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Abstract
Gold nanoparticles (AuNPs) in aggregated state have a strong near infrared region (NIR) absorption and the causes a much 
stronger photothermal effect than that of the dispersed AuNPs. Strand-displacement amplification (SDA) can produce large 
amount of single-stranded DNA (ssDNA), which in turn effectively prevent AuNPs from aggregation. In this study, these 
characteristics had been applied to design a photothermal biosensor for human papilloma virus (HPV and HPV16 were 
chosen as model target) detection. In the absence of HPV16, AuNPs was in the aggregated state and large temperature rise 
can be detected after the irradiation by 808 nm laser. The presence of HPV16 triggers the SDA reaction with the help of Bst 
DNA polymerase and Nt.BstNBI nicking endonuclease  resulting in the production of large amounts of ssDNA; this protects 
unmodified AuNPs from salt-induced aggregation. Therefore, AuNPs was in a dispersed state and the temperature change 
was not significant after the irradiation of 808 nm laser. The difference of the temperature changing can be applied for the 
quantitative detection of HPV16 using a thermometer as readout. The linear response range is 1.0 fM ~ 50 pM with a detec-
tion limit of 0.3 fM. The proposed method has been applied to detect HPV16 in clinical cervical sample and is competent 
for clinical analysis.

Keywords  Photothermal effect · Gold nanoparticle · Strand-displacement amplification · Human papillomavirus · 
Thermometer

Introduction

Thermometer is an ideal signal readout device because of 
its easy access, low cost, and simple operation, which had 
been used as readout equipment and been coupled with the 
photothermal effect of different reagents to design diverse 
biosensors [1–4]. The photothermal effects of gold nano-
particles (AuNPs) at different state change greatly [5–7]. 
The AuNPs in aggregated state have a strong near infrared 
region (NIR) absorption and result in a much stronger photo-
thermal effect than that of the dispersed AuNPs [8, 9], lead-
ing to an increase in temperature surrounding environment. 
Modulating the electrostatic stability is a common method 
to regulate the aggregation state of AuNPs. The surface of 
the citrate capped AuNPs is negatively charged and it exists 
dispersed in solution due to electrostatic repulsion. When 
the salt solution is added, the negatively charged AuNPs 
surface is neutralized by the salt solution with the opposite 
charge. The inter-particle repulsion is not sufficient to stabi-
lize the dispersion of AuNPs, resulting in their aggregation 
[10]. When short single-stranded DNA (ssDNA) is present, 
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ssDNA can be adsorbed by AuNPs through van der Waals 
forces between its exposed bases and AuNPs, thus protecting 
the AuNPs from salt-induced aggregation and leaving the 
AuNPs in a dispersed state [11, 12]. This character has been 
applied to design photothermal biosensors for adenosine 
[13] and bifidobacteria [14]. Based on the similar princi-
ple, a photothermal assay for p53 detection of using a DNA 
walker for signal amplification had been designed [1]. Early 
study indicated that the more ssDNA produced, the better 
AuNPs aggregation can be prevented. In order to enhance 
the sensitivity of the biosensor, a signal amplification strat-
egy which can produce large amount of ssDNAs can meet 
this goal.

Strand-displacement amplification (SDA) reaction is a 
reaction which enables rapid amplification of short ssDNA 
with the participation of DNA polymerase and incisional 
nucleic acid endonuclease [15, 16]. In a typical SDA reac-
tion, the initiator strand hybridizes with the template strand 
and extends along the template strand with the help of DNA 
polymerase. Nucleic acid endonucleases cut the double-
strand DNA (dsDNA) at the recognition site, generating a 
short ssDNA and an incomplete dsDNA. The DNA poly-
merase then extends the DNA strand in the presence of 
dNTPs, resulting in a new cut site. Through this cycle, a 
large amount of ssDNA can be produced [17, 18]. This can 
be applied to produce ssDNA rapidly and in large quantities, 
thus prevent the AuNPs from aggregation effectively and 
much sensitive photothermal biosensor can be developed.

Human papillomavirus (HPV) infection causes almost all 
cases of cervical cancer [19–21], which is easily curable 
if diagnosed and treated early [22]. Most cases of cervi-
cal cancer are caused by HPV16 infection [23, 24]. HPV 
16 testing is part of the gold-standard for cervical cancer 
diagnosis [25]. The mostly used methods are Pap smear 
[26], fluorescent PCR methods [27], and electrochemical 
methods [28–30], which rely on expensive equipment and 
high requirements of personnel operation. It is important to 
construct low-cost methods for HPV16 testing in resource-
limited area. Therefore, HPV16 was chosen as the model 
target. In this study, an accurate and low-cost photothermal 
method for HPV16 detection has been constructed based 
on SDA reaction and changes in the aggregation state of 
AuNPs. The presence or absence of HPV16 leads to dif-
ferences in the aggregation state of AuNPs and thus cause 
differences photothermal response after the irradiation of 
808 nm laser, which can be used to detect target easily. The 
propose method is simple, low cost, accurate, and suitable 
for low-resource environments through colorimetric-temper-
ature dual-channel readout.

Experimental section

Reagents

All oligonucleotides and hairpin probe (HP) were synthe-
sized by Sangon Biotechnology Co., Ltd. (Shanghai, China). 
The sequences are shown as follows:

HPV16: 5′-GCT​GGA​GGT​GTA​TG-3′
HPV18: 5′-GGA​ATG​CTC​GAA​GGT​CGT​CT-3′
HPV31: 5′-GGT​GAA​CCG​AAA​ACG​GTT​GG-3′
HPV51: 5′-ACC​GAT​TTC​GGT​TAC​GCC​CT-3′
HPV58: 5′-ACA​GCT​AGG​GCA​CAC​AAT​GG-3′
HP: 5′-GTG​TAT​GTT​TTT​GAC​TCG​GGG​GCA​TAC​ACC​
TCC​AGC​-3′

The other reagents used in the experiments and the prepa-
ration of AuNPs are shown in the supplementary materials.

Production of ssDNA via SDA

The HP was first annealed at 90 °C, and slowly cooled down 
to 25 °C (room temperature) after 10 min. A volume of 25 
μL of 1 × Tris–HCl containing 200 nM HP and HPV16 was 
incubated at 37 °C for 1.5 h. Then, 15 μL Tris–HCl, 0.5 μL 
MgSO4, 2 μL of 500 μM dNTPs, 1 μL of 8 U/μL Bst DNA 
polymerase, 1.5 μL of 10 U/μL Nt.BstNBI nicking endonu-
clease, and their corresponding buffer solutions were added 
into the above solution and maintain at 55 °C for 1.5 h. Then, 
the resulting solution was heated at 80 °C for 10 min and 
slowly cooled down to 25 °C.

Photothermal detection of HPV16

The details of the procedures about the sample collection 
were shown in supplementary materials. During the photo-
thermal detection of HPV16, the total volume of each test 
solution was fixed at 250 μL to ensure accurate results. A 
volume of 40 μL of above solution, 4 μL of Tris–HCl buffer, 
and 200 μl of AuNPs was mixed and shaken to mix well. 
Subsequently, 6 μL of 500 mM NaCl was added. The mix-
ture was incubated at 25 °C for 5 min to achieve salt-induced 
aggregation of AuNPs.

Then, an 808 nm portable laser was used to irradiate the 
mixed solution. The power density of the continuous laser 
irradiation was 3 W/cm2. The laser was in the shape of a 
dot. The duration of the exposure was 10 min. The mixed 
solution should immediately be measured by digital ther-
mometer (CIE 305P). In all temperature measurements, the 
thermometer probe was positioned fixed to avoid tempera-
ture variations between positions, at a distance of 1 cm from 
the bottom of the detector tube. To reduce heat exchange 
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between the reaction solution and the environment, a foam 
layer was used as a heat shield around the reaction solution 
in all experiments.

Other experimental procedures

Experimental methods for preparation of AuNPs, poly-
acrylamide gel electrophoresis, fluorescence measurement, 
optimization of salt concentration, and real sample detection 
are described in detail in the Supplementary Materials.

Results and discussion

Principle of the proposed photothermal biosensor

The mechanism of the proposed photothermal method for 
HPV16 detection based on target-triggered SDA and preven-
tion of AuNPs aggregation is demonstrated in Scheme 1. 
Nt.BstNBI is a site-specific endonuclease that cuts only 
one DNA strand on a dsDNA substrate. The incision endo-
nuclease catalyzes the recognition of a specific sequence 
(GAGTC) with the cut site being the last 4 bases of the 
sequence near the 3' side. In the presence of HPV16, stem 
loop structure of HP was opened through the hybridization 
with target. With the help of dNTPs, the 3' end fragment of 
the opened HP can be extended as a template by the action 
of Bst polymerase and a dsDNA with a recognition site for 
Nt.BstNBI was produced. Then, Nt.BstNBI cleaves the 
ssDNA downstream of the recognition site and subsequently, 
Bst polymerase continues to replicate along the strand. After 
a certain point, the endonuclease stopped shearing and the 
chain was continuously elongated. In such a complete reac-
tion process, a large amount of ssDNA was generated, which 

can be used to keep AuNPs dispersed in salt solution. Since 
the photothermal effect AuNPs in dispersed state is low, the 
temperature change of the system was not significant after 
the irradiation of 808 nm laser. In the absence of HPV16, 
the HP in the system is self-structured and can not protect 
the AuNPs from aggregation in the salt solution. So, large 
temperature rise could be detected after the irradiation of 
808 nm laser. The difference of the temperature changing 
of the system can be applied for quantitative detection of 
HPV16 by using thermometer as a readout system.

Feasibility study

Polyacrylamide gel electrophoresis experiment was per-
formed to verify the successful of the signal amplifica-
tion process. As shown in Fig. 1A, lanes 1and 2 represent 
the target (12 bases) and HP (44 bases), respectively. The 
band above the lane 3 was the product of the hybridization 
between target and HP (56 bases). Lane 4 was the reaction 
system without the target, which with only the HP struc-
ture at the bottom. Because of the absence of target, the 
added dNTPs were not consumed at all, and the excessive 
dNTPs concentration led to the trailing phenomenon in lane 
4. Lane 5 represents the reaction system with target HPV16. 
The band below the lane was an excess of HP structure (44 
bases) and above was dsDNA which has been continuously 
elongated after the complete amplification reaction (88 
bases). The short ssDNA which was cut off by Nt.BstNBI 
had only 8 bases and was not visible in gel electrophoresis, 
so it was verified by fluorescence experiments. In the pres-
ence of the target, the solution with SYBR Green II showed 
a strong fluorescent signal. If the target not existed, only 
weak fluorescence signal detected. These results verified that 

Scheme 1   Schematic illustra-
tion of the principle of HPV16 
biosensor based on target-trig-
gered SDA and prevention of 
gold nanoparticles aggregation 
using a thermometer as readout 
system. Route A was the 
process of target-triggered SDA 
that produces a large amount 
of short ssDNA. Route B was 
the process of photothermal 
detection at present and absent 
of targets
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a large amount of ssDNA was produced in the presence of 
the HPV16 (Fig. 1B).

The prepared AuNPs without the addition of salt solu-
tion was uniformly dispersed and the solution color was red; 
the readout temperature was 28.5 °C after laser irradiation, 
which is close to room temperature (Fig. 2A). After adding 
high-concentration salt solution to the system after SDA, 
in the absence of the target, AuNPs were in a salt-induced 
aggregation state and the solution color changed to color-
less. The temperature was 52.3 °C after laser irradiation 
(Fig. 2B). When abundant HPV16 existed, a large amount 
of short ssDNA, which protected AuNPs from salt-induced 
aggregation, presents a dispersed state. The temperature was 
30.4 °C, close to the dispersed pure AuNPs (Fig. 2C).

The temperature response induced by the target was fur-
ther confirmed in Fig. 2D. In the absence of the target, the 
value of temperature increase under laser irradiation could 
reach about 26 °C (curve a). When 100 fM target exists, 
the digestion cycle was triggered by HPV16 and the system 
amplified much ssDNA which protects the dispersion of 
AuNPs. The value of temperature increase was about 19 °C 
(curve b). The 50 pM target led to more ssDNA products 
with a temperature change around 5 °C (curve c), close to 
the temperature increase of uniformly dispersed pure AuNPs 
(curve d).

The mechanism of this phenomenon was further investi-
gated using UV–vis spectra (Fig. 2E). According to previ-
ous reports, there is a large temperature change of AuNPs 
when the surface plasmon resonance (SPR) absorption peak 
is close to the wavelength of the illumination laser, which 
is the reason for the significant enhancement of the photo-
thermal effect of the aggregated AuNPs under 808 nm laser 

irradiation. The maximum absorption peak of AuNPs was 
located at 520 nm in the UV–vis spectrum (curve d). Upon 
the addition of NaCl, the absorption peak at 520 nm disap-
peared and the absorption at 808 nm was enhanced, which 
was due to salt-induced aggregation of AuNPs (curve a). 
With the addition of 100 fM target, the absorption at 808 nm 
was weaker than curve a, so the temperature increase was 
not as pronounced as no target (curve b). In the presence of 
the 50 pM HPV16, the peak shape was similar to the pure 
AuNPs. Therefore, there was almost no increase in tempera-
ture under laser irradiation (curve c). All these results veri-
fied the feasibility of the proposed biosensor.

Optimization of the reaction conditions

The optimum conditions for HPV16 assay were achieved 
via adjusting some parameters, that is, the concentration 
of salt solution, the concentration of Bst polymerase, the 
hybridization time between the target and HP structure, the 
digestion time, reaction pH, and reaction temperature. For 
detailed optimization results, refer to Figure S1 in the sup-
plementary materials. The salt concentration of 120 mM, Bst 
polymerase concentration of 300 U/mL, hybridization time 
of 1.5 h, incubation time of 1.5 h, pH of 8.0, and temperature 
of 55 °C were determined as the optimal reaction conditions. 
The performance of the method was examined under optimal 
experimental conditions.

Performance of the proposed method

As shown in Fig. 3A, ΔT (the difference of the temperature 
at absent and present of target) increased with increasing 

Fig. 1   A PAGE analysis of the products of the reaction system. B The fluorescence analysis of the products of the reaction system
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HPV16 concentration. The results show that the logarithm 
of HPV16 concentration has a linear relationship with ΔT in 
the range of 1.0 fM ~ 50 pM (Fig. 3B). The linear equation 
can be expressed as follow:

where C was HPV16 concentration and R was the correla-
tion coefficient. The calculated limit of detection (LOD) was 
0.3 fM (LOD = 3 s/k). Actual minimal quantity of detection 
in moles was 7.5 × 10−12 mol. The inset was photographs of 
the samples with different concentrations of the target. There 
was a relatively obvious difference in their colors, so color-
imetry could also be used as a readout method. But since 
the color of the solutions had little difference under low tar-
get concentrations, the detection limit of the colorimetric 
method is not as low as that of the proposed method, and a 
spectrometer was still required for accurate quantification. 

ΔT = 4.08logC + 16.30
(

R
2 = 0.9973

)

In order to compare the experimental results, we also per-
formed UV–vis absorption spectra analysis. As shown in 
Fig. 3C, the absorption at 520 nm was positively correlated 
with HPV16 concentration. The background error could be 
reduced by using the absorbance ratio (the absorbance at 
520 nm with HPV16 to the absorbance at 520 nm without 
HPV16). Absorbance ratio at 520 nm and the logarithm of 
HPV16 concentration were linear in the range from 10 fM 
to 25 pM (Fig. 3D). The linear equation can be expressed 
as follow:

where Y, C, and R were the absorbance ratio at 520 nm, 
HPV16 concentration, and the correlation coefficient, 
respectively.

In contrast to the use of spectral readout, the use of 
a thermometer as a readout system had lower detection 

Y = 1.50logC + 0.26
(

R
2 = 0.9958

)

Fig. 2   SEM images of A pure AuNPs without the addition of salt 
solution, B–C AuNPs mixed with salt solution and different SDA 
products, B without HPV16 and C with HPV16. Insets were the pho-
tographs of the corresponding temperature indication (upper left) and 
samples (bottom left) after laser irradiation. D Temperature compari-
son among (a) without HPV16 (aggregated AuNPs), (b) with 100 fM 

HPV16, (c) with 50  pM HPV16, and (d) pure AuNPs without the 
addition of salt solution. E UV–vis absorption spectra comparison 
(a) without HPV16 (aggregated AuNPs), (b) with 100 fM HPV16, (c) 
with 50 pM HPV16, and (d) pure AuNPs without the addition of salt 
solution
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limit, larger detection range, and did not require expensive 
laboratory instrumentation. By combining a simple signal 
amplification strategy, the detection limit of this method 
was much lower than that of other colorimetric methods 
and comparable to the electrochemiluminescence (ECL) 
detection technologies. Furthermore, our method has the 
advantage of less time-consuming (shown in Table 1).

The selectivity of the system was evaluated using 
HPV18, HPV31, HPV51, and HPV58 as potential inter-
ferences. Figure 4 shows the ΔT after reaction with HPV16 
(1 pM) and other HPV sequences (1 nM). In the presence 
of 1 pM HPV16, the ΔT was about 16.3℃. In contrast, 
when other HPV sequences of 1 nM exist, all the ΔTs 

were less than 3℃, which were close to the blank value. 
Only HPV16 could trigger the SDA, confirming the good 
selectivity of the experiment.

Determination of HPV16 in clinical cervical sample

To further evaluate the application of the method, we applied 
the method to detect HPV16 in human cervical brush 
samples. The cervical brush samples from patients in the 
First Affiliated Hospital of Xiamen University were used 
in this experiment. Details of the processing can be found 
in Supplementary Materials. Four negative samples (1–4) 
and six positive samples (5–10) were tested. Each sample 
was divided into three groups for measurement, taken the 
average number of measurement results as the reference 

Fig. 3   A Plot of the ΔT versus 
the concentration of HPV16. B 
The linear relationship between 
ΔT and logarithm of HPV16 
concentration. The inset is the 
photograph of the samples after 
laser irradiation. C UV–vis 
absorption spectra comparison 
under different HPV16 concen-
tration. D The linear relation-
ship between the absorption 
ratio and logarithm of HPV16 
concentration. The inset is the 
photograph of the samples 
before laser irradiation

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

Detection methods Sample sample volume Turn-around time LOD Linear range Ref

ECL Clinical samples 120 μL 6 h 1.41 aM 0.1fM–5 pM Lu et al. (2022) [31]
ECL Cancer cell lines 300 μL 4.5 h 6.8 aM 10 aM–10 nM Hong et al. (2021) [32]
ECL – – 4 h 0.03 nM 0.1–200 nM Nie et al. (2020) [33]
ECL Clinical samples 100 μL 5 h 7.6 fM 0.01–15 pM He et al. (2021) [34]
ECL Clinical samples – 4.75 h 0.1 fM 1fM–50 pM He et al. (2020) [35]
Colorimetric Clinical samples 250 μL 3 h 3.3 fM 10 fM–25 pM This work
Photothermal Clinical samples 250 μL 3 h 0.3 fM 1fM–50 pM This work
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consequence. The experimental results are shown in Table 2. 
The recovery rate ranged from 99.7 to 110.2%, and the rela-
tive standard deviation (RSD) was 1.7 ~ 4.1%. These results 
suggest that the proposed photothermal method can be 
applied to detect targets in clinical samples.

Conclusion

A simple, low-cost method for the detection of HPV16 
has been developed based on SDA and the difference of 
AuNPs aggregation-induced photothermal effects. The 
method uses both color change and temperature change as 
dual signal outputs, offering the advantage of high speci-
ficity and a simple and accurate readout. By designing 
different DNA structures, the method can be extended to 
detect other different targets, thus broadening the range of 
applications for sensors with a thermometer as the readout Fig. 4   Selectivity of the proposed method for HPV16 detection. 

HPV16 used was 1.0 pM. The concentration of other interferents was 
1.0 nM

Table 2   Application of the 
method to detect HPV16 DNA 
in clinical samples (n = 3)

Sample Detected (fM) Added (fM) Total Found (fM) Recovery (%) RSD (%)

sample 1 0.5 0 0.5 - 3.0
10 10.7 102.0 3.7
100 100.2 99.7 2.6

sample 2 0.7 0 0.7 - 1.7
10 10.9 102.0 2.8
100 100.6 99.9 2.7

sample 3 0.4 0 0.4 - 3.5
10 10.6 102.0 3.7
100 100.1 99.7 2.4

sample 4 0.7 0 0.7 - 3.4
10 11 103.0 2.2
100 101.2 100.5 1.9

Sample 5 73.6 0 73.6 - 3.4
10 84.3 107.0 2.4
100 180.5 106.9 2.0

Sample 6 65.0 0 65.0 - 3.3
10 75.9 109.0 3.2
100 170.2 105.2 2.6

Sample 7 59.7 0 59.7 - 3.1
10 70.2 105.0 3.3
100 166.3 106.6 4.0

Sample 8 67.5 0 128.2 - 3.6
10 138.6 104.0 4.1
100 236.1 107.9 2.8

Sample 9 92.1 0 92.1 - 2.5
10 102.8 107.0 3.4
100 195.5 103.4 4.2

Sample 10 85.0 0 85.6 - 2.7
10 95.4 98.0 3.1
100 195.8 110.2 3.9
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system. The method has been applied to clinical samples 
and is consistent with clinical results.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00604-​022-​05522-z.
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