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A B S T R A C T   

A simple, sensitive, selective, and enzyme-free homogeneous fluorescent biosensing device for DNA and protein 
detection is fabricated based on catalytic hairpin assembly (CHA), cationic conjugated polymer (CCP), and 
graphene oxide (GO). In this biosensing device, CCP together with CHA, provides dual signal amplification, and 
GO suppresses the background when the target is absent. Thus, this CHA/CCP/GO-based biosensor shows 
improved sensitivity compared with conventional CHA-based biosensors. In the biosensor, two 6-carboxyfluor
escein (FAM)-labeled hairpin DNA probes (H1 and H2) are designed, and in the initial state, they could 
absorb on the surface of GO, leading the system to produce a low background fluorescence signal. When the 
target DNA appears, it continually catalyzes the formation of H1–H2 double-stranded DNA (dsDNA) complex by 
CHA reaction, which could be regarded as the first-step amplification. At the same time, the H1–H2 dsDNA 
complex departures from the surface of GO and interacts with CCP through electrostatic interaction. Then, CCP 
provides the second-step amplification due to its high fluorescence resonance energy transfer (FRET) efficiency 
from CCP to FAM. The limit of detection (LOD) and the limit of quantification (LOQ) for the target DNA could 
reach 32 pM and 1 nM, respectively. The linear range was from 0.1 to 40 nM, and relative standard deviation 
(RSD) for the points on the calibration curve ranged from 2.8% to 13.9%. This strategy could also be applied to 
protein detection potentially by integrating the aptamer of the target protein into the hairpin DNA. As proof of 
concept, thrombin was detected, and the LOD and LOQ was 11 pM and 33 pM, respectively. The linear range was 
from 3 to 54 nM, and RSD ranged from 3.3% to 10.4%. It showed good selectivity for thrombin compared to 
equal concentrations of interferences. It was also applied to quantify the thrombin (5, 10, 20 nM) in 1% spiked 
human serum, which showed satisfying recovery in the range of 94.7 ± 5.3 to 103.7 ± 4.9%.   

1. Introduction 

Simple, sensitive, and selective detection of DNA and protein are 
both of high demand in the field of medical diagnostics, forensic 
investigation, food safety and environmental science [1,2]. Unfortu
nately, the content of related analytes in natural environments is rela
tively low, which poses a considerable challenge to detection [3]. 
Various amplification strategies have been developed to overcome this 
problem, such as polymerase chain reaction (PCR) [4], loop-mediated 
isothermal amplification (LAMP) [5], ligase chain reaction (LCR) [6], 

rolling circle amplification (RCA) [7] and endonuclease or exonuclease 
assisted amplification [8,9]. However, in these strategies, high sensi
tivity is relying on the use of one or multiple enzymes. The enzymes 
significantly increase system cost and complexity and limit the universal 
application of the strategies. Recently, catalytic hairpin assembly (CHA), 
which achieves signal amplification just through the target hybridiza
tion, is proposed as a promising enzyme-free signal amplification tool 
[10–12]. Though the enzyme is needless in the CHA amplification assay, 
the detection sensitivity is unsatisfactory. For example, Li et al. con
structed a CHA-based fluorescent biosensor for DNA detection, and the 
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detection limit of 0.2 nM was obtained [13]. To further enhance the 
sensitivity of CHA, multiple CHA synergetic reactions [14], 
CHA/DNAzyme-based amplification [15], CHA/enzyme-assisted circu
lation [16] or CHA/nanomaterials-conjugated magnified strategy was 
developed in CHA-based detection system [17]. However, the majority 
of these strategies are time-consuming and need complicated and 
precious designs to generate the analytical signal. For example, Ye et al. 
developed a fluorescent DNA sensor by the formation of CHA-induced 
branched DNA structure and the in-suit synthesis of copper nano
particles (CuNPs). The detection limit for the target DNA reached 44 pM 
[18]. In this assay, Exo III was introduced to reduce the background 
signal, which discarded the enzyme-free intrinsic property of CHA. On 
the other hand, the signal producing process needed to add Cu2+ and 
ascorbate, which increased the complexity of this system. Thus, a sim
ple, sensitive, robust and enzyme-free biomolecular detection strategy is 
still in need. 

Cationic conjugated polymers (CCPs) have been promising materials 
for bioanalysis due to their excellent optical properties and capabilities 
[19,20]. The polymers can easily bind with single- or double-stranded 
nucleic acids with electrostatic interactions [21–23]. As an energy 
donor, CCP can transfer the high energy to the acceptor through fluo
rescence resonance energy transfer (FRET) and enhance the fluores
cence emission intensity of the acceptor [24]. So CCP can be directly 
used to combine with the product complex of CHA (commonly 
double-stranded DNA, dsDNA) and produce an amplified signal for the 
energy acceptor (such as the fluorophore) on the dsDNA. As CCP could 
also bind with the hairpin DNA, the background signal without the 
target will affect the detection performance. To solve this problem, we 
proposed to introduce graphene oxide (GO) into the reaction system. 
GO, as a single-layer two-dimensional carbon nanomaterial, has 
received great attention owing to its unique characteristics, including 
superior and universal fluorescence quenching property and different 
absorption ability toward nucleic acids with different structures [25,26]. 
With the aid of these properties, GO-based sensors have been success
fully built to detect different biomolecular targets [27,28]. For instance, 
Huang et al. developed a graphene oxide-based thrombin detection 
assay with a limit detection of 22.8 pM [29]. In this strategy, the high 
sensitivity was achieved by coupling polymerase induced thrombin 
cycling and nicking enzyme assisted signal amplification. However, 
multiple enzymes and operating steps were involved. 

Herein, we designed a simple, enzyme-free, dual amplified biosensor 
device for sensitive biomolecules detection by taking advantages of 
CHA, CCP, and GO and minimizing the shortcomings of them. The first 
amplification relied on the recycling of target molecular in the CHA 
reaction. Then, poly (9,9-bis(6′-N, N, N-trimethylammonium)hexyl)- 
fluorenylene phenylene dibromide (PFP), as one kind of CCPs, was 
introduced into the system. PFP could enhance the fluorescence signal of 
the fluorophore through the high efficiency FRET process from PFP to 
the fluorophore and provide the second amplification. GO was used to 
lower the background signal of the whole system. This strategy has been 
successfully applied for DNA and protein detections. 

2. Materials and methods 

2.1. Reagents and instruments 

Graphene oxide was purchased from Xfnano Materials Technology 
Co., Ltd. (Nanjing, China). The oligonucleotides were synthesized and 
purified with HPLC by Sangon Biotech. Co., Ltd. (Shanghai, China). The 
sequences of the oligonucleotides used in this work are shown in Sup
porting Information Table S1. Thrombin, IgG, trypsin, pepsin, papain, 
BSA, β-dextranase, mucoprotein and lecithin were obtained from Sigma 
(St. Louis, USA). PFP was synthesized based on the reported method 
[30]. Fluorescence spectra were recorded by the Hitachi F-7000 fluo
rescence spectrophotometer (Tokyo, Japan). The excitation and emis
sion slits were both set at 10 nm. Bio-Rad gel-imaging system 

(California, USA) was used to image the gel electrophoresis picture. 
The stock solution of GO stored at room temperature according to the 

manufacturer recommendation. The prepared solution of oligonucleo
tides, PFP and the reaction buffer (10 mM Tris, 150 mM NaCl, pH 8.0 for 
the target DNA detection; 10 mM Tris, 150 mM NaCl, 5 mM MgCl2, pH 
8.0 for the thrombin detection) all stored at 4 ◦C for the further use. 

2.2. Optimization of the GO concentration for the target DNA detection 

H1 (5 nM), H2 (5 nM), and different concentrations of GO (0, 0.67, 
2.00, 4.00, 6.00, 8.00, 10.0, or 12.0 μg mL− 1) were mixed into the re
action buffer (10 mM Tris, 150 mM NaCl, pH 8.0) with a 300 μL total 
volume. After incubation for 10 min at room temperature, the solution 
was measured by fluorescence spectrophotometer with an excitation 
wavelength at 480 nm and emission wavelength from 500 to 700 nm. 

2.3. Optimization of the reaction time for the target DNA detection 

5 nM H1, 5 nM H2, 5 nM target DNA and 4.0 μg mL− 1 GO were mixed 
into the reaction buffer (10 mM Tris, 150 mM NaCl, pH 8.0) with a 300 
μL total volume. After different incubation time (0, 30, 60, 80, 120, 140 
min) at 37 ◦C, the above solution was measured by fluorescence spec
trophotometer with an excitation wavelength at 480 nm and emission 
wavelength from 500 to 700 nm. 

2.4. Optimization of the PFP concentration for the target DNA detection 

100 μL reaction buffer (10 mM Tris, 150 mM NaCl, pH 8.0) con
taining 5 nM H1, 5 nM H2, and 4.0 μg mL− 1 GO (without the target DNA) 
or 100 μL reaction buffer containing 5 nM H1, 5 nM H2, 50 nM target 
DNA and 4.0 μg mL− 1 GO (with target DNA) were incubated at 37 ◦C for 
2 h. Then different concentrations of PFP (0, 0.27, 0.53, 0.80, 1.07, 1.33, 
2.00, 2.67 μg mL− 1) and a certain amount of reaction buffer were added 
for an extra 20 min incubation with a 300 μL total volume. Subse
quently, the fluorescence intensity was recorded with an excitation 
wavelength at 370 nm and emission wavelength from 390 to 700 nm. 

2.5. The target DNA detection assay 

The target DNA with different concentrations were mixed into 100 
μL reaction buffer (10 mM Tris, 150 mM NaCl, pH 8.0) containing 5 nM 
H1, 5 nM H2 and 4.0 μg mL− 1 GO. After a 2 h incubation at 37 ◦C 15 μL 
PFP (0.04 mg mL− 1) and 185 μL reaction buffer were added for an extra 
20 min incubation with a 300 μL total volume. Subsequently, the fluo
rescence intensity was recorded with an excitation wavelength at 370 
nm and emission wavelength from 390 to 700 nm. 

2.6. Agarose gel electrophoresis 

3% agarose gels electrophoresis analysis was performed to validate 
the occurrence of CHA. The sample under different conditions was 
mixed evenly with SYBR Green I and 1x bromophenol blue. The elec
trophoresis was performed in 1x TAE buffer at a constant potential of 
100 V for 40 min at room temperature. Then agarose gel electrophoresis 
picture was obtained by Bio-Rad imaging system (Bio-Rad Laboratories 
Inc. USA). 

2.7. The thrombin detection assay 

The thrombin with different concentrations (3.0, 4.8, 6.0, 12, 18, 24, 
30, 36, 42, 48, 54 nM) were added in 100 μL reaction buffer (10 mM Tris, 
150 mM NaCl, 5 mM MgCl2, pH 8.0) containing 5 nM HT1, 5 nM HT2 
and 1.33 μg mL− 1 GO. After a 2 h incubation at 37 ◦C, 10 μL PFP (0.04 
mg mL− 1) and 190 μL reaction buffer were added for an extra 20 min 
incubation. Subsequently, the fluorescence intensity was recorded with 
an excitation wavelength at 370 nm and emission wavelength from 390 
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to 700 nm. 

2.8. Interference testing for the thrombin detection 

Several other interferents (IgG, trypsin, pepsin, BSA, β-dextranase, 
mucoprotein and lecithin) were selected to explore the selectivity of this 
strategy for thrombin detection. 30 nM thrombin and equal concentra
tions of above interferents were added into 100 μL reaction buffer (10 
mM Tris, 150 mM NaCl, 5 mM MgCl2, pH 8.0) containing 5 nM HT1, 5 
nM HT2 and 1.33 μg mL− 1 GO. After a 2 h incubation at 37 ◦C, 10 μL PFP 
(0.04 mg mL− 1) and 190 μL reaction buffer were added for an extra 20 
min incubation. Subsequently, the fluorescence intensity was recorded 
with an excitation wavelength at 370 nm and emission wavelength from 
390 to 700 nm. 

2.9. Thrombin recovery assay in human serum 

1% human serum was used in the recovery experiment. Firstly, the 
human serum was diluted to 1% by the reaction buffer without other 
special preparation process. Then, thrombin with different concentra
tions was added to the 1% serum solution. Finally, HT1, HT2, GO, and 
PFP were added orderly to the above solution according to the proced
ures for thrombin detection. 

2.10. Statistical treatment 

Unless otherwise specified, all the samples were repeated three times 
and the error bars were caculatd as the standard deviation of three in
dependent experiments (n = 3). GraphPad Prism 7 was used to analysis 
the original data. 

3. Results and discussions 

3.1. Dual amplification strategy design for DNA detection 

Scheme 1 depicts the fluorescent detection principle for the target 
DNA with a dual amplification strategy. Hairpin probe DNA H1 and H2 
are both single-labeled with the fluorophore 6-carboxyfluorescein 
(FAM) at 5′-terminus. FAM is chosen as the energy acceptor because 
the fluorescence absorption spectrum of FAM overlaps with the fluo
rescence emission spectrum of PFP, as shown in Fig. S1, which is 
consistent with other references [24,31]. Without the target DNA (T), 
H1 and H2 remain to be hairpin structure. After adding PFP, most of H1 
and H2 still tend to adsorb to the surface of GO rather than PFP. As 
shown in Fig. S2, the background signal of H1-H2-PFP at 525 nm (which 
is the peak emission wavelength of the FAM after FRET with PFP) with 
GO was extensively smaller (682 a. u.) than that without GO (1616 a. 
u.), showing the background suppression effect of GO in the FRET sys
tem. While, with the existence of the target DNA, hairpin DNA H1 could 
be opened by the target DNA and form an exposed terminal sequence, 
which could hybrid and open the stem-loop structure of H2. Thus, the 
target DNA will release from H1 through the toehold-mediated DNA 
strand displacement reaction, and an H1–H2 complex with the dsDNA 
feature will form. The target DNA could continually react with another 
H1, and one target DNA strand can induce numerous H1–H2 complexes 
in the CHA reaction, which could be regarded as the first-step amplifi
cation. The H1–H2 complex will depart from the surface of GO due to 
the weak interaction between GO and rigid dsDNA. PFP will bind with 
the H1–H2 complex through electrostatic interaction. A high-efficiency 
FRET from PFP to H1–H2 complex will occur and provide the 
second-step amplification due to the superior light harvesting ability of 
PFP. Another advantage of PFP in this system is that it overcomes the 
problem that dsDNA is hard to bind with other materials, such as CeO2 
[32], gold nanoparticles [33] and MoS2 [34]. Therefore, the target DNA 
can be detected with a homogeneous dual amplification strategy by 
simply monitoring the change of fluorescence intensity at 525 nm with 

Scheme 1. Schematic illustration of the dual amplification strategy for DNA detection.  
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an excitation wavelength at 370 nm. 
Firstly, the feasibility of the dual amplification strategy was studied. 

As shown in Fig. 1A, without amplification, the fluorescence signal of H1 
at 520 nm (52.6 a. u.) was strongly quenched by GO (curve a in Fig. 1A, 
ex: 480 nm). While upon the appearance of the target DNA, H1 hy
bridized with the target DNA to form T-H1 dsDNA with a sticky end. 
Thus the T-H1 dsDNA could partially dissociate from the GO surface as a 
result of little fluorescence recovery at 520 nm (236 a. u.) (curve b in 
Fig. 1A, ex: 480 nm). The fluorescence recovery at 520 nm was about 
183.4 a. u. (No amplification in Fig. 1B). With the aid of CHA amplifi
cation (Amplification 1 in Fig. 1B), the fluorescence recovery at 520 nm 
was about 309.0 a. u. calculated based on curve c and d in Fig. 1A (ex: 
480 nm). The fluorescence recovery with CHA increased about 68.5 ±
3.2% compared with that with no amplification, indicating that the 
target DNA successfully catalyzed hairpin DNA H1 and H2 assembling 
into dsDNA. 

3% agarose gel electrophoresis experiment also verified the suc
cessful occurrence of the CHA reaction (Fig. 1C). Fig. 1C clearly showed 
that there was almost no H1–H2 complex when H1 mixed with H2 
directly (lane 2), indicating that the hairpin structure of H1 and H2 are 
relatively stable in this system. While, in the presence of the target DNA, 
the band of H1 and H2 (below the 50 bp marker) became dimmer. And a 
new band corresponding to the H1–H2 complex formed (the band above 
the 50 bp marker in lane 3, lane 4 and lane 5). With more target DNA, 
the band of H1–H2 complex became lighter (from lane 3 to lane 5). 
When FRET occurs from PFP to FAM, the peak of the fluorescence 

emission spectrum changes from 520 nm to 525 nm [30]. Thus, for the 
dual amplification, significant fluorescence enhancement at 525 nm was 
recorded when PFP was added to the reaction mixture above. With the 
aid of CHA and PFP amplification (Amplification 1 + 2 in Fig. 1B), the 
fluorescence recovery at 525 nm was about 610.0 a. u. calculated based 
on curve e and f in Fig. 1A (ex: 370 nm). The fluorescence recovery with 
the dual signal amplification increased about 233 ± 4.7% compared 
with that with no amplification. 

3.2. Optimization of the dual amplification strategy for DNA detection 

Then, the concentrations of GO and PFP and the reaction time of CHA 
were optimized in this system. GO plays an essential role in the whole 
reaction system. The lack of enough GO will increase the background 
signal, while the redundant GO will suppress the target signal. As shown 
in Fig. S3A, different concentrations of GO were added to the system to 
quench the fluorescence signal of hairpin DNA H1 and H2 without the 
target DNA. The increasing concentration of GO led to the fluorescence 
intensity of H1 and H2 decreased obviously. The fluorescence intensity 
of H1 and H2 reached the platform when the concentration of GO 
reached 4 μg mL− 1. Thus, 4 μg mL− 1 GO was chosen for further exper
iments. As reaction time is an important parameter for the CHA reaction, 
it was also optimized, and the result was shown in Fig. S3B. The result 
indicated that the CHA reaction could reach equilibrium in 2 h. PFP, as a 
signal amplifier, also affects the performance of this strategy. We opti
mized the concentration of PFP under the condition with or without the 

Fig. 1. (A) Fluorescence emission spectra of the system under different conditions and the table of reagents added for each reaction. Curve a: H1+GO; Curve b: 
H1+T+GO; Curve c: H1+H2+GO; Curve d: H1+H2+T+GO; Curve e: H1+H2+GO+PFP; Curve f: H1+H2+T+GO+PFP. The concentrations of H1, H2, target DNA, 
GO and PFP were 5 nM, 5 nM, 20 nM, 4 μg mL− 1 and 2 μg mL− 1, respectively. The excitation wavelength was set at 480 nm without PFP and 370 nm with PFP in the 
reaction system. (B) Histogram of the change of fluorescence intensity with or without target under different conditions. The fluorescence intensities were recorded at 
520 nm for No amplification based on the curve a and b in Fig. 1A and Amplification 1 based on the curve c and d in Fig. 1A. The fluorescence intensities were 
recorded at 525 nm for Amplification 1 + 2 based on the curve e and f in Fig. 1A. Error bars represent the standard deviation of three measurements. (C) Gel 
electrophoretic analysis of different components in CHA. Lane M: DNA ladder; lane 1: H1; lane 1: H1+H2; lane 3: H1+H2+50 nM T; lane 4: H1+H2+200 nM T; lane 
5: H1+H2+500 nM T. The concentrations of H1 and H2 were 500 nM, respectively. 
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Fig. 2. (A) Fluorescence responses to different concentrations of target DNA (0, 5, 10, 20, 30, 40 nM) using no amplification strategy. The grey dash line shows the 
peak of FAM signal at 520 nm. The insert shows the fluorescence intensity at 520 nm for different target DNA concentrations. (B) The linear fitting curve of ΔF520 and 
the target DNA concentration using no amplification strategy. (C) Fluorescence responses to different concentrations of target DNA (0, 0.5, 2, 5, 10, 20, 30, 40 nM) 
with CHA amplification. The grey dash line shows the peak of FAM signal at 520 nm. The insert shows the fluorescence intensity at 520 nm for different target DNA 
concentrations. (D) The linear fitting curve of ΔF520 and the target DNA concentration with CHA amplification. (E) Fluorescence responses to different concentrations 
of target DNA (0, 0.1, 0.5, 5, 10, 20, 40 nM) with CHA and PFP dual amplification. The grey dash line shows the peak of FAM signal at 525 nm. The insert shows the 
fluorescence intensity at 525 nm for different target DNA concentrations. (F) The linear fitting curve of ΔF525 and the target DNA concentration with CHA and PFP 
dual amplification. (G) Fluorescence responses to different concentrations of target DNA (0, 5, 10, 20, 30, 40 nM) with PFP amplification. The grey dash line shows 
the peak of FAM signal at 525 nm. The insert shows the fluorescence intensity at 525 nm for different target DNA concentrations. (H) The linear fitting curve of ΔF525 
and the target DNA concentration with PFP amplification. Error bars represent the standard deviation of three measurements. 
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target DNA. As shown in Fig. S3C, with the increasing of PFP concen
tration, both the fluorescence intensity of the background (without the 
target DNA) and the signal (with the target DNA) raised at 525 nm with a 
370 nm excitation wavelength. When the concentration of PFP was 
above 2 μg mL− 1, the fluorescence intensity of the signal reached the 
platform, while that of the background still increased. So the concen
tration of PFP was set as 2 μg mL− 1 to obtain the largest fluorescence 
intensity difference between signal and background. 

3.3. Sensitivity and selectivity of the dual amplification strategy for DNA 
detection 

Under the optimal experimental condition, the sensitivity for target 
DNA detection with different detection modes was investigated. Fig. 2A 
showed the fluorescence spectra with varying concentrations of the 
target DNA using the strategy of no amplification with excitation 
wavelength at 480 nm. The insert of Fig. 2A depicted the corresponding 
fluorescence intensity at 520 nm. Fig. 2B showed the relationship be
tween ΔF520 (the fluorescence intensity at 520 nm of the signal minuses 
that of the background) and the target DNA concentration. And it 
exhibited an linear response between ΔF520 and the target DNA con
centration from 5 nM to 40 nM. The regression equation was fitted as y 
= 4.85x+66.5 (R2 = 0.95, the relative standard deviation (RSD) ranged 
from 8.6% to 17.1%), where y represents the net signal ΔF520, and x is 
the concentration of the target DNA. The limit of detection (LOD) with 
this mode was 0.62 nM based on the calculation method of 3σ/k (where 
σ represents the standard deviation of the background signal of this 
reaction system, and k is the slope of the fitted regression equation in the 
calibration graph, n = 10). And the limit of quantification (LOQ) was 
calculated as 2.1 nM according to the equation LOQ = 10σ/k [35]. 

Fig. 2C and E showed the fluorescence spectra with different target 
DNA concentrations by using CHA single amplification (Amplification 1 
in Fig. 1B) or CHA and PFP dual amplification (Amplification 1 + 2 in 
Fig. 1B) detection mode, respectively. With CHA amplification alone 

(ex: 480 nm and em: 520 nm), the corresponding fitted regression 
equation was y = 13.0x-14.1 (R2 = 0.96, RSD ranged from 5.4% to 
16.5%) with the LOD and LOQ to be 0.23 nM and 0.77 nM, respectively 
(Fig. 2D). With CHA and PFP dual amplification (ex: 370 nm and em: 
525 nm), the corresponding fitted regression equation was y = 31.0x- 
49.7 (R2 = 0.99, RSD ranged from 2.8% to 13.9%) with the LOD and 
LOQ to be 32 pM and 0.1 nM (Fig. 2F). 

We also detected the target DNA only using PFP amplification by 
adding target, H1, GO, and PFP into the reaction system (ex: 370 nm and 
em: 525 nm) (Fig. 2G). The corresponding fitted regression equation was 
y = 10.2x-80.6 (R2 = 0.94, RSD ranged from 4.7% to 17.3%) with the 
LOD and LOQ to be 0.10 nM and 0.33 nM (Fig. 2H), which is better than 
that with no amplification. 

Compared with other enzyme-free DNA detection methods, this 
simple dual amplification provided better or comparable sensitivity 
(Table S2). The selectivity of our dual amplification method was also 
tested. As shown in Fig. S4, the perfectly matched target DNA induced a 
remarkable fluorescence recovery, while the fluorescence recovery with 
single-base mismatched DNA was only 50% of that with the perfectly 
matched target DNA. Two-base mismatched or random sequence DNA 
produced little fluorescence recovery. The results indicated that our 
method has the single-base level specificity. 

3.4. Dual amplification strategy for the thrombin detection 

Next, we tried to apply our dual amplification strategy to protein 
detection and chose thrombin as the target to validate the proof of 
concept. Thrombin, as a proteolytic enzyme, can catalyze the conversion 
of fibrinogen into fibrin to promote blood coagulation, which is of great 
significance for the diagnosis and treatment of related diseases [36]. 
Besides, the binding aptamers of thrombin have been selected in vitro as 
early as 1997 [37]. Subsequently, thrombin is often used as a model for 
quantitative protein detection in aptamer-based biosensors [38]. 

As shown in Scheme 2, hairpin DNA HT1 and HT2 were designed. 

Scheme 2. Schematic illustration of the dual amplification strategy for thrombin detection.  
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The aptamer sequence of the thrombin was designed in the loop and 
stem part of the hairpin HT1 (orange line in HT1). In the presence of the 
thrombin, the conjugate of the thrombin and its aptamer will change the 
secondary structure of HT1 and release the toehold region (blue line in 
HT1). This toehold area will open the hairpin HT2, lead to form the HT1- 
HT2 dsDNA complex, and dissociate the thrombin from HT1. The 
thrombin then could continue to bind with another HT1 and repeat the 
above process. Finally, the whole system will accumulate numerous 
HT1-HT2 complex. As in the strategy for DNA detection, the HT1-HT2 
complex could depart from the surface of GO and bind with PFP to 
give out a FRET signal from PFP to FAM-labeled on HT1 and HT2. 

The feasibility of this design was verified by recording fluorescence 
spectra in the response of the thrombin detection under different con
ditions shown in Fig. 3A. Without the aid of CHA or PFP (No amplifi
cation in Fig. 3B), the thrombin produced limited fluorescence signal 
and the fluorescence intensity at 520 nm changed just from 19.1 
(without thrombin) to 23.5 (with thrombin) according to curve a and b 
in Fig. 3A (ex: 480 nm). In CHA assisted amplification (Amplification 1 
in Fig. 3B), the fluorescence signal at 520 nm changed from 29.3 
(without thrombin) to 60.0 (with thrombin) according to curve c and 
d in Fig. 3A (ex: 480 nm). Upon the addition of PFP in the CHA system, 
the fluorescence intensity at 525 nm enhanced drastically (curve e and f 
in Fig. 3A, ex: 370 nm). And the fluorescence recovery with thrombin 
reached 1600 (Amplification 1 + 2 in Fig. 3B). Thus, the dual amplifi
cation strategy also works for thrombin detection. 

Then, the reaction conditions, including the concentrations of GO 
and PFP, were optimized. As shown in Fig. S5, we chose to use 1.33 μg 

mL− 1 of GO and 1.33 μg mL− 1 of PFP to obtain the best signal to noise 
ratio for further experiment. Under the optimized conditions, the 
sensitivity for thrombin detection was evaluated with different con
centrations of the thrombin. As shown in Fig. 3C, fluorescence intensity 
at 525 nm raised as the thrombin concentration increased. In the range 
from 3 to 54 nM of the thrombin, the fluorescence recovery at 525 nm 
(ΔF525) and the thrombin concentration showed a good linear rela
tionship. The linear regression equation can be expressed with y =
91.8x-415 (R2 = 0.99, RSD ranged from 3.3% to 10.4%), where y rep
resents the fluorescence intensity difference of with or without thrombin 
and x is the thrombin concentration. The LOD was estimated to be 11 pM 
based on the calculation method of 3σ/k and the LOQ was calculated to 
be 33 pM according to the 10σ/k. Compared with other enzyme-free 
methods for thrombin detection, our strategy shows comparable anal
ysis performance while our approach has the advantage of simplicity 
and universality (Table S3). Furthermore, several other interferents 
(IgG, trypsin, pepsin, BSA, β-dextranse, mucoprotein and lecithin) were 
selected to explore the selectivity of our method. As shown in Fig. S6, 
only the thrombin generated a significant fluorescence enhancement, 
which suggested the excellent selectivity of this assay. We also tested the 
potential of this method for real sample detection by the recovery assay 
[39,40]. 5, 10, and 20 nM thrombin was used to conduct the recovery 
test. And the recovery was calculated with a range of 94.7–103.7% 
(Table S4), which indicated this method could be used in biological 
samples with a satisfactory anti-interference ability. 

Fig. 3. (A) Fluorescence emission spectra of the dual amplification protein detection system under different conditions. Curve a: HT1+GO; Curve b: 
HT1+Thrombin+GO; Curve c: HT1+HT2+GO; Curve d: HT1+HT2+Thrombin+GO; Curve e: HT1+HT2+GO+PFP; Curve f: HT1+HT2+Thrombin+GO+PFP. (B) 
Histogram of the change of fluorescence intensity with or without thrombin under different conditions. The fluorescence intensities were recorded at 520 nm for No 
amplification based on the curve a and b in Fig. 3A and Amplification 1 based on the curve c and d in Fig. 3A. The fluorescence intensities were recorded at 525 nm 
for Amplification 1 + 2 based on the curve e and f in Fig. 3A. (C) Fluorescence responses to the different concentrations of the thrombin with CHA and PFP dual 
amplification. The grey dash line shows the peak of FAM signal at 525 nm. The insert shows the fluorescence intensity at 525 nm to different concentrations of the 
thrombin. (D) The linear fitting curve of ΔF525 and the thrombin concentration with CHA and PFP dual amplification. Error bars represent the standard deviation of 
three measurements. 
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4. Conclusions 

A CHA/CCP/GO-assisted dual amplification strategy was proposed 
for simple, sensitive, selective, and enzyme-free DNA and thrombin 
detection. This assay offers several advantages. Firstly, taking advantage 
of the cation conjugated polymer PFP, dsDNA product from CHA can be 
further amplified with simple amplification procedure and short reac
tion time. Secondly, GO was used to reduce the background due to its 
high absorption ability and quenching efficiency to FAM-labeled hairpin 
DNA. Thirdly, CHA and PFP dual amplification avoids the use of en
zymes and offers excellent amplification efficiency. 

Moreover, various molecules can be detected by simply changing the 
sequences of hairpin DNA. Besides the DNA targets, proteins or small 
molecules with suitable aptamers such as thrombin, the transmembrane 
glycoprotein mucin 1 (MUC1), adenosine triphosphate (ATP), zear
alenone and tetracycline can be potentially determined using this 
biosensor [41–44]. This strategy also reveals good performance in 1% 
human serum and shows little interference for real sample detection. 
Still, there are some limitations to our strategy. Firstly, simultaneous 
detection of multiple targets in one tube is limited by the single FRET 
fluorescence signal output in our strategy. Secondly, potential analytes 
are limited by the number of aptamers. 
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