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sor based on nuclease assisted target recycling and Thioflavin T-induced quadruplex formation for short

DNA species of c-erbB-2 detection in saliva. By employing the strategy, the sensor can detect as low as

20fM target DNA with high discrimination ability even against single-base mismatch sequence. To the

best of our knowledge, the proposed sensor is the first attempt to apply Thioflavin T that possesses out-
. standing structural selectivity for G-quadruplex in DNA amplification techniques, which may represent
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1. Introduction

Breast cancer, comprising 22.9% of all cancer types, is the most
common cancer among women worldwide with the morbidity ris-
ing year by year [1]. Early diagnosis is the most effective way

T corresonds N | ; to improve survival rate, reduce the suffering and the cost, and
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(I. Zhang). breast cancer [2]. Compared with the commonly used clinical
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diagnosis of breast cancer, such as mammography, ultrasonogra-
phy, magnetic resonance imaging (MRI), and positron emission
tomography (PET) [3], the accurate detection of tumor markers in
biosamples has been considered as an ideal method in early stage
due to higher sensitivity, non-invasiveness, low price, simplicity
and speed. With the recent development of proteomic technolo-
gies, various tumor markers have been identified and employed
for breast cancer detection [4]. Present studies suggest that soluble
fragments of the c-erbB-2 oncogene, located on chromosome 17,
g21, can be released from the cell surface and become detectable
in patients with breast cancer [5]. Especially, the c-erbB-2 oncogene
was reported to be equal to or surpass the ability of CA 15-3 (“gold
standard” of breast cancer diagnosis) for early diagnosis and/or
follow-up recurrent screening of breast cancer [5]. It is worth noting
that Streckfus et al. found the c-erbB-2 presented not only in serum
but also in saliva of the breast cancer patients [6]. Compared with
the serum, the whole saliva is simpler to collect and store as well
as obtained more easily in sufficient quantities for testing. Further-
more, the non-invasive collection method of saliva reduces anxiety
and discomfort, thereby ameliorating testing antipathy and pro-
moting more frequent screening events [ 7]. In addition, the levels of
interfering materials (cells, DNA, RNA and proteins) and inhibitory
substances are lower and less complex in saliva than in serum. More
importantly, single nucleotide polymorphism (SNP) detection from
saliva DNA has been proposed to offer higher accuracy than blood
based analysis [8]. Despite the obvious advantages, a number of
notable challenges associated with diagnostic technique in saliva
still exist, such as low levels of salivary tumor markers and high lev-
els of mucins and proteolytic enzymes. However, the commonly
used diagnostic tests for c-erbB-2 oncogene, including southern
blot, slot blot, dot blot analyses, polymerase chain reaction, in situ
hybridization and fluorescent in situ hybridization (FISH) [9-12],
are low sensitive, complicated, time-consuming, high cost as well
as high risk of false positive and false negative. Therefore, there
is still a compelling need for sensitive and specific, simple, rapid
methods for c-erbB-2 oncogene detection.

Fluorescent biosensor has been recognized as a promising
tool for clinical diagnostics due to its many appealing advan-
tages, including high sensitivity, low cost, easy-to-perform, remote
control and biocompatibility [13]. However, due to the low con-
centration of c-erbB-2 oncogene and the complex background of
saliva, conventional fluorescent biosensors do not meet the clini-
cal diagnostic requirement for direct c-erbB-2 oncogene detection
in saliva. To increase analytical sensitivity, many DNA amplifica-
tion techniques have been reported. Specifically, Li et al. developed
a signal amplification scheme based on target-dependent cleav-
age by a DNA nicking enzyme, bringing the detection limit down
to tens of femtomolar [14]. Nevertheless, the nicking enzyme sig-
nal amplifications require target DNA with a specific sequence for
enzyme recognition, which hampers the further use for general
applications. In contrast, Zuo et al. developed a versatile signal
amplification scheme based on a sequence-independent enzyme
(ExoIll)-aided target recycling [ 15]. Unfortunately, the prerequisite
complex and expensive dye-modified procedure limit its practi-
cal use. To overcome the shortcomings of the above method, Zhao
et al. developed a label-free and general amplified DNA detec-
tion system based on Exo Il assisted strand-cleavage cycle and
ligand-responsive quadruplex formation [16]. Although the label-
free sensor was simple in design and fast in operation, the detection
limit of the strategy had remained in need of further improve-
ment for practical applications. Furthermore, the optimum power
of hydrogen condition of the sensor made it not appropriate for
biomedical utilization.

Surprisingly, Mohanty et al. demonstrated for the first time that
water soluble Thioflavin T (ThT) was a G-quadruplex specific fluo-
rescent indicator among other DNA forms including single-strand,

duplexes or triplexes. It is weakly fluorescent by itself, but exhibits
great fluorescence enhancement upon inducing DNA folding into
quadruplex under physiological salt conditions. The extraordinary
structural selectivity for G-quadruplexes makes ThT as a potential
candidate for diagnostic and therapeutic applications [17].

Spurred on by all above findings, herein a label-free fluores-
cent biosensor based on the Exo III assisted target recycling and
ThT-induced quadruplex formation was developed for amplified
detection of short DNA species of c-erbB-2 oncogene (T1). Using
this biosensor, it was possible to detect T1 through a linear dynamic
range of 100fM to 1 pM with a detection limit down to 20 fM. As
far as we know, this is the first attempt to design a signal amplifica-
tion scheme using ThT as signal transducers for DNA determination,
which may represent a promising path toward sensitive, simple,
fast and economic early diagnosis of breast cancer.

2. Experimental
2.1. Reagents and apparatus

Oligonucleotides designed in this study were synthesized by
Shanghai Sangon Biotechnology Co., which were all purified by
HPLC and confirmed by mass spectrometry. The concentrations
were quantified by OD260 based on their individual absorption
coefficients. Each oligonucleotide was heated to 90 °C for 5 min and
slowly cooled down to room temperature before use. Their base
sequences were illustrated in Table S1. ThT (3,6-dimethyl-2-(4-
dimethylaminophenyl) benzo-thiazolium cation), obtained from
Sigma-Aldrich, was purified by column chromatography using a
silica gel column and mildly acidic methanol as the eluent. Exonu-
clease Il was purchased from Thermo scientific and used without
further purification. Other chemicals were purchased from Sigma-
Aldrich and used without further purification. All water used to
prepare buffer solutions was obtained by using a Milli-Q water sys-
tem. All measurements were performed in reaction buffer (50 mM
Tris-HCI, 50 mM KCIl, 10 mM MgCl,, pH 7.2) unless stated other-
wise.

The real saliva sample of breast cancer patient (confirmed by
pathological examinations) was obtained from Fujian Medical Uni-
versity Union Hospital (Fujian, China). Signed informed consent
was obtained from the patient participating in the study before
surgery.

Fluorescence spectra (Varian Cary Eclipse Fluorimeter, Varian,
Inc. Agilent Technologies) were measured with a Peltier block,
using quartz fluorescence cuvettes (4 mm x 10 mm; Sub-micro,
50 L), and with the following settings: Aex =425 nm, Aem =485 nm,
5 nm slit, PMT detector voltage =600 V. UV-vis absorbance spectra
were measured with a UV-2501PC spectrophotometer (SHIMADZU,
Japan) using a quartz cell with 1.0 cm optical pathway. The circu-
lar dichroism (CD) spectra were studied based on the Jasco ]J-810
CD spectropolarimeter (Tokyo, Japan). The optical chamber (1 cm
path length, 500 L volume) was deoxygenated with dry purified
nitrogen (99.99%) before use and kept in the nitrogen atmosphere
during experiments. Three scans (100nm min—!) from 220 nm to
330nm at 0.1 nm intervals were accumulated and averaged. The
background of the buffer solution was subtracted from the CD data.

2.2. Preparation of the fluorescent biosensor for T1 detection

Different concentrations of T1 were mixed and reacted with
50 L of reaction buffer containing 10 wM G/P probe, 5 M THT
and 50 U Exo III at 37 °C for 40 min, respectively. The fluorescence
spectra of the above resulted solutions were recorded in the wave-
length range from 435 nm to 600 nm with the excitation of 425 nm
at room temperature.
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Fig. 1. Schematic illustration of the sensor for amplified DNA detection.

2.3. The preparation of artificial saliva sample

Un-stimulated saliva samples were collected between 9 a.m. and
10 a.m. with previously established protocols [18]. Subjects were
asked to refrain from eating, drinking, smoking, or oral hygiene pro-
cedures for at least 1 h before the collection. Saliva samples were
centrifuged at 603 x g for 10 min at 4°C. Then, the 1 mL of super-
natant liquid was taken and diluted to 100 mL with buffer solution.
The different concentrations of T1 were then added into the diluted
saliva to prepare artificial saliva samples and the concentrations of
T1 in the samples were determined with our biosensor.

3. Results and discussion
3.1. Experimental principle of the biosensor

Herein, we develop a label-free and ultra-highly sensitive and
selective biosensor for amplified short DNA species of c-erbB-2
oncogene detection by combining Exo III assisted target recycling
with ThT-induced quadruplex formation. As shown in Fig. 1, the
DNA detection system contains ThT, Exo IIl and a linear double
stranded DNA (dsDNA) probe. As mentioned above, ThT is a water-
soluble fluorogenic dye characterized by a pronounced structural
selectivity for G-quadruplexes but not for single, double or triplexes
stranded DNA. Exo IIl has a double strand-specific which selec-
tively digesting dsDNA from 3’-OH blunt or recessed end. The linear
dsDNA probe consists of two partially complementary oligonu-
cleotides (P and guanines-rich G) with protruding 3’-terminus to
hinder the digestion of Exo IIL. Initially, the fluorescent signal is
low owing to the weak interaction between the dsDNA probe and
ThT. Upon addition of T1, the hybridization between dsDNA probe
and T1 leads to a blunt 3’-terminus in dsDNA probe. Therefore,
Exo IIl can stepwise digest the dsDNA probe from this blunt ter-
minus while releasing T1 and G. Then in the presence of ThT and
monovalent ions, the released G folds into a quadruplex structure
accompanied by a pronounced enhancement of fluorescence inten-
sity due to the strong interaction between the quadruplex and ThT.
Atthe same time, the released T1 can hybridize with another dsDNA
probe, whence the cycle starts anew. Thus, a single copy of T1
ultimately induces many G folding into quadruplex to bind with
ThT, leading to significant amplification of the fluorescent signal.
Using this sensing platform, an ultra-highly sensitive and selec-
tive, simple, rapid sensor for the amplified DNA detection has been
developed.

3.2. Identification of quadruplex formation by CD

CD spectroscopy is a very useful tool for the detection and
characterization of G-quadruplexes. Signature CD spectra have

been reported for many DNA structures including dsDNA and G-
quadruplex species [19]. We used CD to investigate the feasibility of
our strategy at first. As shown in Fig. 2, the CD spectrum of G/P gives
a clear CD signal with a positive peak at 265 corresponding to base
stacking, and one negative peak at around 240 nm corresponding
to helicity, indicating a definite two-helical structure (G/P dsDNA
probe, curve b) [20]. The addition of ThT does not change the CD
spectrum obviously due to the weak interaction between ThT and
duplexes DNA (curve c). Upon T1 addition, the hybridization of G/P
dsDNA probe with T1 leads to a more stable two-helical structure
of G/P/T1 with the intensity of positive peak at 265 nm increased
(curve a). When G/P/T1 is degraded by Exo III, a dramatic change
is observed with a positive peak at 295 nm appeared (the typical
characteristics CD spectra of antiparallel G-quadruplex [21] and
the band near 265 nm obviously decrease in the meantime) (curve
d). These results indicate the two-helical structure was digested
and the G-quadruplex definitely formed in the presence of ThT and
monovalent ions. As a control experiment, CD spectrum of G and
ThT solution was tested. As shown in curve e, in the presence of ThT,
G folds exclusively into an antiparallel quadruplex with a charac-
teristic CD peak at 295nm and a trough at 265 nm (curve e). All
above CD results confirm that our biosensor indeed works as we
expect.

3.3. Identification of quadruplex formation by UV-vis and
fluorescent spectrum

To further validate our approach, we use the UV-vis spectrum to
investigate absorbance changes of our detection system. As Fig. 3A
shows, in dilute solution of ThT (5 M) reaction buffered at pH 7.2,
the ThT dye displays its characteristic absorption profile with a
maximum at 412 nm (curve a). The addition of P or G/P leads to

10

220 240 260 280 300 320
A/mm/

Fig. 2. CD spectra of G/P/T+ThT (a), G/P (b), G/P+ThT (c), G/P/T+ThT +Exo III (d),
G+ThT (e) in reaction buffer. The concentrations of G, P, T1, ThT and Exo IIl were
10 wM, 10 wM, 1pM, 5 uM, and 50U, respectively.
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Fig. 3. (A) UV-vis spectra of ThT (a) in the presence of P (b), G/P (c), G/P/T1+Exo
1II (d) and G (e) in reaction buffer, respectively. The experimental conditions were
same as that in Fig. 2. (B) Fluorescence spectra of ThT (a) in the presence of P (b),
T1 (c), G/P+Exo Il (d), G/P/T1 (e), G/P (f), G/P/T1+Exo Ill (g) and G (h) in reaction
buffer, respectively. The experimental conditions were same as that in Fig. 2.

hypochromism and bathochromic shift under the same conditions
(curve b and curve c). These results indicate that the interaction
between ThT and single-strand or duplexes DNA is electrostatic
interaction between the positively charged groups of the ThT and
the negatively charged phosphate groups of the DNA. Therefore,
ThT may still remain flexible orientations and may not show greatly
absorbance changes [17]. When the G/P/T1 is degraded by Exo III,
obvious red shift (the absorption peak at 412 nm shifted to 441 nm)
is observed (curve d), indicating corresponding changes of DNA
conformation and structure. As discussed above, the hybridization
of T1 leads a blunt 3’-terminus in G/P duplexes. Then Exo III can
catalyze the stepwise removal of mononucleotides from the G/P/T1
system, ultimately releasing T1 and G. In the presence of ThT and
monovalent ions, the released G folds into quadruplex structure.
Due to the binding sites of ThT in the quadruplexes are more specific
and rigid, an obvious red shift in the UV-vis spectrum is observed
here [17]. As a contrast experiment, UV-vis spectrum of G and ThT
solution was tested. As shown in curve e, the absorption band of
ThT solution bathochromically shifts to 442 nm (Fig. 3A, curve e),
pointing out a strong interaction between ThT and G strand. The
phenomenon might account for the foundation of the mechanism
suggested by Mohanty et al., who reported that ThT could induce G-
rich DNA strand fold into quadruplex structure in the presence tris
buffer [17]. All above UV-vis results also confirm that our biosensor
indeed works as we expect.

The fluorescence measurements are also performed to serve as a
proof of concept to test the principle of our design. As Fig. 3B shows,
the ThT displays a very weak fluorescent emission profile centered
at 492 nm (curve a). Moreover, the fluorescent intensities of the
samples containing no T1 and Exo Il are nearly close to that of ThT,
indicating that no ThT responsive quadruplex formed (curve b, c,
d, e, f). It is worth noting that the fluorescence intensity does not
enhance evenin the presence of T1 or Exo III, respectively. However,
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Fig. 4. Fluorescence emission spectra of ThT+G/P in the presence of Exo IIl and
various concentrations of T1 (from a to n): 0.00 fM, 100 fM, 200 fM, 300 fM, 400 fM,
500 fM, 600 fM, 700 fM, 800 fM, 900 fM, 1 pM, 5 pM, 10 pM, 50 pM. Inset: A calibra-
tion curve demonstrating peak fluorescence intensity versus T1 concentration.

upon T1 and Exo Il addition simultaneously, a great fluorescence
enhancement can be achieved (curve g). These results indicate that
the T1 can be acted as a trigger of the Exo IIl digestion reaction and
liberate G to fold into quadruplex. Due to the binding sites in the
quadruplexes are more specific and rigid for ThT, the fluorescence
intensity increases dramatically. As a contrast experiment, the sam-
ple containing only G and ThT was tested. As shown in curve h, its
fluorescence intensity is almost close to curve g, demonstrating the
formation of ThT responsive quadruplex in our detection system.
All above fluorescence measurements confirm the feasibility of the
presented biosensor.

3.4. The sensitivity of the biosensor

The sensitivity of the proposed fluorescent biosensor for
accurate quantification of T1 is investigated by varying the con-
centration of T1 under the optimized assay conditions. As shown
in Fig. 4, a dramatic increase of fluorescence intensity is observed
as the concentration of T1 increase from 100 fM to 50 pM. Mean-
while, the intensity is linear to the concentration of T1 in the range
from 100 fM to 1 pM (Fig. 4, inset) with a detection limit (taken to
be three times the standard deviation of 10 blank measurements)
of 20 fM. The repeatability of the biosensor was assessed by analyz-
ing 500 fM target DNA and the relative standard deviation (RSD) of
eight replicate determinations was 1.46%.

Compared with the work reported by Qu et al. [16], our sen-
sor has higher sensitivity due to the following factors. On the one
hand, the G-rich DNA probe we designed has more mismatched
bases at 5'-terminus, which make the strand replacement reac-
tion easier. Therefore, the fewer target DNA is able to trigger the
whole cycle reaction successfully, resulting in an increment in sen-
sitivity. On the other hand, in comparison with NMM used in Qu
et al. assay, the ThT we used possess higher structural selectiv-
ity for G-quadruplexes, which leads to lower background signal
and higher sensitivity. Furthermore, compared with some exist-
ing signal amplification methods requiring chemical modification
[15,22,23], the proposed biosensor not only contains no label and
purification processes but also is more sensitive, easy-to-perform,
inexpensive and fast. Furthermore, the sensitivity of the biosen-
sor is also more than three orders of magnitude higher than that
of reported label-free enzymatic amplification sensors due to the
extraordinary selectivity for quadruplex of ThT [16].

3.5. The selectivity of the method

The selectivity of this amplified sensor is investigated with
various DNA sequences (perfectly complementary target T1, single-
base-mismatched T2, double-base-mismatched T3, Three-base
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T5 were all 1 pM. Other experimental conditions were same as that in Fig. 2.

mismatched T4 and non-complementary T5). As shown in Fig. 5A,
an obvious fluorescence enhancement is obtained in the addi-
tion of T1. However, the enhanced intensities for T2, T3 or T4
are sharply decreased. Non-complementary T5 DNA shows nearly
no response. In order to demonstrate the discrimination ability of
the amplified sensor, we define the discrimination factor (DF) as
(Fy — Fp)/(F1 — Fy), where Fq, F, and Fy are the fluorescence inten-
sities produced by the addition of complementary target (T1),
mismatched target (T2-T5) and the background (without target),
respectively. The smaller DF indicates the higher specificity. As
shown in Fig. 5B, DF for mismatched DNA decreases obviously
as compared with that for the complementary target. This result
clearly indicates that the proposed detection platform has excel-
lent discrimination ability even against single-base mismatch. This
high specificity is probably because the weak hybridization of mis-
matched DNA with duplex probe and the weak Exo III digestion for
the mismatched DNA hybrid duplex probe. To sum up, compared
with previous fluorescent and electrochemical biosensors based on
signal amplification scheme, our sensor has better discrimination
ability even against single-base mismatch and higher sensitivity
due to the high selectivity of ThT for G-quadruplex (see Table S2).

3.6. Optimization of experimental conditions

Experimental variables affecting the whole sensing process are
optimized. The temperature of the detection system will directly
affect not only the hybridization efficiency of G/P/T1 but also the
digestion activity of the Exo IIl. So, first, the temperature of the
detection system is investigated. Figure S1A shows the relation-
ship between the temperature of the system and the fluorescence
intensity. From Figure S1A, it is clearly observed that the fluo-
rescence intensity firstly increases and then decreases with the
increase of the temperature. Considering the fact that the theoreti-
cal hybridization temperature of DNA is about 40 °C and the Exo III

Table 1
Determination of T1 in artificial saliva samples (n=5).
T1 added Detected Recovery (%) RSD (%)
(fMm) conc. (fM)
200 224 112 1.2
500 540 108 1.6
1000 988 98.8 14

has the highest enzymatic activity at the temperature of 30-37°C,
37°Cis used for subsequent detection.

Second, the ThT concentration is optimized by recording the
fluorescence intensity with T1 at different concentration of ThT.
As shown in Figure S1B, the optimum ThT concentration is 5 uM
according to the best signal-to-noise level.

Third, we incubate the DNA detection system with various con-
centrations of Exo III (0-100U). We observe that the fluorescence
intensity of ThT increase as the concentration of Exo Il increase
and reach the maximum at 50U (Figure S1C). Then the emission
intensity of the ThT decreases slowly [24].

In addition, the incubation time is assayed from 0 to 2 h. The
fluorescence intensity reaches a stable value at times longer than
40min, so the value is chosen for further studies (Figure S1D).
Finally, the effect of other experimental variables such as buffer
type and pH of the buffer are also examined in detail. The results
show that the optimum conditions are Tris-HCl and 7.2 (Figure
S1E), respectively.

3.7. Detection of artificial saliva sample

In order to evaluate the applicability, the saliva samples spiked
with different concentrations of T1 are detected with our biosensor.
Theresults shownin Table 1 indicate that our biosensor has a strong
resistance to the complex matrix of saliva, and can be used to detect
ultra-trace amounts of T1 in real saliva samples.

3.8. Detection of real sample

To determine whether this method could be applied in the
detection of real sample, we first prepared a real saliva sample
of breast cancer patient (confirmed by pathological examinations).
The concentration of target DNA in the real sample was measured
by the RT-PCR. Then various concentrations of target DNA were
spiked into the real sample and detected effectively by our method,
respectively. As shown in Table S3, the method reveals the good
recovery rates of standard addition from 93.9 to 114%, which indi-
cated that our sensor provide great potential in the clinic diagnosis.

4. Conclusions

A label-free, simple, ultra-highly sensitive and selective fluo-
rescent biosensor based on nuclease assisted target recycling and
ThT-induced quadruplex formation for short DNA species of c-
erbB-2 detection was developed here. The sensor can detect as low
as 20 fM target DNA and exhibits ultrahigh discrimination ability
even for the detection of single-base mismatch. These features, as
well as its other advantages, such as label-free, easy-to-use, fast
and inexpensive technique, make it a promising candidate for a
non-invasive early diagnosis for breast cancer detection in saliva,
especially in developing parts of the world where lack adequate
medical facilities. It must be mentioned that, with more and more
tumor markers are found, we envision that our strategy would offer
a universal approach for noninvasive and early diagnosis of many
kinds of cancer just by designing rational DNA probe according to
the target sequence.
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