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Abstract
The authors describe a fluorometric method for the quantitation of nucleic acids by combining (a) cycled strand displacement
amplification, (b) the unique features of the DNA probe SYBRGreen, and (c) polydopamine nanotubes. SYBRGreen undergoes
strong fluorescence enhancement upon intercalation into double-stranded DNA (dsDNA). The polydopamine nanotubes selec-
tively adsorb single-stranded DNA (ssDNA) and molecular beacons. In the absence of target DNA, the molecular beacon, primer
and SYBRGreen are adsorbed on the surface of polydopamine nanotubes. This results in quenching of the fluorescence of SYBR
Green, typically measured at excitation/emission wavelengths of 488/518 nm. Upon addition of analyte (target DNA) and
polymerase, the stem of the molecular beacon is opened so that it can bind to the primer. This triggers target strand displacement
polymerization, during which dsDNA is synthesized. The hybridized target is then displaced due to the strand displacement
activity of the polymerase. The displaced target hybridizes with another molecular beacon. This triggers the next round of
polymerization. Consequently, a large amount of dsDNA is formed which is detected by addition of SYBR Green. Thus,
sensitive and selective fluorometric detection is realized. The fluorescent sensing strategy shows very good analytical perfor-
mances towards DNA detection, such as a wide linear range from 0.05 to 25 nM with a low limit of detection of 20 pM.
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Introduction

The development of efficient fluorometric methods for
ultrasensitive, rapid and cost-effective nucleic acids detec-
tion have attracted great attention since they play impor-
tant roles in molecular diagnostics, identification of genet-
ic mutations, monitoring of gene delivery, and biomedical

development [1–4]. Methods such as fluorometry [5],
electrochemistry [6], colorimetry [7], and surface-
enhanced Raman spectroscopy (SERs) [8] have been de-
veloped for the detection of nucleic acids. Among these
methods, owing to its simplicity, high sensitivity and ho-
mogeneity, fluorometry is one of the most widely used
methods.

A variety of nanomaterials possess promising perfor-
mance on detection of biomolecules [9–12]. Recently, a
kind of biocompatible nanotubes has been broadly applied
to biological areas, such as carbon nanotubes, silicon di-
oxide nanotubes, boron nitride nanotubes, titanium diox-
ide nanotubes, and organic nanotubes [13–16]. Among
them, polydopamine nanotubes have attracted growing at-
tention in the past decade because they combine good
biocompatibility and unique electronic properties togeth-
er, showing great potential as bioelectronic devices, bio-
sensors, bioimaging agents and drug delivery in biomed-
ical area, tissue engineering and photothermal therapy
[17–21]. It has also been demonstrated that polydopamine
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nanotubes exhibit a capability for discriminating single-
stranded DNA (ssDNA) and double-stranded DNA
(dsDNA), which may catalyze the applications of
polydopamine nanotubes in biomedical areas [22].
To the best of our knowledge, the exploration of
polydopamine nanotubes in biochemical application still
remains at a very early stage. Moreover, it is still signif-
icant to acquire polydopamine nanotubes and explore its
application as a universal biosensing platform.

Recently, various signal amplification strategies have
been established for sensitive detection of DNA, such as
hybridization chain reaction [23], exonuclease III assisted
signal amplification [24], strand displacement amplifica-
tion [25], rolling circle amplification [26] and catalytic
hairpin assembly [27]. Among these signal amplification
methods, the strand displacement amplification (SDA) is
attracting much attention [28, 29]. The SDA uses a linear
DNA sequence as template and repeatedly triggers the
displacement polymerization reaction, in this case,the for-
mer products can be displaced by polymerases during the
polymerization reaction, promoting the generation of the
latter ones.

We present a novel fluorescence strategy based on
strand displacement amplification for nucleic acids detec-
tion by using SYBR Green I (SG) as the signal readout
and polydopamine nanotube as the adsorber. In the ab-
sence of the target DNA, the molecular beacon (MB),
the primer and SG are adsorbed on polydopamine nano-
tubes, and the fluorescence of SG is quenched by
polydopamine nanotubes following long range resonance
energy transfer, resulting in a very low background signal.
However, in the presence of the target DNA, MB is un-
folded and the subsequent polymerization and strand dis-
placement reaction take place to initiate the target
recycling process. As a result, the strand displacement
amplification for target DNA is achieved and large
amount of dsDNA are formed. Upon the intercalation of
SG into dsDNAs, a significantly enhanced fluorescence
signal is generated due to the selective intercalation of
SG into dsDNA detached from the polydopamine nano-
tubes surface. Thus sensitive fluorescence DNA assay
based on st rand displacement ampl i f ica t ion on
polydopamine nanotubes is realized.

Experimental procedures

Materials and apparatus

The oligonucleotides used were synthesized by Shanghai
Sangon Biological Engineering Technology & Services
Co., Ltd. (Shanghai, China, http://www.sangon.com/).

The sequences of the DNA oligonucleotides were as
follows:

Molecular beacon (MB): 5′ - TCT TGGACACAAACT
ATA CAA CCTACTACC TCATGTGTC CAAGA-3′;
T 1 (target DNA): 5′ - TGA GGTAGTAGG TTG TAT
AGTT-3′;
Primer 1: 5′- TCT TGG AC-3′;
Mismatched sequence 1 (M1):5′-TGA GGG AGT AGG
TTG TATAGTT -3′;
Mismatched sequence 1 (M2) :5′-TGA GCT AGTACG
TTG TATAGTT -3′;
Mismatched sequence 1 (M3) :5′-TGA GCT AGTACG
TTG TCTAGTT-3′;
Random DNA: 5′-TGC AAG GTG TCA GTA TAA
TCCG-3′

The Klenow fragment polymerase (KF polymerase, without
3' to 5' exonuclease activity) and deoxyribonucleoside triphos-
phates (dNTPs) were purchased from New England Biolabs
(NEB, U. K., https://www.neb.com/). ZnAc·2H2O was
purchased from Aladdin (Shanghai, China). PEG 400 and
Dopamine hydrochloride (99%) were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA, https://www.
sigmaaldrich.com/). SYBR Green I was purchased from
Shanghai Sangon Biological Engineering Technology &
Services Co., Ltd. (Shanghai, China, http://www.sangon.com/).
All reagents were used as received without further purification.
All solutions were prepared using ultrapure water, which was
generated from a Millipore Milli-Q water purification system
(Billerica, MA, USA) and had an electric resistance >18.
2 MΩ·cm.

The fluorescence measurements were carried out on a FL-
4600 spectrophotometer (Hitachi, Japan). The fluorescence
emission spectra were collected from 500 nm to 600 nm at
room temperature with a 488 nm excitation wavelength.

Amplified DNA detection based on target
strand-displacement polymerization reaction

100 μL of 10 mM Tris-HCl solution (50 mM NaCl,
10 mM MgCl2, pH 7.4) containing 50 nM primer,
100 nM MB and different concentrations of target DNA
were incubated at room temperature for 10 min. After
which, 10 μL of KF polymerase (600 U·mL−1), 10 μL
of dNTPs (200 μM) together with 20 μL of 10 ×
Klenow buffer (100 mM Tris–HCl, pH 7.5, 500 mM
NaCl, 100 mM MgCl2 and 10 mM dithiolthreitol) and
50 μL of ultrapure water were added and incubated at
for 40 min at 37 °C. This step was followed by the addi-
tion of 5 μL polydopamine nanotubes (48 μg·mL−1) and
5 μL of 10 × SG solution. The final mixed solution with a
total volume of 200 μL was kept in darkness at room
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temperature for 10 min. The fluorescence spectra were
collected at room temperature using a quartz cuvette on
an FL-4600 Fluorescence Spectrophotometer (Hitachi,
Japan). The excitation wavelength was 488 nm and the
emission wavelength was from 500 nm to 600 nm.

Application to complex biological systems

To assess whether the strategy can be applied in com-
plex biological systems, human dilute serum was
adopted as model matrix and recovery tests were per-
formed using the method. Human serum was first dilut-
ed 100 times with 20 mM phosphate buffer (5.0 mM
Mg2+, pH 7.4). Then the diluted serum was loaded into
centrifugal filtration devices (MWCO =50,000 Da,
Millipore) and subjected to centrifugation at 6000 rpm
for 20 min. For the standard addition experiments, dif-
ferent concentrations of DNA (0.05, 0.5, and 2 nM)
were spiked into pretreated human serum and the iden-
tical assay procedure as for the aqueous solution was
followed.

The serum from volunteer was collected by the first
affiliated hospital of Zhengzhou University and informed
consent was obtained for the use of human serum. All
experiments were performed in compliance with the rel-
evant laws and institutional guidelines and approved by
Life-Science Ethics Review Committee of Zhengzhou
University.

Characterizations

Transmission electron microscope (TEM) images were per-
formed from JEM-2100 (JEOL, Japan) with a 200 kV accel-
erating voltage. The FT-IR spectra were performed through a
Bruker IFS 66 v/s infrared spectrometer.

Results and discussion

Strategy for DNA detection

The principle of the fluorescence strategy for nucleic acids
detection is illustrated in Scheme 1. A molecular beacon
(MB) is ingeniously designed, which composes of two DNA
domains: (1) a domain complementary to the target DNA, and
(2) a domain complementary to the primer. In the absence of
the target DNA, the primer and MB is adsorbed on the surface
of polydopamine nanotubes via π stacking. Then, with the
addtion of the target DNA, target DNA hybridizes with the
loop part of MB and unfolds MB to expose the domain com-
plementary to the primer, which subsequently hybridizes with
the primer to initiate the polymerization process under the
assistance of KF polymerase and dNTPs. The elongated
DNA strand thus displaces the target DNA, forming a long
dsDNA polymerization products. The released target DNA
then hybridizes with an intact MB to initiate the target
recycling amplification process. By following this mecha-
nism, a new circular amplification for the target DNA is
achieved, forming a large number of dsDNA products. Upon
the addition of SG to the reaction solution, a highly enhanced
fluorescence signal is generated due to the selective intercala-
tion of SG into dsDNA detached from the polydopamine
nanotubes surface, which is directly proportional to the con-
centrations of the target. However, in the absence of the target
DNA, MB maintains the hairpin structure. This is because the
hairpin cannot be opened because the stem of MB is 11 bases
long while the primer has 8 bases. Thus the amplification
processes can not occur, and no dsDNA is formed.
Therefore, MB is adsorbed on the surface of polydopamine
nanotubes, and the fluorescence of SG is quenched by
polydopamine nanotubes, resulting in a low background sig-
nal. The signal amplification strategies might provide a fluo-
rometric sensing platform for sensitive and specific detection
of DNA.

Scheme 1 Schematic of the lable
free sensor for sensitive nucleic
acids detection by combining
cycled strand displacement
amplification and the
polydopamine nanotube strategy
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Verification of the signal amplification strategy

To confirm the feasibility of this strategy, the fluorescence
emission spectra of various condition of the assay are shown
in Fig. 1. SG in solution does not exhibit obvious fluorescence
emission at 518 nm (curve a). SYBR Green I can bind to MB,
the fluorescence intensity of SYBR Green I is significantly
enhanced (curve e). In the presence of polydopamine nano-
tubes and MB, a very weak fluorescence signal of SG was
observed (curve b), suggesting that MB and SG were effec-
tively adsorbed on the surface of polydopamine nanotubes
With the primer (Primer 1), KF polymerase and dNTP were
added into the reaction system, only a slight fluorescence en-
hancement was observed (curve d), demonstrating that in the
absence of the target DNA, no dsDNA was formed and the
amplification process did not occur. However, once the target
DNA was added to the reaction system, a significant

fluorescence enhancement was observed (curve f), indicating
that the circular signal amplification for target DNA detection
indeed took place. By comparison, with the addtion of random
DNA instead of target DNA, a very weak fluorescence signal
was observed (curve c), indicating that no dsDNA product
was formed. The above results suggested the high selectivity
DNA assay can be realized by monitoring the fluorescence
signal change.

Fluorescence detection of DNA

The following parameters were first optimized: (a) concentra-
tions of primers and dNTP substrates; (b) reaction time; (c) KF
polymerase amount; (d) polydopamine nanotubes concentra-
tion. Respective data and Figures are given in the Electronic
Supporting Material. The following experimental conditions
were found to give best results: (a) A concentrations of
primers and dNTP substrates of 50 nM and 10 μM, respec-
tively; (b) a reaction time of 40 min; (c) a KF polymerase
amount of 30 U · mL−1; (d) a polydopamine nanotubes con-
centration of 1.2 μg · mL−1.

Under the above optimal experimental conditions and ac-
cording to the experimental protocol described in the
Experimental Procedures, we investigated the sensitivity of
the method by exposing it to a series of target DNA concen-
trations (0, 0.05, 0.1, 0.5, 1, 5, 10, 25, 50 and 100 nM). As
shown in Fig. 2a, the presence of increasing concentration of
target DNA from 0.05 to 100 nM leads to gradual increase of
the fluorescence intensity. By plotting ΔIF (ΔIF=F − F0,
where F and F0 represents the fluorescence intensity in the
presence and absence of target DNA, respectively) vs. the
concentration of target DNA, the calibration curve exhibited
a good linear relationship (R2 = 0.993) with a range from 0.05
to 25 nM (Fig. 2b). The limit of detection was estimated to be
20 pM based on three times the standard deviation of the blank
tests. The limit of quantification was estimated to be 60 pM
with a range from 0.05 to 25 nM. The relative standard devi-
ations of peak fluorescence readings are 3.2%, 2.4%, and

Fig. 1 The fluorescence emission spectra of different sensing systems: (a)
SYBR Green I; (b) MB probe + SYBR Green I + polydopamine
nanotubes; (c) SYBR Green I +MB probe + Random DNA+ Primer
1 + dNTP + Klenow fragment polymerase + polydopamine nanotubes;
(d) SYBR Green I +MB probe + Primer 1 + dNTP + Klenow Fragment
polymerase + polydopamine nanotubes; (e) SYBR Green I +MB probe;
(f) SYBR Green I +MB probe + Target DNA (T1) + Primer 1 + dNTP +
Klenow Fragment polymerase + polydopamine nanotubes. (T1, 25 nM;
RandomDNA, 25 nM;MB, 100 nM; Primer 1, 50 nM;KlenowFragment
polymerase, 30 U/mL; dNTPs, 10 μM; polydopamine nanotubes,
1.2 μg·mL−1; excitation, 488 nm; emission, 518 nm)

Fig. 2 a Fluorescence spectra of the assay system in the presence of
increasing amounts of target DNA, the arrow indicates the signal
changes at 518 nm with the concentration of DNA increasing (0, 0.05,
0.1, 0.5, 1, 5, 10, 25, 50 and 100 nM). b Calibration curve of the assay

system for target DNA detection. (MB, 100 nM; Primer 1, 50 nM;
Klenow Fragment polymerase, 30 U·mL−1; dNTPs, 10 μM;
polydopamine nanotubes, 1.2 μg·mL−1; excitation, 488 nm; emission,
518 nm)

 105 Page 4 of 7 Microchim Acta  (2018) 185:105 



2.8% in three repetitive assays of 0.1 nM, 0.5 nM, and 5 nM
DNA, respectively, which shows that this proposed method
has a good reproducibility. The quenching process is frequent-
ly described by the Stern–Volmer equation that can be
expressed as: F0/F = 1 + KSV [Q], where F0 and F are the fluo-
rescence intensity in the absence and in the presence of
quencher, respectively, [Q] indicates the quencher concentra-
tion added and Ksv is the Stern–Volmer constant. As shown in
Fig. S9, the data are fit by linear analysis, and the Ksv is
1.25 × 10−4 L·mg−1. As shown in Table 1, these analytical
parameters are better than previously reported GO-based
DNA biosensors [30] or compared favorably with several am-
plified fluorescence DNA detection methods [31–34]. The
experimental results demonstrated that the assay can be used
for sensitive DNA detection.

Evaluation of detection selectivity

We evaluated the specificity of this method. The specificity of
the DNA assay was studied by testing perfectly matched target
DNA (T1), a single base mismatched target DNA (M1), two-
base mismatched target DNA (M2), and three-base mis-
matched target DNA (M3). As shown in Fig. 3, the addition
of the mismatched DNA targets only lead to very slight

fluorescence intensity increase. This high specificity arose
from the conformational constraint of the stem-loop structure
of MB [35], which made it thermodynamically unfavorable
for the binding of the mismatched sequences to the loop.
These results indicated that the fluorescence strategy has good
specificity to distinguish single base mismatched DNA target.

Under optimized condition, the tolerance ratios of M1, M2,
and M3 (yielding error lower than 5%) compared to T1 were
also tested and listed in Table 2. M2 and M3 showed little
interference to the fluorescence at 518 nm, and could exist
in 50-fold more than the concentration of M1. The tolerance
ratio of M1 was 10-fold.

To assess the application of the sensor in complex biolog-
ical systems, the analysis of target DNA in human serum was
carried out, as detailed in the experimental section. The sam-
ples were directly spiked with certain amounts of DNA stan-
dard solution and measured by standard addition method. The
results are presented in Table 3. High recovery percentage and
low standard deviation in the experiments indicate that our
strategy for DNA Detection is reliable and has the potential
for biological sample application.

Conclusions

In summary, we report a fluorescence strategy for nucleic
acids detection by combining strand displacement amplifica-
tion and the unique features of polydopamine nanotubes and
SG. This biosensing strategy exhibits excellent selectivity and
sensitivity for DNA assay with low detection limit of 20 pM.

Fig. 3 Comparison of the fluorescence intensity of the biosensing
platform at 518 nm in the presence of the target DNA (T1), single-base
mismatched target (M1), two-base mismatched target (M2) and three-
base mismatched target (M3). (T1, 25 nM; M1, 25 nM; M2, 25 nM;
M3, 25 nM; Primer 1, 50 nM; Klenow Fragment polymerase,
30 U·mL−1; dNTPs, 10 μM; polydopamine nanotubes, 1.2 μg·mL−1;
excitation, 488 nm; emission, 518 nm)

Table 1 Comparison of analytical performance of different methods for
DNA detection

Methods Analytical range Detection limit References

Fluorescence 5–500 nM 2 nM [30]

Fluorescence 0.05–50 40 pM [31]

Fluorescence 0.05–50 43 pM [32]

Fluorescence 0.6–3 nM 36 pM [33]

Chemiluminescence 0.1–3 nM 34 pM [34]

Fluorescence 0.05–25 nM 20 pM Our method

Table 3 Recovery tests for DNA in human serum using the proposed
assay

Sample Added target
DNA (nM)

Proposed method
mean (nM)a

Rcovery(%)

1 0.05 0.049 ± 0.001 98.0%

2 0.50 0.480 ± 0.012 96.0%

3 2.00 1.970 ± 0.021 98.5%

a The data were shown as mean (±SD) for three separate measurements,
where SD stands for standard deviation

Table 2 Fluorescence enhancement ratioa and toleranceb of
mismatch DNA M1, M2, and M3 compared to target DNA. a

Fluoresenceeenhancement ratio of 25 nM mismatch DNA compared
to 25 nM target DNA

Mismatch DNA M1 M2 M3

Response ratio (%) 0.5 0.1 0.1

Tolerance (fold) 10 50 50

a Fluoresence enhancement ratio of 25 nM mismatch DNA
bCompared to 25 nM target DNA, Fluoresence tolerance of 25 nM mis-
match DNA compared to 25 nM target DNA
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However, it should be noted that DNA was identified by the
model in our assay, which still need to improve the sensitivity
for DNA detection in real sample. Therefore, the fluorescence
DNA assay may become an alternative method for simple and
sensitive nucleic acids detection in clinical diagnostics and
biochemical researches.
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