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A B S T R A C T   

A convenient photothermal biosensor was constructed for p53 DNA sequence detection based on the high 
discrimination capability of locked nucleic acid and high efficiency of signal amplification strategy of DNA 
walkers and difference photothermal effect between aggregated and dispersed gold nanoparticles (AuNPs). The 
presence of target activated the DNA walkers via the high affinity between target and complementary locked 
nucleic acid in the probe strand, resulting in the hybridization of the walker strand and substrate strand to form a 
specific enzyme recognition site. Under the cleavage of the endonuclease, single-stranded DNA (ssDNA) was 
released to the solution. Then the walker strand bound to a new substrate strand, and the next round of cleavage 
was triggered. The released ssDNA enhanced the stability of AuNPs against salt-induced aggregation. Given 
difference photothermal effects of the aggregated AuNPs and dispersed AuNPs under the near-infrared laser, the 
change of the temperature was detected by a common thermometer easily, which had a linear relationship with 
the target concentration in the range of 2.0–120.0 pM, the detection limit was 1.4 pM (S/N ¼ 3). The proposed 
photothermal assay has been applied to detect p53 DNA sequence spiked complex samples with satisfying results.   

1. Introduction 

Cancer is a fatal disease on a global scale, killing millions of people 
every year and hence receiving much attention [1,2]. High post
operative survival rate can be achieved with early diagnosis and timely 
surgery. The p53 gene, a cancer suppressor gene, is associated with 
regulating cell cycle and cell metabolism [3,4]. Mutational p53 gene can 
cause the loss of normal function and triggers the growth and metastasis 
of cancer cells, and it can be found in human tumors frequently [5–9]. 
Therefore, it is significant to develop some sensitive and specific 
methods for the p53 gene detection in early cancer screening. 

Many techniques, such as electrochemistry, fluorescence, chem
iluminescence, and electrochemiluminescence, have been applied to 

quantify the p53 gene with high sensitivity [3,10–16]. However, most 
methods need bulk advanced analytical equipment and well-trained 
labor, limiting their applications in resource-limited areas. 
Point-of-care testing (POCT), possessing a variety of advantages such as 
low cost, small size, and easy operation, is promising to be used in 
resource-limited settings. Several POCT technologies have been con
structed for p53 DNA sequence quantification. For instance, using a 
personal glucose meter as readout, a simple and affordable strategy has 
been designed for p53 DNA detection by integrating signal amplification 
strategy with invertase-catalyzed sucrose hydrolysis to generate glucose 
[17]. Yu’s group has developed a colorimetric detection system for the 
p53 DNA sequence by using peroxidase-mimicking DNAzyme-mediated 
oxidation of substrates to generate color change which can be observed 
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by the naked eye [18]. These studies suggested that POCT for p53 DNA 
sequence detection is practical and simple. However, it is still necessary 
to explore new portable signal reading device for POCT of p53 DNA 
sequence. 

Thermometer can be found nearly in every home, which possesses 
the inherent advantages of low cost, high accuracy, and easy operation. 
The application of thermometer has been expanded and applied as a 
readout device in the biosensors [19]. Most of the photothermal bio
sensors are designed according to nanoparticle-mediated photothermal 
effect and immunoassay [20–22]. The target trigger aggregation of gold 
nanoparticle (AuNPs) has been used in the development of colorimetric 
methods using nake eyes as readout frequently. Due to the high light 
absorption in the NIR area, aggregated AuNPs exhibit strong 
light-to-heat conversion. Recently, the photothermal effect of aggre
gated AuNPs has been used to develop analytical methods employing the 
thermometer as the signal readout device. For example, our group has 
developed a novel and simple aptamer-based photothermal biosensor 
for the detection of small molecule utilizing the photothermal effect of 
aggregated AuNPs. Target-mediated conformation change of aptamer 
would promote salt-induced AuNPs aggregation and hence enhances 
photothermal effect in the NIR area. Thus, the detection of target could 
be converted into a temperature measurement using a handheld ther
mometer [23]. Similarly, Li’s group has reported a photothermal 
detection system using the strong light-to-heat conversion of aggregated 
AuNPs and DNA hybridization. DNA hybridization can alter the distance 
of AuNPs, resulting in an obvious change of photothermal effect which 
can be measured by a thermometer [24]. However, many efforts are still 
needed to apply the photothermal effect of aggregated AuNPs in the 
developing biosensor for broader targets. 

The DNA walkers is a nuclease drive molecular machine which can 
move along designed tracks based on the Watson–Crick base pairing 
principle. Once activated by an initiator, the DNA walkers can repeat 
mechanical cycles and hence realizes the release of the substrate strand. 
The DNA walkers has the characters of predictable, rapidness, and 
extraordinary programmable and had been applied to develop biosensor 
for diverse targets [25–30]. Locked nucleic acid (LNA) has high ability to 
discriminate target sequence due to its unique conformation. The 
methylene bridge in LNA increases binding affinity for complementarity 
sequences and endows LNA with attractive selectivity [31]. These two 
techniques can be combined together to develop high sensitive and 
specific biosensors for different DNA sequences [32]. 

The presence of a large amount of single-stranded DNA (ssDNA) can 
adsorb on the surface of AuNPs and resists the salt-induced AuNPs ag
gregation. This character has been applied to develop colorimetric 
biosensors. Early study indicated that there is difference photothermal 
effect between the aggregated AuNPs and dispersed AuNPs. In this 
study, this property has been applied to develop a convenient photo
thermal biosensor for p53 DNA sequence, through the combination of 
LNA and DNA walkers. Once the target was introduced, it hybridized 
with the LNA-modified probe due to the strong affinity of the LNA to
ward complementary sequence, resulting in the activation of the DNA 
walkers. Subsequently, the activated DNA walkers would repeat the 
cycles of hybridization and cleavage, releasing a large amount of ssDNA 
to resist salt-induced aggregation of AuNPs. In this case, the light-to-heat 
conversion of the system could decrease. The detection for the p53 DNA 
sequence can be achieved by measuring the temperature change value of 
the system under laser irradiation using a thermometer as readout. 

2. Experimental section 

2.1. Materials and chemicals 

Streptavidin magnesphere paramagnetic particle (PMPs) were ac
quired from Promega Corporation (Madison, USA). Chloroauric acid 
tetrahydrate (HAuCl4⋅4H2O) and Sodium citrate were acquired from 
Sinopharm Chemical Reagent (Shanghai, China). Nicking endonuclease 

(Nb.BbvCI) was obtained by New England Biolabs (Beijing, China). 
SYBR Green II was acquired from Xiamen Biovision Biotechnology 
(Xiamen, China). Other reagents were of analytical grade and used 
directly without further purification. The ssDNA used herein was syn
thesized and purified by Sangon Biotech (Shanghai, China). The se
quences of the involved oligonucleotides are listed below: 

p53: 5’- TCA TCA CAC TGG AAG ACT C -3’. 
Probe strand (P): 5’- TGA GGG AGT CTT CCA GTG TGA TGA -3’ (G 

was modified by LNA). 
Walker strand (W): 5’-biotin- TTT TTT TTT TTT TTT TTT TTT TTT 

TTT TTT TTT TTT TTT TTT TGG AAG ACT CCC TCA G C -3. 
Substrate strand (S): 5’-biotin-TTT TTT GCT GAG GTA CGA GGT 

TGT AT-3’. 
Single-base mismatched DNA (T1): 5’- TCA TGA CAC TGG AAG ACT 

C-3’. 
Double-base mismatched DNA (T2): 5’-TCA AGA CAC TGG AAG ACT 

C-3’. 
Non-complementary DNA (Tn): 5’- GGT CTC TTG ATA GCA CTC A 

-3’. 

2.2. Instruments 

The TEM imaging was performed on a Tecnai G2 F20 STWIN mi
croscope operating at 200 kV. UV–vis absorption spectra were measured 
using a Microplate spectrophotometer (Multiskan GO, Thermo Scienti
fic, USA). The temperature measurement was performed on a digital 
thermometer (CIE305P; Purchased from Lianhong Electronic In
struments Co. LTD). A portable NIR laser (1.5 W, 750 nm) was used for 
irradiating the solution. 

2.3. Synthesis of AuNPs 

AuNPs were synthesized based on early literature [33,34]. Detailed 
methods can be found in our previous work [23]. 

2.4. Construction of DNA walkers 

Firstly, biotin modified walker strand (W) and the LNA modified 
probe strand (P) were mixed in a Tris buffer solution (containing 10 mM 
MgCl2, 50 mM NaCl, 10 mM Tris-HCl, pH 7.4) and hold for 5 min at 90 
�C. The P hybridized with W by slowly being cooled to 37 �C to form PW. 
A portion of PMPs (100 μL 1 mg/mL) were washed by PBS buffer con
taining 0.02% Tween-20 three times and then dispersed in 27.5 μL PBS 
buffer. The PMPs were mixed with the substrate strand (S) and the PW in 
PBS buffer (total volume was 100 μL, containing 2 μM S and 200 nM 
PW). The mixture was hold for 2 h at 37 �C. Then, the supernatant 
(containing excess P) was removed by magnetic separation and the 
PMPs were dispersed in 100 μL of water for future use. 

2.5. DNA walkers reaction 

The modified PMPs (10 μL) were mixed with a buffer containing 
different concentrations of the target (total volume of the mixture was 
19 μL, containing 10 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl, pH 7.4). 
The reaction was incubated at 37 �C for 15 min. Then, the PMPs were 
collected by magnetic separation and dispersed in 20 μL Nb.BbvCI 
enzyme solution (containing 5 U of Nb.BbvCI enzyme, 10 mM Tris-HCl, 
10 mM MgCl2, 50 mM NaCl, pH 7.4). After the reaction at 37 �C for 10 
min, the supernatant of the mixed solution was collected for later use. 

2.6. Gel electrophoresis and fluorescence measurement 

Polyacrylamide gel electrophoresis (12%, PAGE) and fluorescence 
were used to confirm the products of the DNA walkers. Before the 
fluorescence analysis, the sample was incubated with SYBR Green II 
(which can combine with ssDNA to produce fluorescence signals) under 
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37 �C for 15 min. The excitation wavelength used in the fluorescence 
analysis was 480 nm. 

2.7. Photothermal assay of p53 DNA sequence 

The DNA walkers product was mixed with NaCl solution firstly. The 
total volume of the mixed solution was 50 μL, and the concentration of 
NaCl was 100 mM. Subsequently, the AuNPs (200 μL) was introduced. 
The temperature change of the mixed solution was monitored by a 
digital thermometer. To reduce the heat exchange between the reaction 
solution and the environment, a foam layer was used as a heat shield 
around the reaction solution in all experiments. The room temperature 
was kept at 26 �C. 

2.8. Photothermal assay in human serum 

Firstly, proteinase K (400 μg/mL) was used for the preincubation of 
human serum samples (from volunteers) at 37 �C for 1 h. Then, the 
treated human serum was diluted with 1 � NEBuffer 3. Subsequently, 
p53 DNA sequence were introduced in diluted human serum (10%) and 
detected according to the above procedure. 

3. Results and discussion 

3.1. Design of the DNA walkers based photothermal assay 

Scheme 1 shows the mechanism of the photothermal assay for the 
p53 DNA sequence. This photothermal detection system consists of four 
parts: Laser; Reaction solution; Heat shield; Thermometer. A NIR laser 
was used as the light source to irradiate the reaction solution. The re
action solution was comprised of the AuNPs and different DNA walker 
products. The heat shield was a foam layer around the reaction solution 
to reduce the heat exchange between the reaction solution and the 
environment. The digital thermometer was used to record the temper
ature change. S and W are modified on the surface of PMPs via biotin- 
streptavidin conjugation. The end of the S has a recognition sequence 
50-GC*TGAGG-3’ (where * is the cleavage site), which can be activated 
only when it forms a double strand with the complementary strand. The 
W is firstly hybridized with a moiety of LNA-modified P to form PW to 
lock the cleavage site. In the present of p53 gene, the LNA-modified P 
would bind to the p53 gene through the strong hybridization affinity 
with high discrimination. After the hybridization between p53 gene and 
P, the end of W would be exposed and hybridized with the bottom 

Scheme 1. Schematic mechanism of the photothermal biosensor based on DNA walkers for the detection of p53 DNA sequence.  

Fig. 1. (A) The fluorescence analysis of the DNA walkers products: (a) without the target DNA, (b) without Nb.BbvCI, and (c) with target DNA and Nb.BbvCI. (B) 
PAGE analysis of the DNA walkers products. The experimental conditions for lanes a� c were indicated above; Lane M: DNA size marker. 120 pM target DNA, 5.0 U of 
Nb.BbvCI were used in the assay. 
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regions of the S, which is able to activate the cleavage site. At this time, 
the Nb.BbvCI enzyme specifically cleaves the recognition sequence, 
resulting in the release of S from PMPs. The W continues to hybridize 
with the next S and therefore triggers the next circulation of cleavage, 
which results in a larger amount of ssDNA were released in the solution. 
By magnetic separation, the PMPs with the uncleaved ssDNA is 
removed. The released ssDNA in the supernatant can help the AuNPs to 
be evenly dispersed at high salt concentration. When the p53 DNA 
sequence is absent, the enzymatic cleavage reaction cannot be triggered, 
in this case, there is no ssDNA in the supernatant and hence the AuNPs 
would be aggregated under high salt concentration. The principle of this 
study lies in that the aggregated and dispersed AuNPs have different 
photothermal effect under NIR laser, because aggregated AuNPs can 
effectively absorb NIR light while the other AuNPs has week absorption 
in NIR region. The different photothermal effect between the aggregated 
and dispersed AuNPs can be measured by a thermometer easily. The 
presence of target can produce a lot of ssDNA during signal amplification 
of DNA walking, which can prevent the aggregation of AuNPs. And the 
degree of the aggregation has some relationship with the amount of 
ssDNA. Based on these properties, a convenient and sensitive photo
thermal assay method was developed for p53 gene detection through the 
target-induced aggregated/dispersed state change of AuNPs. 

3.2. Feasibility of the DNA walkers based photothermal assay 

The production of large amounts of ssDNA is a key factor in the 
designing of the experiments, which can be characterized by fluores
cence and gel electrophoresis assay easily. SYBR Green II, which can 
combine with ssDNA to produce fluorescence signals, was used to check 
whether the products of the DNA walkers contain ssDNA. As obtained in 
Fig. 1A, no significant signal was presented when the p53 DNA sequence 
(curve a) or Nb.BbvCI (curve b) was absent, while a significant fluo
rescence signal can be detected when the p53 DNA sequence was 
introduced (curve c). These results confirmed that p53 DNA sequence 
could initiate the DNA walkers reaction. The result of the gel electro
phoresis assay was shown in Fig. 1B. In the absence of the p53 DNA 

sequence (lane a) or Nb.BbvCI (lane b), no obvious electrophoresis 
bands were observed. When the p53 DNA sequence and the Nb.BbvCI 
enzyme were both present (lane c), a band (bottom) was observed, 
demonstrating the production of a large amount of ssDNA. 

Then, TEM images were used to confirm the change of AuNPs states. 
As shown in Fig. 2A, the synthesized AuNPs were uniformly dispersed. 
However, when the AuNPs were mixed with DNA walkers products 
without p53 DNA sequence under a high salt concentration, and the 
AuNPs were aggregated (Fig. 2B). Similarly, as shown in Fig. 2C, when 
the AuNPs were mixed with DNA walkers products without Nb.BbvCI, 
the aggregation of AuNPs were observed. Fig. 2D is AuNPs mixed with 
DNA walkers products with both p53 DNA sequence and Nb.BbvCI. 
Under the high salt concentration, the AuNPs were uniformly dispersed. 
These results indicated that the products of the DNA walkers could 
enable the AuNPs to be uniformly dispersed under salt solution. 

As shown in Fig. 2E, under laser illumination, the temperature of the 
synthesized AuNPs changed slowly in 6 min (curve a). However, when 
the p53 DNA sequence (curve b) or Nb.BbvCI (curve c) was absent, the 
mixture of AuNPs and DNA walkers products had an obvious tempera
ture increase. With the addition of the p53 DNA sequence and Nb.BbvCI 
(curve d), the temperature of the mixed solution of AuNPs and DNA 
walkers products raised slowly under illumination, which is similar to 
that of the synthesized AuNPs, indicating that AuNPs are protected by 
ssDNA. These results demonstrate the feasibility of the principle for p53 
DNA sequence detection. 

The UV–vis absorption spectrum was measured for the further study 
of mechanism. As demonstrated in Fig. 2F, the prepared AuNPs had an 
absorption peak at ~520 nm, and the absorption value in the NIR region 
was weak (curve a). When the p53 DNA sequence (curve b) or Nb.BbvCI 
(curve c) was absent, the absorption peak of the mixed solution of AuNPs 
and DNA walkers products was shifted to the NIR region. The shifting of 
plasmon resonance wavelength is probably caused by the distance- 
dependent optical properties of the AuNPs. As shown in curve d, upon 
the addition of p53 DNA sequence and Nb.BbvCI to the DNA walkers, the 
AuNPs mixed solution had a UV–vis absorption peak similar to that of 
the uniformly dispersed AuNPs, indicating that the ssDNA released from 

Fig. 2. Typical TEM images of AuNPs under different conditions (A) original AuNPs, (B–D) AuNPs mixed with different DNA walkers products; (B)without the target 
DNA; (C)without the Nb.BbvCI; (D)with target DNA and Nb.BbvCI. (Insets: photographs of the corresponding samples); (E) Temperature comparison and (F) UV–vis 
absorption spectra of AuNPs under different conditions (a) original AuNPs, (b–d) AuNPs mixed with different DNA walkers products– (b) without the target DNA, (c) 
without the Nb.BbvCI, and (d) with target DNA and Nb.BbvCI. 200 μL AuNPs, 120 pM target DNA, 5.0 U of Nb.BbvCI were used in the assay. 
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DNA walkers can improve the stability of the AuNPs. 

3.3. Optimization of the reaction conditions 

The effect of NaCl concentration, PW concentration, Nb.BbvCI con
centration, digestion time of Nb.BbvCI on the performance for p53 DNA 
sequence detection were tested. The NaCl concentration was first opti
mized because this governed the aggregation of AuNPs. As shown in 
Fig. 3A, the temperature change (ΔT, the difference temperature in
crease between the absence and presence of target) increased with the 
increment of salt concentration and remained approximately constant 
after 100 mM. Therefore, 100 mM of NaCl was selected for further as
says. Subsequently, the influence of the amount of PW was tested. 
Fig. 3B shows that ΔT increased as the amount of PW increased. When 
the concentration of the PW was higher than 200 nM, ΔT remained 

approximately constant, indicating that the concentration of the PW is 
sufficient to trigger the DNA walkers. Therefore, 200 nM of PW was 
chosen for the next study. 

The amount of Nb.BbvCI and the time of the digestion of Nb.BbvCI 
can affect the concentration of the ssDNA cleaved, thus affecting the 
dispersion state of the AuNPs. So the amount of enzyme and the diges
tion time were optimized. Fig. 3C shows that the temperature change 
value increased as the amount of enzyme increased, but when the 
amount of enzyme reached 5.0 U, the temperature change value did not 
change significantly. As shown in Fig. 3D, when the digestion time was 
more than 10 min, the temperature change value did not rise any more. 
Therefore, the amount of enzyme used was 5.0 U and the digestion time 
was 10 min. 

Fig. 3. Optimization of experimental conditions (A) Effect of the concentration of NaCl, (B) Effect of the concentration of PWs, (C) Effect of the concentration of Nb. 
BbvCI, (D) Effect of the digestion time of Nb.BbvCI. 80 pM target DNA was used in the assay. Error bars are standard deviations of three repetitive experiments. 

Fig. 4. (A) The relationship between ΔT and the p53 gene concentration; (B) The selectivity of the proposed photothermal assay towards the p53 gene. (Insets: 
photographs of the corresponding samples). 
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3.4. Analytical performance 

The photothermal analysis of p53 DNA sequence was carried out 
under the optimum conditions. As presented in Fig. 4A, the ΔT measured 
by thermometer increased with the increasing target concentration. A 
good linear relationship was observed ranging from 2.0 to 120.0 pM (ΔT 
¼ 0.088 C[p53] þ 1.085, R2 ¼ 0.986) and the detection limit (LOD) was 
1.4 pM (S/N ¼ 3). The significant color changes caused by the aggre
gation of AuNPs were usually allowing designs of the colorimetric 
platform. Therefore, the sensitivity of the colorimetric assay for p53 
DNA sequence was studied as well. Inset in Fig. 4A is the photographs of 
corresponding AuNPs samples. As shown in the inset, with the decrease 
of p53 DNA sequence concentration, a red-to-blue color change was 
presented. The LOD for the p53 DNA sequence was 60 pM by naked eyes, 
which is higher than that obtained by the thermometer. Moreover, 
benefiting from the signal amplification of the DNA walkers, the sensi
tivity of the proposed biosensor for p53 DNA sequence is even higher 
than that reported in previous papers without the use of bulk instrument 
[35–38]. 

To test the selectivity of the photothermal biosensor, non- 
complementary DNA (Tn), single-base mismatched DNA (T1), and 
two-base mismatched DNA (T2) were used in a control assay. The con
centration of Tn, T1, and T2 was set as 10 times (600 pM) as that of p53 
DNA sequence (60 pM). As presented in Fig. 4B, the ΔT had a significant 
change only when the p53 DNA sequence was added. Insets in Fig. 4B 
are the photograms of the corresponding AuNPs samples. In the presence 
of p53 DNA sequence, the color of AuNPs remains unchanged. However, 
a significant red-to-blue color change was observed in the presence of 
T1, T2, or Tn. This color change is consistent with the ΔT change, 
indicating that only the introduction of the p53 DNA sequence can 
activate the DNA walkers to protect the AuNPs from aggregation. These 
results demonstrated that the designed photothermal biosensor has 
great selectivity for p53 DNA sequence, probably because the LNA 
modified DNA walkers has a high discrimination capability. 

3.5. Analytical application in real samples 

To further test the capability of the photothermal biosensor in 
complex samples, p53 DNA sequence spiked in diluted human serum 
(10%) was measured. As shown in Table 1, the recovery rates were 
varied in 93.0–107.8%, and the relative standard deviations (RSDs) 
were lower than 5.0%. These results imply that it is possible to use this 
photothermal biosensor in complex samples. 

4. Conclusion 

In summary, a convenient photothermal biosensor with high sensi
tivity and selectivity has been explored for the detection of the p53 DNA 
sequence with the assistance of the photothermal effect of the aggre
gated AuNPs and locked nucleic acid functionalized DNA walkers. By 
coupling the amplification efficiency of DNA walkers and the discrimi
nation capability of LNA, the developed photothermal biosensor for the 
p53 DNA sequence has a low LOD of 1.4 pM and a linear range of 
2.0–120.0 pM without advanced analytical instruments. Furthermore, 
with outstanding programmability of DNA walkers, the designed pho
tothermal biosensor may be exploited to detect varied targets by 

modifying other DNA sequences. The hand-held NIR laser that we used 
as the light energy source is very cheap compared to the spectrometer, 
however, the price of laser is still relatively higher than a thermometer. 
The development of commercial lasers may future reduce the price of 
handheld lasers and the cost of photothermal analysis. 
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