0.05 M potassium
phosphate buffer at pH 7.

Chemicals

APTES (98%), glutaraldehyde, AuNP powder (less than 100
nm) and synthetic oligonucleotides (Table 1) were supplied by
Sigma-Aldrich. Tetraethyl orthosilicate (98%), Tween 20 sur-
factant, sodium fluoride (98.5%) and anthraquinone-2-
sulfonic acid monohydrate salt (AQMS) were purchased from
Fluka, R & M Chemicals, Merck and Acros, respectively.
Deionized water was used for preparation of all aqueous solu-
tions. A stock solution of DNA probe was prepared in 0.05 M
potassium phosphate buffer (pH 7), and complementary DNA
(cDNA) solutionwas prepared in 0.05M potassium phosphate
buffer containing 0.1 M KCl at pH 7. The pathogenic se-
quences chosen were acquired from Solanki et al. [36].

Synthesis and characterization of aminated HSiSs

HSiSs were synthesized according to the method reported by
Boissiere et al. [37] with some modifications. Firstly,
tetraethyl orthosilicate and Tween 20 were mixed in a molar
ratio of 8:1 for 10 min on a magnetic stirrer (IKA 9500100 C-
Mag HS7) followed by addition of 0.748 g of sodium fluoride
to the mixture and stirring for another 3.5 h. The mixture was
then incubated in a shaking water bath at 27 °C for 8 days. The
resulting precipitate was sequentially washedwith ethanol and
deionized water by centrifugation at 4000 rpm for 15 min
each. The resultant HSiSs were finally oven-dried at 200 °C

for 6 h and calcined in air at 620 °C for 6 h. Next, the as-
synthesized HSiSs were treated with 2 mL of APTES (98%)
with overnight stirring, and air-dried for 24 h. The size and
morphology of the aminated HSiSs were determined by field
emission scanning electron microscopy (FESEM). The
Brunauer–Emmett–Teller (BET)/Barret–Joyner–Halenda
method and X-ray diffraction (XRD) were used to analyse
the pores. The BET/Barret–Joyner–Halenda analysis was
used to explain the physical absorption of gas molecules onto
the solid surface and was used as the basic analytical tech-
nique to measure the material specific area. BET theory refers
to the absorption of a gas such as nitrogen, argon and carbon
dioxide onto several layers to determine surface area data.
BET analysis was performed to analyse the silica pores. A
particle size analyser was used for HSiS characterization.
About 5 mg of dried APTES-functionalized HSiSs was dis-
persed in 500 μL of 30% ethanol for further use in DNA
biosensor fabrication.

Fabrication of the DNA biosensor

The screen-printed carbon paste electrode was first modified
with AuNPs by deposition of 10 μL of colloidal AuNPs in
30% ethanol onto the active surface of the screen-printed elec-
trode (SPE) and air-dried at room temperature (27 °C). About
4 μL of aminated HSiS suspension in ethanol was then de-
posited onto the AuNP-modified SPE (AuNP-SPE), and
allowed to dry under ambient conditions, followed by immer-
sion in 8% glutaraldehyde for 1 h, and subsequent soaking in
300 μL of 1 μM DNA probe solution overnight. These path-
ogenic DNA sequences were obtained from Solanki et al.
[36]. After overnight immersion, the resulting DNA biosensor
was carefully rinsed with 0.05 M potassium phosphate buffer
(pH 7) to remove the unbound DNA probe. DNA hybridiza-
tion was performed by the dipping of the DNA biosensor in
300 μL of target DNA solution for 1 h at 27 °C. The DNA
biosensor was then rinsed again with 0.05 M potassium phos-
phate buffer at pH 7 to remove the excess cDNA fragments,
followed by immersion in 1 mM AQMS solution for 40 min
before the DNA biosensor response was investigated by
means of DPV. The stepwise fabrication of the aminated
HSiS-based electrochemical DNA biosensor is depicted in
Fig. 1. The electrochemical behaviour of each immobilized
substance layer deposited on the SPE was characterized by
CV at a scan rate of 100 mVs-1 with use of 1 mM potassium
ferricyanide [K3Fe(CN)6] redox indicator.

Optimization of DNA biosensor response for DNA
in pathogenic E. coli detection

The amounts of AuNPs and aminated HSiSs deposited on the
SPE were optimized by our varying the AuNP and aminated
HSiS loadings from 0.016 to 0.096 mg and from 0.01 to 0.05

Table 1 The DNA oligonucleotide sequences used in the present
research

DNA Base sequences

DNA probe 5′-GGTCCGCTTGCTCTCGC [AmC3]

cDNA 5′-GCGAGAGCAAGCGGACC-3′

ncDNA 5′-CTAGTCGTATAGTAGGC-3′

cDNA complementary DNA, ncDNA non-complementary DNA
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mg, respectively. DNA probe loading, on the other hand, was
evaluated between 0.2 and 5 μM,while the amounts of AuNPs
and aminated HSiSs on the SPE were kept constant at 0.08 and
0.04 mg, respectively,. DNA hybridization was performed
with 1 × 10-8μMcDNA in 0.05M potassium phosphate buffer
containing 0.1 M KCl at pH 7 followed by an intercalation
reaction with 1 mM AQMS. Sodium phosphate, potassium
phosphate and tris(hydroxymethyl)aminomethane hydrochlo-
ride buffers of 0.05M and pH 7were prepared to determine the
suitability of the buffer type for the optimal DNA hybridization
reaction. The effect of DNA hybridization buffer pH was in-
vestigated with 0.05 M potassium phosphate buffer in the pH
range from 5 to 9. To investigate the effect of the buffer con-
centration, the potassium phosphate buffer (pH 7) concentra-
tion was varied between 0.005 and 0.07 M. The ionic strength
of the DNA hybridization buffer was studied with various con-
centrations of KCl (0.01–0.2 M) in 0.05 M potassium phos-
phate buffer at pH 7. The DNA probe immobilization was
performed over a period of 1–24 h, and the DNA hybridization
time was determined by exposure of the DNA biosensor to
target DNA for 20–160 min. The calibration curve of the
DNA biosensor was established with a series of cDNA con-
centrations from 1×10-14 to 1×10-2 μM; this was done in trip-
licate. The selectivity of the DNA biosensor was examined
with cDNA and non-complementary DNA of the same con-
centration. The reversibility of the DNA biosensor was studied
by our alternately incubating the DNA biosensor in 1 × 10-8

μM cDNA (30 min) and 0.1 M NaOH (15 min), with the DPV
measurement taken after each incubation.

Sample testing and confirmation

The amperometric E. coli DNA biosensor was then validated
and compared against the standard plating method according
to the FDA’s Bacteriological Analytical Manual for E.coli
determination in water samples. Water samples were collected
from various locations along Langat River. After prefiltration
of samples through a 45-μm pore size filter to remove large
particles, 100 mL of each water sample was filtered through a
0.2-μm pore size, 100-grid membrane filter. After filtering,
the numbers of E. coli from each sample were determined
by culture on eosin methylene blue agar. For DNA biosensor
testing, all samples were heated and sonicated for 20 min to
obtain the DNA of bacteria [38, 39]. The E. coliDNA biosen-
sor electrode was immersed in the water sample for DNA
hybridization for 1 h, and 1 mMAQMS was added as a redox
label before the biosensor response was measured.

Results and discussion

Morphology and characterization of aminated HSiSs
and electrochemical response of the modified SPE

Figure 2a shows FESEM micrographs of the aminated HSiSs
with dimensions in the 50–200-μm size range and a circular
pore with pore diameter less than 1 μm; Fig. 2b shows an
FESEM micrograph of the non-hollow silica spheres. The
inner and outer rough surfaces of the APTES-modified
HSiSs increased the binding surface area, resulting in high
DNA immobilization capacity.

Nitrogen gas absorption characterization is a technique to
analyse the texture properties of HSiSs such as pore volume,
specific surface area and pore size distribution. Measurements
based on nitrogen absorption and desorption were performed
at 77 K. Nitrogen gas absorption is an IUPAC method for
porous materials with specific surface area greater than 5 m2

g-1 [40]. According to Zielinski and Kettle [41], porous mate-
rials have a larger BET surface area than materials without
pores. BET analysis of HSiSs showed that the BET surface
area is 302.6976 m2 g-1, with a pore area of 5.1887 m2 g-1 and
a pore volume of 1.927 × 10-3 cm3 g-1. BET analysis of non-
hollow silica spheres showed that the BET surface area is
76.7881 m2 g-1, with a pore area of 1.85 m2 g-1 and a pore
volume of 1.045 × 10-3 cm3 g-1.

A particle size analyser was used to determine the size and
surface charge properties of the HSiSs. Most of the HSiSs had
a diameter of around 220.2 nm. The HSiSs had a zeta potential
of -0.75 mV. This means the HSiSs were negatively charged.
The diameter of the HSiSs increased to 430.8 nm and the
HSiSs were positively charge (6.76 mV) after silica had been
functionalized with APTES. Normally, silica is negatively
charged because of the silanol group, and after APTES addi-
tion, silica is positively charged because of the amine group in
the silica chain.

XRD analysis was performed to obtain the structure of the
silica spheres. Figure 3 shows the XRD spectrum after calci-
nation. The clear and broad spectral peaks at 2θ around 13°
and 23° showed that the synthesized HSiSs were in the amor-
phous form and that no crystal structure has been formed [42].
These HSiSs were similar in structure to nanosilica and meso-
porous silica [43, 44]. The low absorption peak at 2θ = 4°
showed that the silica spheres were hollow or porous [45].

The electrochemical properties of the AuNP-SPE and the
HSiS-modified SPE (HSiS-SPE) were examined by CV with
potassium ferricyanide as a redox-active test probe, and were
compared with the electrochemical behaviours of the bare
SPE, AuNP-SPE and HSiS-SPE (Fig. 4). The sigmoidal
voltammetric responses of the modified SPEs suggest the pre-
dominance of radial diffusion instead of the classical linear
mode of mass transfer at millimetre-sized electrodes [46].
On the basis of the electrochemical data in Table 2, the

�Fig. 1 The stepwise fabrication of the aminated hollow silica sphere
(HSiS)-based electrochemical DNA biosensor. AQMS anthraquinone-2-
sulfonic acid monohydrate salt, AuNPs gold nanoparticles, DPV differ-
ential pulse voltammetry, SPE screen-printed electrode
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potential difference (ΔEp) increased in the electrode order of
AuNP/HSiS-modified SPE (AuNP/HSiS-SPE)<AuNP-
SPE<bare SPE<HSiS-SPE as the electron transfer rate de-
creased at the electrode surface in the electrode order of
AuNP/HSiS-SPE>AuNP-SPE>bare SPE>HSiS-SPE. Both
the bare SPE and the HSiS-SPE exhibited larger separation
in peak potentials because of the rather inferior electron con-
ductivity of the carbon paste material itself and the non-
conductive characteristic of the aminated HSiSs, respectively,
which reduced the electron transport efficiency on the elec-
trode surface. However, when the AuNP-SPE was doped with
aminated HSiSs to form a hybrid conductor material, it

exhibited high electron transfer performance, which was due
to the high electrical conductivity of the AuNPs and efficient
diffusion of redox-active moieties through the aminated
HSiSs [47]. In addition, the anodic to cathodic peak current
ratio (IPA/IPC) of the AuNP/HSiS-SPE was near 1, which
means that the reversible redox system was still maintained
with the hybrid electrode.

Figure 5 shows the DPV response of the SPE and modified
SPEs with an anthraquinone oligonucleotide label as the redox
indicator. The strong and sharp AQMS DPV peak current re-
sponse at -0.5 V indicates that the AQMS redox probe had been
intercalated into the immobilized DNA double helix on the

Fig. 2 a Field emission scanning
electron microscopy (FESEM)
micrographs of the aminated
hollow silica spheres. b FESEM
micrograph of the non-hollow
silica spheres

Fig. 3 X-ray diffraction spectrum after calcination
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HSiS/AuNP-SPE after the probe–target hybridization reaction.
This suggests that the DNA probes had been successfully
immobilized on the aminated HSiSs via covalent cross-
linking with glutaraldehyde [48, 49]. No observable AQMS
DPV response at -0.5 V was obtained with the immobilized
single-stranded DNA probe before and after hybridization with
non-complementary DNA. This was attributed to the electro-
static repulsion force between AQMS and the DNA-modified
HSiS/AuNP-SPE of the same charge. Furthermore, the DNA
electrode based on the HSiS/AuNP hybrid substrate showed
100% complementary with the target sequence, which implies
a superior selectivity of the proposed DNA biosensor toward
the detection of E. coli cDNA. The bare SPE, AuNP-SPE,
HSiS-SPE and HSiS/AuNP-SPE gave negligible DPV re-
sponses to AQMS, which indicates there was no specific ad-
sorption of AQMS on the electrode surface.

Optimization of AuNP, aminated HSiS and DNA probe
loadings on the SPE

As the non-conductive aminated HSiSs were used as the car-
rier matrix for DNA immobilization, AuNPs were added to
facilitate the electron transfer from the intercalated AQMS
DNA hybridization redox label to the SPE surface. On in-
crease of the amount of AuNPs from 0.016 to 0.08 mg, the

DNA biosensor response increased appreciably because the
immobilized AuNPs increased the electron transfer rate at
the SPE surface (Fig. 6a). The DNA biosensor response de-
clined when higher amounts of AuNPs (i.e. more than 0.08
mg) were deposited on the electrode as the large excess of
AuNPs on the SPE resulted in full surface coverage, which
hindered the electron transfer reaction at the electrode surface.

The optimized AuNP-SPE was then further modified with
the aminated HSiSs for DNA probe immobilization. The
DNA biosensor response increased with increasing HSiS
loading from 0.01 to 0.04 mg as the HSiSs increased the total
surface area for binding with a large number of DNA probes,
and this enhanced the DNA hybridization and intercalation
reaction rates at the transducer surface (Fig. 6b). When the
amount of the insulated HSiSs exceeded 0.04 mg on the
AuNP-SPE, this caused sluggish electron transfer kinetics,
and a lower DPV response.

The concentration of DNA probe loaded on the AuNP/
HSiS-SPE was optimized between 0.5 and 6 μM. The DNA
biosensor response increased with DNA probe loading from
0.5 to 2 μM DNA as the aminated HSiSs provided large load-
ing capacity for immobilization of a higher amount of DNA
probe, thereby increasing the DNA hybridization reaction rate
[50]. The levelling off of the DPV response at a DNA
probe concentration above 2 μM was attributed to the

Table 2 Electrodynamic data with regard to anodic peak potential (EPA), cathodic peak potential (EPC), potential difference (ΔEP), anodic peak current
(IPA), cathodic peak current (IPC) and anodic to cathodic peak current ratio (IPA/IPC) of K3[Fe(CN6)] redox indicator with different surface-modified
working electrodes

EPA (V) EPC (V) ΔEP (V) IPA (A) IPC (A) IPA/IPC

Bare SPE 0.452 -0.073 0.525 5.508 × 10-4 -5.965 × 10-4 0.9234

AuNP-modified SPE 0.443 -0.054 0.497 9.236 × 10-4 -9.591 × 10-4 0.9630

HSiS-modified SPE 0.443 -0.153 0.596 4.443 × 10-4 -1.987 × 10-4 2.236

AuNP/HSiS-modified SPE 0.447 -0.049 0.496 9.194 × 10-4 -9.580 × 10-4 0.9597

AuNP gold nanoparticle, HSiS hollow silica sphere, SPE screen printed electrode

Fig. 4 Cyclic voltammograms of 1 mM K3Fe(CN)6 redox indicator
obtained with the bare screen-printed electrode (SPE), gold nanoparticle
(AuNP)-modified SPE, hollow silica sphere (HSiSs)-modified SPE and
AuNP/HSiS-modified SPE at a scan rate of 100 mVs-1

Fig. 5 Differential pulse voltammograms of the screen-printed electrode
(SPE) and modified SPEs in 0.05 M potassium phosphate buffer (pH 7)
with 1 mM anthraquinone-2-sulfonic acid monohydrate salt as the indi-
cator. cDNA complementary DNA
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saturation of aminated HSiSs with DNA probe via glutaralde-
hyde cross-linking reaction. The dependence of the DNA bio-
sensor response on DNA probe loading is illustrated in Fig. 6c.

Effect of DNA hybridization buffer solution

The buffer solution used for DNA hybridization assay was opti-
mized in terms of buffer type, pH, buffer concentration and ionic

strength to obtain the optimal DNA hybridization conditions to
enhance the DNA hybridization rate of the DNA biosensor. The
DNA biosensor showed the highest response to 1 × 10-8 μM
cDNA with 1 mM anthraquinone redox intercalator in 0.05 M
potassium phosphate buffer at pH 7 as it provided the most
benign environment for DNAmolecules compared with sodium
phosphate and tris(hydroxymethyl)aminomethane hydrochloride
buffer solutions (Fig. 7a). Hence, potassium phosphate buffer

Fig. 6 Effect of gold nanoparticle
(a), aminated hollow silica sphere
(b) and DNA probe (c) loadings
on the DNA biosensor response
based on the intercalated
anthraquinone-2-sulfonic acid
monohydrate salt differential
pulse voltammetry peak current
signal

Fig. 7 Buffer solution (a), pH (b), buffer capacity (c) and ionic strength (d) profiles of the hollow silica sphere based DNA biosensor. Tris
tris(hydroxymethyl)aminomethane
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was used for further studies to maximize the DNA hybridization
reaction.

The pH plays an important role in providing an appropriate
environment for the DNA hybridization reaction [21, 49].
High or low pH may cause considerable denaturation of the
duplex DNA [49]. As Fig. 7b shows, different pH environ-
ments caused large changes to the DNA hybridization process
as illustrated by the significant DPV peak current change with
pH. By reduction of the acidity (from pH 5 to pH 7) and
alkalinity (from pH 9 to pH 7) of the 0.05 M potassium phos-
phate buffer, a maximum DPV signal was obtained at 3.46
μA. This clearly shows that a neutral environment made the
DNA hybridization reaction more favourable. In an acidic
environment, the DNAmolecules become insoluble as a result
of the protonation of the DNA phosphodiester bond, and that
interfered with the DNA hybridization reaction [51], whereas
in basic buffer solution, it broke up the weak hydrogen bonds
between the DNA molecules, and denatured the helical
double-stranded DNA (dsDNA) [52].

The potassium phosphate buffer capacity and ionic
strength of the DNA hybridization buffer were then ad-
justed to reduce the steric hindrance and electrostatic re-
pulsion between negatively charged phosphate groups of
the immobilized dsDNA [53]. Potassium phosphate buffer

at 0.05 M (Fig. 7.3c) containing 0.1 M K+ ion (Fig. 7d)
provided less steric repulsion and electrostatic interaction
between negatively charged DNA molecules. The mono-
valent cation (i.e. K+ ion) neutralized the negatively
charged DNA sugar–phosphate backbone, and reduced
the electrostatic repulsions between DNA molecules such
that they can approach each other close enough to pro-
mote the DNA hybridization reaction [49]. In addition,
the high salt content could also facilitate the stabilization
of the DNA double helix configuration [54].

DNA immobilization and hybridization duration

Figure 8a shows the time taken for immobilization of the
DNA probe on the immobilized aminated HSiSs. The DNA
biosensor exhibited a higher DPV response as the
glutaraldehyde-modified HSiS/AuNP-SPE was soaked in the
DNA probe solution for a longer time of 1–5 h. This was
because an extended immobilization time permitted a higher
amount of DNA probes to be attached to the immobilized
aminated HSiSs on the electrode, thereby resulting in a higher
DNA hybridization reaction rate with the target DNA follow-
ed by accumulation of the AQMS redox label in the

Fig. 8 DNA probe immobilization duration (a) and response time (b) of the DNA biosensor obtained with 1 mM anthraquinone-2-sulfonic acid
monohydrate salt redox indicator

Fig. 9 Calibration curve of the aminated hollow silica sphere based
Escherichia coli DNA biosensor generated by use of 1.0 × 10-14–1.0 ×
10-2 μM complementary DNA (cDNA) and 1 mM anthraquinone-2-
sulfonic acid monohydrate salt at pH 7

Fig. 10 Reversibility of the DNA biosensor with use of DNA
rehybridization with 1.0×10-8 μM complementary DNA (30 min) (a1,
a2, a3, a4) and 0.1 M NaOH regeneration solution (15 min) (b1, b2, b3)
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immobilized dsDNA structure. After 5 h exposure to the DNA
probe solution, the immobilized aminated HSiSs were saturat-
ed with DNA probes, and a steady-state DPV current was
obtained.

DNA hybridization is the rate-limiting step that deter-
mines the in situ assay time. DNA hybridization was per-
formed in a single step simply by the dipping of the DNA
hybrid electrode into the cDNA solution at room temper-
ature. The DNA biosensor response gradually increased
with DNA hybridization time, which signifies increasing
DNA duplex formation on the modified SPE, and demon-
strated a 90-min DNA hybridization time (Fig, 8b). The
DNA biosensor had a saturated response when the entire
DNA recognition sites on the SPE had been completely
hybridized with cDNA.

Analytical performance of the E. coli DNA biosensor

The DPV response of the 0.05M potassium phosphate buffer
containing different molar concentrations of E .coli cDNA (1
× 10-14–1 × 10-2 μM) and 0.1 MK+ ion at pH 7 was measured
with the DNA biosensor method to construct a linear calibra-
tion curve. The DNA biosensor demonstrated a linear

response over a broad E. coli cDNA concentration range from
1 × 10-12 to 1 × 10-2 μM (Fig. 9) because of the hollow
structure of the silica spheres with an inner void, which of-
fered an efficient pathway for cDNA to diffuse into the
biorecognition surface. The limit of detection of the E. coli
DNA biosensor calculated on the basis of three times the stan-
dard deviation of the biosensor response in the linear range
divided by the linear calibration slope was 1.74 × 10-12 μM
[49].

The regeneration performance of the E. coli DNA biosen-
sor is presented in Fig. 10. The response of the DNA biosensor
decreased after it had been soaked in 0.1 M NaOH
regenerating agent, which was ascribed to the potent alkaline
solution, which broke up the hydrogen bonds between base
pairs of the immobilized DNA double helices. This was be-
cause the reaction between the OH- ion of NaOH and the
hydrogen atoms of the DNA sugar–phosphate backbone
caused the cleavage of dsDNA. However, the DNA biosensor
response increased to the initial response after rehybridization
with the target DNA, and the DNA biosensor response was
regenerable over four successive regeneration and
rehybridization cycles, with reversibility relative standard de-
viations in the range of 4–6% (n = 4).

Table 3 Analytical performance comparisons between the DNA biosensor developed and several reported electrochemical DNA biosensors for
Escherichia coli detection

DNA supporter Linear range (M) LOD (M) Reproducibility
(RSD, %)

Hybridization
time

Reference

AuNP/HSiS-modified SPE 1 × 10-17–1 × 10-10 1.74 × 10-18 6.1 60 min This work

AuNP/non-hollow silica sphere-modified
screen-printed carbon electrode (control)

1 × 10-14–1 × 10-8 3.92 × 10-15 – 60 min This work

Graphene oxide/nickel ferrite/chitosan
nanocomposite film

1 × 10-16–1 × 10-6 1 × 10-16 – 30 s [55]

Fe2O3@Au core–shell nanoparticles 1 × 10-13–1 × 10-9 0.01 × 10-12 4.1 40 min [56]

Screen-printed carbon paste electrode 5 × 10-10–25 × 10-9 1 × 10-11 5.0 45 min [2]

(3-Mercaptopropyl)trimethoxysilane
3D polymeric network-modified
screen-printed Au electrode

21 × 10-12–400 × 10-12 6.3 × 10-12 4.3 15 min [57]

Alumina anodized oxide nanopore membrane – 0.5 × 10-9 – – [14]

AuNP gold nanoparticle, HSiS hollow silica sphere, LOD limit of detection, RSD relative standard deviation, SPE screen-printed electrode

Table 4 A comparison between
electrochemical DNA biosensor
and cultural method in the
determination of E.coli DNA in
water samples

Water Sample DPV current
signal (μA)

(n=3)

t value cf baseline

(t value > tcritical)

(tcritical =2.1318)

Bacteria culture on
eosin methylene blue
(number cfu/100 mL)

Buffer (baseline) 0.445±0.003 - -

Langat River near University 0.404±0.230 1.922 0

Langat River near Factory 6.602±0.060 161.191 75-80

Langat River near Market 6.914±0.100 107.211 >80

Langat River near Restaurant 4.875±0.400 18.803 60-70
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Table 3 summarizes the analytical properties of several
reported DNA biosensing platforms, including the pro-
posed AuNP/HSiS-SPE DNA hybrid supporter for E. coli
detection and AuNPs/non-hollow silica spheres-modified
screen-printed carbon electrode as a control. The DNA
biosensor based on AuNP/HSiS hybrid material showed
large improvements with respect to the dynamic linear re-
sponse range and detection limit as compared with some
other DNA carrier matrices, for example, graphene oxide/
nickel ferr i te/chi tosan nanocomposi te f i lm [55],
Fe2O3@Au core–shell magnetic nanoparticles [56], a
screen-pr inted carbon paste elec trode [2] , a (3-
mercaptopropyl)trimethoxysilane three-dimensional poly-
meric network [57] and an aluminium anodized oxide
nanopore membrane [14]. This was attributed to the large
specific surface area of the as-synthesized aminated HSiSs,
which possessed a rather rough surface morphology that
increased the DNA binding capacity. The high binding
capacity of the HSiSs was the key feature in enhancing
the sensitivity for E. coli DNA screening. The hollow
structure of the HSiSs also served to increase the diffusion
kinetics, thus shortening the diffusion time, and improving
the electrochemical kinetics performance of the E. coli
DNA biosensor.

E. coli detection from environmental samples

Electrochemical DNA biosensors were applied to detect the
presence of E. coli in environmental water samples. Water
samples were collected from various locations along Langat
River and filtered through a 45-μm pore size filter to remove
large, unwanted particles, and the samples were filtered again
through a 0.2-μm filter. DNAwas extracted from the samples
by heating and sonication for 20 min. E. coliDNAwas detect-
ed by amperometry. The numbers of E. coliwere verified by a
culture method. The results obtained by electrochemical de-
tection and the culture method from the different samples are
reported in Table 4. The water sample from Langat River
obtained next to the market gave the highest response for the
electrochemical method and the culture method. The water
sample obtained next to the National University of Malaysia
give almost no response for bothmethods. From the t test, the t
values from the factory site, the market site and the restaurant
site are higher than the t critical value with 90% confidence
intervals.

Conclusion

The potential application of HSiSs for high DNA loading has
been demonstrated. This DNA biosensor is capable of deter-
mining low DNA concentrations down to the attomolar level,
and has excellent selectivity toward E. coli complementary

sequence. The improved performance of the DNA biosensor
is attributed to the hollow structure of the HSiSs, which not
only provided a larger surface area for DNA binding but also
facilitated diffusion of molecules in and out of the hollow
particles. The proposed HSiSs may be applied for versatile
immobilization of biomolecules and chemical reagents for
various analytical purposes.
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