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using a DNA biosensor for noninvasive diagnosis†
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Noninvasive diagnosis of Helicobacter pylori (H. pylori) infection is very attractive. This study investigated

the single strand DNA (ssDNA) acquisition method from H. pylori in dental plaque, and the integration of

our previously developed 43-mer H. pylori DNA biosensor with the obtained target ssDNA (tDNA). Dental

plaque samples were collected from 34 patients/volunteers, whose gastric H. pylori infection statuses

were tested with the 13C urea breath test (UBT). The samples were treated with colony polymerase chain

reaction (PCR) to obtain double strand DNA (dsDNA) of 104 basepairs (bp) long. A blocker ssDNA was

designed and used in thermal treatment of the dsDNA to release the 104-mer tDNA, which contains the

43-mer DNA sequence in the middle. PCR primers were designed, and the tDNA releasing and detection

conditions with the biosensor were optimized. The limit of detection with the biosensor was 12 fM

dsDNA. The dental plaque detection results correlated quite well with the UBT results, with a sensitivity

of 100%, and specificity of 97%. These results indicate that the residence of H. pylori in dental plaque is

highly associated with gastric H. pylori infection, and detection of dental plaque samples with our DNA

biosensor is promisingly applicable in noninvasive diagnosis of H. pylori infection.
1. Introduction

Helicobacter pylori (H. pylori) is a crucial etiological agent in the
pathogenesis of gastroduodenal diseases including peptic
ulcers, mucosa-associated lymphoid tissue lymphoma, and
gastric adenocarcinoma.1,2 About 15% of the global population
has been infected by H. pylori.3 Reliable and fast diagnosis of H.
pylori infection before and aer eradication therapy is of great
clinical importance for monitoring and management of
gastroduodenal diseases. The diagnostic methods for H. pylori
infection are generally grouped as “invasive”, requiring endos-
copy to sample gastric tissue or mucus, or “noninvasive”,
requiring only blood, breath, urine, saliva, or stool samples.4,5

As the invasive methods can cause pain and psychological
burden to patients, the noninvasive methods are the tests of
choice for many patients. Among the noninvasive methods
developed, 13C-urea breath test (UBT) is one of the most reliable
tests for diagnosing H. pylori infection, providing accuracy for
both the initial diagnosis and the conrmation of eradication.6,7
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However, although UBT is safe, noninvasive, and usable for
children older than 6 years old, it has shown heterogeneous
accuracy in the pediatric population, especially in young chil-
dren.8 In addition, for some specic clinic settings, such as
peptic ulcer bleeding, or partial gastrectomy patients, UBT
showed relatively low sensitivity and specicity.9 In contrast, the
noninvasive method of serology (i.e. antibody-based test),
although highly sensitive and specic, fails to distinguish
between past and current H. pylori infection.10 Improvement of
the current diagnosis approaches and development of novel
diagnosis methods are necessary, especially for specic age
groups and clinical conditions.

Sequence-specic DNA detection has been of great impor-
tance for clinical diagnostics, molecular biology, agriculture,
forensic science, and pathogen detection.11,12 Polymerase chain
reaction (PCR), with primer-mediated enzymatic amplication
of DNA segments, has presented to be a highly sensitive, fast,
and accurate method for H. pylori detection, especially for
detection of antibiotic resistance, virulence determinants, and
bacterial quantication.13–18 Nested PCR19 and real-time PCR20

have been demonstrated to be sensitive and specic in H. pylori
detection in dental plaque samples, and the results have a good
association with gastric H. pylori infection. In contrast, single-
step PCR did not detect H. pylori as sensitive as nested PCR.19

It could not detect H. pylori in dental plaque samples.19

However, nested PCR and real-time PCR method suffers from
the disadvantages of complex and expensive.21 Furthermore,
RSC Adv., 2018, 8, 21075–21083 | 21075
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nonspecic amplication is a major drawback of PCR with
high-number cycles.22

The efforts in recent years have been focused on the devel-
opment of DNA biosensors or other DNA sensing techniques
possessing the detection limits of #femtomolar (fM), to meet
the requirement of DNA detection in very minute physiological
and other biological samples.23–27 Among different sensitivity
enhancing strategies in DNA biosensors, nanostructure-based
labelling method combined with sandwich DNA sensing has
emerged as an effective way to approach the PCR detection
sensitivity.25–29 Au nanoparticles (AuNPs) have become one of
the most-employed labelling nanomaterials for fabricating
sensitive DNA biosensors, thanks to their large surface to
volume ratio, excellent biocompatibility, terric electrocatalytic
activity, dramatic electrical conductivity, and excellent chemical
and physical stability.25,29–32 In contrast, electrochemical DNA
biosensors, with the advantages of simple and fast, sensitive,
accurate, specic, free of interference from color, and cheap
instrumentation, have emerged as a promisingly practical
strategy for DNA detection in physiological/biological samples.
We recently reported a novel and sensitive electrochemical
sandwich DNA biosensing approach using hairpin DNA
(hpDNA) as a novel biobarcode modied on AuNPs, and using
[Ru(NH3)5L]

2+, where L is referred to 3-(2-phenanthren-9-
ylvinyl)-pyridine, as an indicator of DNA hybridization.29 Elec-
troactive indicators of DNA hybridization can interact with
dsDNA through intercalation, e.g. the [Ru(NH3)5L]

2+ and
[Os(bpy)2(phe-dione)]

3+/2+ (bpy ¼ 2,20-bipyridyl),33 or through
groove binding, e.g. Oracet Blue.34 [Ru(NH3)5L]

2+, has been
demonstrated being an electro-active intercalator of double
strand DNA (dsDNA).35,36 Under high ionic strength, the
[Ru(NH3)5L]

2+ complex binds with DNA mainly through inter-
calation mode, thus minimizing background noise and inter-
ferences.29 The novel biosensor was demonstrated being able to
Scheme 1 Schematic illustrations of (A) the amplification and
acquirement of target dsDNA from H. pylori and releasing of the single
strand tDNA from the dsDNA, and (B) the construction of the elec-
trochemical sandwich DNA biosensor and the tDNA detection with the
biosensor.

This journal is © The Royal Society of Chemistry 2018
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detect a 43-mer single strand DNA (ssDNA) specic in the UreB
gene sequence ofH. pylori, with a detection limit down to 1 fM.29

Although big efforts have been focused on developing various
DNA biosensors, seldom was found on H. pylori detection in
physiological samples, in which the DNA sequence is in double
stranded form in the H. pylori genome, and is in the trace
concentration of fM or even attomolar (aM) levels.

To develop a noninvasive H. pylori diagnostic method, this
study investigated a short ssDNA acquisition method from H.
pylori in dental plaque, and the integration of our 43-mer H.
pylori DNA biosensor with the obtained target ssDNA (tDNA).
Firstly, a dsDNA sequence of 104 basepairs (bp) containing the
43 bp oligonucleotide sequence specic in the UreB gene of H.
pylori was obtained by colony PCR with the assistance of two
primers of 19–20 nucleotides (nt) (Table 1), which were specially
designed based on the UreB gene of H. pylori. The tDNA of 104
nt containing the 43 nt target sequence (the underlined and the
italic sequence in tDNA in Table 1) for DNA biosensor detection
was then released by heat denaturation of the dsDNA in the
presence of a blocker ssDNA. The blocker is complementary to
a small portion of tDNAcm, an ssDNA completely complemen-
tary to tDNA (Table 1 and Scheme 1). The released tDNA was
then captured and detected by our DNA biosensor. The
biosensor method was evaluated by comparing the detection
results with those from UBT. This study could not only provide
a novel and noninvasive method for diagnosis of H. pylori
infection, but also provide information on association of dental
residence of H. pylori with gastric H. pylori infection.

2. Experimental
2.1. Materials and chemicals

Hydrogen tetrachloroaurate (III) hydrate, 9-bromophenan-
threne, 4-vinylpyridine, palladium acetate, palladium triphe-
nylphosphine, silver triuoroacetate, ammonium
hexauorophosphate, tris-(2-carboxyethyl)phosphine hydro-
chloride (TCEP), N,N,N0,N0-tetramethylethylenediamine, hex-
aamineruthenium(III) chloride and N,N-dimethylformamide
(DMF) were purchased from Alfa Aesar (MA, U.S.A.). KNO3

(99.99%) was obtained from Aladdin Industrial (Shanghai,
China). H. pylori strain (11637WT) was generally provided by
The 5th Affiliated Hospital of Zhengzhou University. TransTaq-
T DNA Polymerase, deoxynucleotide solution mixture (dNTPs),
10� Trans Taq-T buffer, and 6� loading buffer were obtained
from TransGen Biotech (Beijing, China). DNA ladder markers
(20–500 bp) were purchased from TaKaRa Bio Inc (Shiga Japan).
GoldView I was purchased from Solarbio Bioscience & Tech-
nology (Beijing, China). All other chemicals were of analytical
grade and obtained from Sinopharm Chemical Reagent
(Shanghai, China). H. pylori strain (11637WT) was generally
provided by The 5th Affiliated Hospital of Zhengzhou
University.

Tris–HCl buffer (10 mM, pH: 7.0) was prepared from tris(h-
ydroxymethyl)aminomethane and 0.1 M HCl. Annealing buffer
(10�, pH: 7.4) contains 100 mM Tris–HCl, 10 mM ethyl-
enediaminetetraacetic acid (EDTA), and 1 M NaCl. Phosphate
buffer solution (PBS, 10 mM, pH: 7.4) consists of 1.9 mM
This journal is © The Royal Society of Chemistry 2018
NaH2PO4 and 8.1 mM Na2HPO4. Assay buffer is the 10 mM PBS
containing 0.15 M NaCl and 0.1% sodium dodecyl sulfate (SDS).
TE buffer (pH 8.0) consists of 10 mM Tris–HCl and 1 mM EDTA.
The PBS/KNO3 buffer is the 10 mM PBS with 100 mM KNO3.
Immobilization buffer is the 10 mM PBS containing 1.0 mM
EDTA and 0.6 M NaCl. The 6-mercapto-1-hexanol (MCH) solu-
tion (1 mM) was prepared by diluting the stock solution
(100 mM in ethanol) with the immobilization buffer. Deionized
water obtained from a Millipore water system was used
throughout the experiment. Oligonucleotide sequences were
custom-made by Invitrogen Biotech (Shanghai, China) and lis-
ted in Table 1.

2.2. Instrumentation

Electrochemical measurements were carried out using an elec-
trochemical analyzer (CHI660E, Shanghai Chenhua Instru-
ment, China) consisting of a three-electrode system: a working
gold electrode, a platinum counter electrode, and a 3 M KCl–Ag/
AgCl reference electrode, at room temperature (�25 �C). The
gold and the platinum electrodes are disk electrodes with
a diameter of 2 mm. The agarose gel electrophoresis was real-
ized by using an electrophoresis apparatus (DYY-6D, Beijing
Liuyi Instrument Factory, China), and the gels were imaged on
a G:BOX Chemi XT4 imaging system (Syngene, UK). UV-vis
spectroscopy was performed using a Shimadzu UV-2600 UV-
vis spectrophotometer (Shimadzu Scientic Instrument,
Japan). The PCR amplication was realized with Professional
Standard Gradient 96 (Analytik Jena, Germany).

2.3. Dental plaque sample collection

Dental plaque samples were collected from 34 patients/
volunteers (14 men, 20 women; from 23 to 71 years old) by
dentists complying with strict sterilization conditions in Henan
Provincial People's Hospital. All the patients/volunteers did
UBT measurement. The sample collection was approved by the
Life Science Ethics Committee of Zhengzhou University and the
Medial Science Ethics Committee of Henan Provincial People's
Hospital. According to the UBT results, 28 patients/volunteers
were H. pylori positive and the rest were H. pylori negative.
There was no any treatment such as antibiotics, proton pump
inhibitors, H2 blockers, antacids, or bismuth compounds to the
people in the last three months to avoid false negative results.
The dental plaque samples were collected from molars, and
then immediately put into 0.5 mL physiological saline solution
in Eppendorf tubes. Aerwards, 0.5 mL physiological saline
solution and glycerol mixture (3 : 2, volume ratio) was added
immediately to the Eppendorf tube. The dental plaque samples
were stored at �80 �C until use.

2.4. H. pylori cultivation

The H. pylori strain (11637WT) was cultured on Brucella broth
agar medium supplemented with 10% goat blood. The culture
plates were incubated under a microaerophilic atmosphere
(85% N2, 5% O2, 10% CO2) at 37 �C for 72–96 h. The H. pylori
colonies on the plates were collected, and then suspended in
sterile water, ready for the following PCR amplication. For
RSC Adv., 2018, 8, 21075–21083 | 21077
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verication of the PCR specicity, Escherichia coli (E. coli) DH5a
as a negative control was cultured in Luria–Bertani broth at
37 �C with vigorous shaking, followed by the same treatment
procedures with the H. pylori suspension.

2.5. H. pylori dsDNA fragment acquisition and verication

To detect microbe with DNA biosensors or other DNA sensing
techniques, a short DNA fragment must be obtained from the
microbe genome rst. In order to obtain the H. pylori dsDNA
fragment, 330 mL dental plaque suspension (containing about
2 mg sample) or 100 mL H. pylori culture suspension (2 � 104

CFU mL�1) was centrifuged at 8000 rpm for 10 min rst. The E.
coli culture was processed in the same way with the H. pylori
culture for comparison. The precipitates were suspended in 100
mL sterile water followed by incubation in boiled water bath for
15min. Aer cooled to room temperature, the suspensions were
centrifuged again, resulting in the supernatants as the colony
PCR templates. The PCR reaction solution was prepared on ice
by mixing 8 mL of the colony PCR template solution, 28.5 mL
sterile water, 5.0 mL 10� Trans Taq-T Buffer, 4.0 mL dNTP
(2.5 mM for each kind of nucleotide), 2.0 mL 10 mM primer F, 2.0
mL 10 mM primer R, and 0.5 mL 5 U mL�1 TransTaq-T DNA
polymerase. The PCR was realized through initial denaturation
at 95 �C for 2 min; 10 or 25 cycles of 95 �C for 30 s, 53 �C for 30 s,
72 �C for 30 s; and an additional extension step at 72 �C for
10 min. The H. pylori and the E. coli culture were subject to 25
cycles of PCR for verication of the PCR product. In contrast,
the dental plaque supernatant was subject to 10 PCR cycles for
detection of the obtained tDNA with the DNA biosensor. The
PCR products from the microbe cultures were analyzed by using
agarose gel electrophoresis under 120 V for 1 h. The gels aer
electrophoresis were stained with GoldView I.

2.6. Releasing tDNA from H. pylori dsDNA fragment

Almost all the reported DNA biosensors have been developed for
detecting ssDNA. The target DNA of our DNA biosensor27 was
a 43-mer ssDNA specic in the UreB gene of H. pylori. Releasing
the single strand tDNA from the dsDNA obtained in the colony
PCR is prerequisite for detecting the physiological samples with
the biosensor. To release the tDNA, 100 mL PCR products or
standard target dsDNA samples of various concentrations (in TE
buffer) were rstly mixed with 100 mL 10�6 M blocker, and the
mixture was then diluted to 1mL with the immobilization buffer.
The standard target dsDNA was a duplex form of tDNA and
tDNAcm with concentrations calibrated with UV-vis technique.
The tDNA sequence was released by thermal denaturation at
95 �C for 10 min, and then renaturation at 30 �C for 15 min. In
the renaturation process, the blocker with a shorter sequence and
in a higher concentration was expected to hybridize more rapidly
than tDNA with tDNAcm, limiting the rehybridization between
tDNA and tDNAcm, thus releasing free tDNA strand.

2.7. Fabrication of the DNA biosensor and detection of H.
pylori

The DNA biosensor in detection of H. pylori dsDNA was fabri-
cated similarly with our biosensor29 in ssDNA detection
21078 | RSC Adv., 2018, 8, 21075–21083
(Scheme 1). Briey, capture DNA (denoted as cpDNA) (Table 1)
was rstly immobilized on cleaned gold electrode from TCEP
treated cpDNA solution (100 nM in immobilization buffer) by
applying a constant potential of +0.4 V at the electrode for 500 s.
The electrode was then passivated with MCH (1 mM) for 1 h.
The single strand tDNA released from the H. pylori PCR prod-
ucts or standard dsDNA samples was captured on the electrode
by hybridization with the immobilized cpDNA at 40 �C under
gentle shaking for 3 h. The electrode was then washed with the
assay buffer and the immobilization buffer successively. It
should be noted here that an additional washing step with the
assay buffer was introduced compared with our ssDNA
biosensor fabrication processes, to remove the nonspecic
adsorbed DNA. Aerwards, 200 mL hpDNA-AuNPs-rpDNA
nanoparticle solution was dropped onto the electrode surface.
The term ‘rpDNA’ is referred to reporter DNA (Table 1), which is
a DNA sequence complementary to the 50 underlined segment
in tDNA. The electrode was then kept at 47 �C under gentle
shaking for 3 h for rpDNA/tDNA hybridization. The as-
fabricated electrode was washed and submerged in the immo-
bilization buffer, ready for [Ru(NH3)5L]

2+ intercalation and
signal detection. The electro-oxidation current signal from the
intercalated [Ru(NH3)5L]

2+ was recorded with differential pulse
voltammetry (DPV) technique (from �0.6 V to +0.1 V; ampli-
tude, 0.05 V; pulse width, 0.01 s; pulse period, 0.02 s) in the PBS/
KNO3 buffer.
3. Results and discussion
3.1. H. pylori dsDNA acquisition

The colony PCR products from the H. pylori culture were tested
on agarose gel electrophoresis to evaluate the selectivity of our
designed PCR primers and the PCR process (Fig. 1). Before the
PCR process, the H. pylori culture was veried through
morphological observation, and various biochemistry tests
(Fig. S1, ESI†). Fig. 1A and B shows the electrophoresis analyt-
ical results of the two PCR products from the H. pylori culture,
and the E. coli culture, respectively. For the H. pylori culture,
a band at �100 bp can be obviously observed. In contrast, the
PCR products from the E. coli culture did not exhibit obvious
bands. These results indicate that the primers and the PCR
process can specically amplify the designated 104 bp product
from H. pylori.
3.2. Releasing single strand tDNA and detecting the dsDNA
with the biosensor

It is challenging to keep the denatured DNA duplex strands
apart long time enough for hybridization with the cpDNA.37 In
this study, the 15 nt blocker designed to target a small portion
of the tDNAcm sequence was added into the tDNA/tDNAcm

solution in the denaturation/renaturation process to hybridize
with the tDNAcm, for limiting the rehybridization of tDNAcm

with tDNA, and thus releasing the tDNA sequence. To testify the
feasibility of the tDNA releasing and detection strategies with
our biosensor, the standard target dsDNA (104 bp) of 1 pM was
detected with the biosensor rst by using the DPV
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 The agarose (3.5%) gel electrophoresis results of the colony
PCR products from (A) the H. pylori culture, and (B) the E. coli
culture. M is denoted for the DNA marker. Lane 1, lane 2 and lane 3
were the repetitive loadings from the PCR products. The gels were
stained with GoldView I for observation.

Fig. 2 DPV curves of the DNA biosensors in detection of (a, dash line) 1
pM target dsDNA treatedwith 100 nM blocker, (b, dash line) 1 pM target
dsDNA treated without the presence of blocker, (c, dash-dot line)
100 nM blocker, and (d, dotted line) blank PBS. Inset: the statistic peak
current (Ip) of the corresponding DPV curves (n ¼ 3 repetitive
biosensor fabrications and detections). *** represents that the p value
in the t test is less than 0.001.

Fig. 3 The DPV Ip values of the biosensor in detection of 1 pM target
dsDNA, and blank samples, treated and captured at various conditions.
(A) The blocker concentration was varied in the immobilization buffer
containing 0.6MNaCl, and the renaturation was at 30 �C for 15min. (B)
The NaCl concentration was varied in the immobilization buffer
containing 0.1 mM blocker, and the renaturation was at 30 �C for
15 min. (C) The renaturation time at 30 �C was varied, and the
immobilization buffer contained 0.1 mM blocker and 0.6 M NaCl.
Insets: the corresponding DIp values. Error bars represent the standard
deviation for 3 repetitive biosensor fabrications and detections.
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measurement. Compared to linear sweep voltammetry, DPV has
better sensitivity and the electrode reactions can be analyzed
more precisely, because in DPV measurements, the effect of the
charging current can be minimized, and only faradaic current is
extracted. Fig. 2 illustrates the DPV detection curves for the 1
pM dsDNA treated with 0.1 mM blocker (curve a), the dsDNA
treated without the presence of blocker (curve b), and the
blocker only (curve c). With the presence of the dsDNA and
blocker, a very strong oxidation peak with a peak current (Ip) of
�0.37 mA, coming from the intercalated [Ru(NH3)5L]

2+ signal
molecules appeared (curve a). In contrast, the control groups
only exhibited very weak oxidation peaks (Ip: 0.087 mA and 0.025
mA, respectively for curve b and c), signicantly smaller than that
of the ‘dsDNA + blocker’ group (inset in Fig. 2). This result
indicates that introduction of the blocker can drastically release
the tDNA, and the tDNA can be captured and detected efficiently
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 21075–21083 | 21079
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with the biosensor. During the renaturation process in the
dsDNA treatment, the short blocker DNA at a much high
concentration (blocker : dsDNA ¼ 105 : 1, molar ratio) could
rapidly hybridize with the tDNAcm sequence produced in the
preceding denaturation step. The hybridization speed between
blocker and tDNAcm is very fast, surpassing that between tDNA
and tDNAcm, thus releasing the single strand tDNA. It should be
noted that the tDNA sequence is 104 nt, longer than the target
DNA sequence in our reported DNA biosensor (43 nt) (the
underlined sequence and the italic sequence in tDNA in Table
1). The biosensor detection results indicate that the 104 nt tDNA
can hybridize with the cpDNA and the rpDNA for fabrication of
the biosensor.
3.3. Optimization of the tDNA releasing conditions

Experimental conditions for releasing the tDNA from the target
dsDNA were then optimized. Firstly the blocker concentration
was varied, when other conditions were kept at constant. The
DPV Ip values of the biosensor in detection of the standard
dsDNA (Ip1

) and the blank samples (Ip0
) are shown in Fig. 3A. The

Ip value increment (DIp ¼ Ip1
� Ip0

) for 1 pM target dsDNA is
shown in the inset in Fig. 3A. The Ip1

value increased mono-
tonically with the blocker concentration from 0.001 mM to 10
mM. In contrast, the DIp value increased obviously with the
blocker concentration from 0.001 mM to 0.1 mM, but reached
a plateau at 0.1 mM. The blocker of higher concentration could
bind more rapidly with tDNAcm, resulting in higher releasing
efficiency for the single strand tDNA. However, too much
blocker could also result in more nonspecic DNA adsorption
onto the electrode surface, leading to a high background noise.
The blocker concentration was therefore selected as 0.1 mM.

The NaCl concentration in the immobilization buffer in the
dsDNA sample treatment was then optimized (Fig. 3B). When
the NaCl concentration was increased from 0.15 M to 0.5 M, the
Fig. 4 The DPV response curves of the biosensor to the target dsDNA
with the concentrations of (a) 0, (b) 3.28 � 10�14, (c) 6.55 � 10�14, (d)
3.28 � 10�13, (e) 6.55 � 10�13, and (f) 6.55 � 10�12 M. Inset: the plot of
the DPV Ip values versus the logarithm of the dsDNA concentration
(CdsDNA). Error bars represent the standard deviation for 3 repetitive
and independent biosensors.

21080 | RSC Adv., 2018, 8, 21075–21083
Ip1
value in response to the 1 pM target dsDNA increased obvi-

ously, accompanied with a slight increase of background noise
(i.e. Ip0

). In contrast, increasing the NaCl concentration further
from 0.5 M to 0.6 M resulted in an obvious Ip1

value decrease.
However, it is very good to be noticed that the background noise
became very small at 0.6 M NaCl. As a consequence, the DIp
value at 0.6 M NaCl was similar with that at 0.5 M NaCl (inset in
Fig. 3B). It is well known that NaCl concentration greatly affects
the hybridization efficiency and speed between DNA strands:
higher NaCl concentration, easier hybridization. In addition,
the nonspecic adsorption of DNA and [Ru(NH3)5L]

2+ molecules
on electrode surface are also affected by ionic strength and
cationic ion concentration: higher ionic strength and cationic
ion concentration, less nonspecic adsorption. In the tDNA
releasing and capturing processes, the hybridizations of the
three DNA pairs (tDNA/tDNAcm, tDNAcm/blocker, and cpDNA/
tDNA) would compete with each other. The results suggest
that the tDNA amount specically captured by the cpDNA at
0.6 M NaCl may be similar to that at 0.5 M NaCl, and the
nonspecic adsorption of blocker and [Ru(NH3)5L]

2+ on the
electrode surface is the smallest at 0.6 M NaCl. In the following
experiments, 0.6 M NaCl in the immobilization solution was
used.

Finally, the renaturation time at 30 �C in the tDNA releasing
treatment was optimized (Fig. 3C). The DIp value in response to
1 pM target dsDNA increased signicantly from 10 min to
15 min, and then decreased dramatically when the renaturation
time further increased to 20 min. In the renaturation process,
the tDNAcm could hybridize with the blocker, or the tDNA. Due
to the short size and the high concentration of blocker, the
tDNAcm/blocker pair would hybridize faster than the tDNA/
tDNAcm, dominating at the short period of 15 min. When the
renaturation period is long enough, the ratio of the tDNA/
tDNAcm duplex would increase due to its higher melting
temperature. Thus, the renaturation time was chosen as 15min.
3.4. The biosensor performances in detecting dsDNA

Under the optimum conditions, the detection sensitivity and
linearity of the biosensor in detecting the target dsDNA was
evaluated. Fig. 4 illustrates the DPV curves of the biosensor in
detecting different concentrations of the dsDNA. The Ip value
increased monotonically with the dsDNA concentration
(CdsDNA) from 3.28 � 10�14 M to 6.55 � 10�12 M, with a semi-log
linear calibration equation of Ip (mA) ¼ 3.27 + 0.24 log[CdsDNA]
(M) (inset in Fig. 4). The linear regression coefficient was 0.9977,
with a limit of detection (LOD) of 1.2 � 10�14 M (i.e. 12 fM),
estimated based on 3s rule. This LOD value is one order of
magnitude higher than our published LOD value (1 fM) for
detecting the 43-mer ssDNA.27 The releasing efficiency for the
tDNA could not be 100%. In addition, the hybridization effi-
ciency of cpDNA/tDNA may also be lower than that of the
cpDNA/(43-mer ssDNA), due to steric hindrances from the
overhangs at the two ends of tDNA (Scheme 1). However, the
only one order of magnitude higher LOD value indicates that
the tDNA releasing efficiency and the cpDNA/tDNA hybridiza-
tion efficiency are good. In addition, the LOD value is still
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (A) Representative DPV curves of the developed biosensors in
detecting H. pylori DNA in dental plaque samples collected from (a)
gastric H. pylori negative, and (b and c) gastric H. pylori positive
patients/volunteers (classified based on the UBT results). (B) Correla-
tions between the detection results using the developed biosensing
method in this work, and the UBT measurement in hospital. The lines
represent the H. pylori infection thresholds based on the tests. The
circled spot represents the inconsistent testing result between the two
methods.
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comparable or even better than most of the reported ssDNA
biosensors (Table S1, ESI†).38–42 More importantly, it should be
noted that detecting dsDNA with biosensors, which has been
seldom reported, is much more difficult and challenging than
detecting ssDNA. In addition, the biosensor has very good
reproducibility. As shown in inset in Fig. 4, the relative standard
deviations of the detection signals for the detected DNA levels
were within 10%.
3.5. Detection of H. pylori DNA in dental plaque

The successful tDNA releasing and detecting with the biosensor
enabled us to investigating the H. pylori detection in dental
plaque samples. The colony PCR products (10 PCR cycles) of the
This journal is © The Royal Society of Chemistry 2018
dental plaque samples were treated under the optimum tDNA
releasing conditions and detected with the electrochemical
biosensor. It should be noted that the 10 cycles PCR product
was not able to be detected by the agarose gel electrophoresis.
Although the product of $25 PCR cycles could be detected with
the gel electrophoresis (Fig. S2†), the detection specicity
(�47%) and sensitivity (�35%) are very low (taking the UBT
results as standards), indicating nonspecic amplication with
high PCR cycles and insufficient amplication with low PCR
cycles. This result is consistent with the report published by
Ismail et al.,19 showing that single-step PCR could not detect H.
pylori in dental plaque samples. Nonspecic amplication is
a major drawback of PCR with high PCR cycles.21

The typical DPV curves in detecting the dental plaque
samples from the H. pylori negative and positive patients/
volunteers (classied based on the UBT results) are illustrated
in Fig. 5A. The Ip value from the H. pylori negative patient/
volunteer (UBT value: 0.5) was 0.011 mA (curve a), obviously
smaller than those (curve b and curve c, 0.056 mA and 0.59 mA
respectively) from the H. pylori positive counterparts (UBT
value: 5.4 and 53.2, respectively). Fig. 5B shows the average Ip
values and the target dsDNA concentrations detected (calcu-
lated from the above semi-log linear calibration equation) for all
the dental plaque samples. It has been generally accepted that
theH. pylori positive UBT threshold is$4.0 DOB (indicated with
the vertical line in Fig. 5B). Based on our biosensor detection
results and the UBT data, the threshold for H. pylori positive
residence in dental plaque was arbitrarily determined to be Ip $
0.05 mA in our biosensor DPV test, corresponding to 3.98 �
10�14 M target dsDNA (indicated with the horizontal line in
Fig. 5B). The biosensor detection results correlated very well
with the UBT results, with a high sensitivity of 100%, and
specicity of 97%. These results indicate that the developed
sample treatment and biosensing method can sensitively and
specically detect dental plaque physiological samples, and the
residence of H. pylori in dental plaque highly associates with
gastric H. pylori infection. The association of dental H. pylori
residence and gastric H. pylori infection was also found by other
researchers.19,20 Dental plaque can be one of the main causes of
H. pylori re-infection and also be the cause of oral–oral trans-
mission.43 The colony PCR of only 10 cycles from the dental
plaque sample produced not only enough but also specic H.
pylori dsDNA fragment for the biosensors. The sensitive and
specical detection of dental plaque H. pylori with the DNA
biosensor could provide anH. pylori infection diagnosis method
for patients unt for endoscopic examination, or unt for UBT.

4. Conclusions

A sensitive and specic detection method for H. pylori in dental
plaque has been developed. With the specially designed
primers, specic dsDNA segments have been obtained from H.
pylori in dental plaque by colony PCR. Single strand tDNA was
efficiently released under the help of the blocker, and then
sensitively detected with the DNA biosensor. The dental plaque
H. pylori detection results using the biosensor correlate well
with the UBT results. The residence of H. pylori in dental plaque
RSC Adv., 2018, 8, 21075–21083 | 21081
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highly associates with gastric H. pylori infection. Detection of
dental plaque physiological samples with the DNA biosensor is
promisingly applicable in noninvasive diagnosis of H. pylori
infection, and could provide an H. pylori infection diagnosis
method for patients unt for endoscopic examination, or unt
for UBT.
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