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A B S T R A C T   

Colorimetric biosensors have attracted wide attention due to their low cost, simple operation, rapid response and 
good reproducibility. However, insufficient sensitivity limits their applications. This report describes the design 
of a colorimetric biosensor based on a three-step multiple signal amplification strategy to detect breast cancer- 
associated BRCA1 mutation. The capture unit, signal unit, and target DNA form a sandwich construction. The 
signal probes are immobilized on the surface of nanomaterials to form the signal unit, which can catalyze the 
reduction of a colorimetric substrate 4-nitrophenol (4-NP). Firstly, 0D gold nanoparticles (AuNPs) are employed 
to catalyze 4-NP reduction and reaches 102-fold signal amplification. Then AuNPs are decorated on the surface of 
2D material, such as graphene oxide (GO), the catalytic efficiency is further enhanced to 104-fold signal 
amplification. The third step amplification is achieved by replacing stable GO with oxidizable 2D material 
(Bi2Se3 nanosheets), resulting in a nearly 1010-fold amplification. The sandwich-type Bi2Se3-AuNPs biosensor 
shows excellent sensitivity and selectivity. The detection limit can reach up to 10� 18 M and there is a good linear 
relationship between the reaction kinetics constant and the DNA concentration in the range of 10� 12-10� 18 M. In 
addition, one-base mismatch, two-base mismatch and non-complementary sequences can be distinguished 
clearly by this biosensor. This design may have beneficial clinical application prospects for cancer genetic 
screening and early diagnosis.   

1. Introduction 

According to the report of International Agency for Research on 
Cancer, breast cancer remains a worldwide health threat to women. It is 
the most frequently diagnosed cancer (24.2%) and the leading cause of 
cancer death among females (15.0%) (Bray et al., 2018). Most current 
cancer patients are diagnosed when the tumor is already formed or at an 
even late stage. Cancer-related genetic biomarkers can be detected 
during the early stages of cancer or even before the cancer cell is formed. 
Thus, nucleic acid analysis can assist in more precise screening and early 
diagnosis of cancer. Different strategies have been developed, such as 
colorimetric, fluorescence, chemiluminescence, and electrochemical 

biosensors (Bray et al., 2018; Peng et al., 2017; Chen et al., 2016; He 
et al., 2012; Al-Ogaidi et al., 2014; Fayazfar et al., 2014). Colorimetric 
analysis has attracted much attention due to its convenience, low cost, 
quick feedback and good reproducibility (Bray et al., 2018). Colori
metric assays have been widely used in the field of clinical diagnosis, 
such as detection of nucleic acids, protein biomarkers, infectious mi
croorganisms, viruses and metal ions (Vigneshvar et al., 2016; Xiao 
et al., 2017). However, insufficient sensitivity limits its application. 

In order to obtain lower detection limit, different strategies have 
been developed to amplify the colorimetric signal. Nanomaterials, such 
as zero-dimensional nanoparticles (gold, silver, copper), one- 
dimensional nanomaterials (carbon nanotubes, silicon nanowire, 
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nickel telluride nanowires), two-dimensional nanomaterials (graphene, 
few-layer black phosphorus, hexagonal boron nitride, Bi2Se3 nano
sheets), etc. have been reported to improve the sensitivity of colori
metric DNA biosensors based on either aggregation of gold 
nanoparticles (AuNPs) or the peroxidase-like activity of nanomaterials. 
Combined with DNA amplification technology, the sensitivity can be 
further improved. The limit of colorimetric detection of DNA is between 
nM-fM level (Table S1). The combination of nanomaterials (nano
composites) appears to be a promising approach to improve the effi
ciency of the colorimetric biosensors. For example, Au/Pt nanocluster 
and graphene-AuNPs hybrids have been used for DNA analysis with a 
detection limit of pM level (Dehghani et al., 2019; Chen et al., 2016). In 
our study, a multiple-signal amplification strategy is developed to 
enhance the sensitivity of DNA biosensor. The sensitivity of this color
imetric sensor is dramatically improved by three-step signal amplifica
tions, resulting in a nearly 1010-fold amplification. Up to 10� 18 M target 
DNA carrying breast cancer-associated mutation can be detected. Our 
research provides a new tool for simple and quick screening of breast 
cancer by multiple-signal amplification strategy. 

2. Materials and methods 

2.1. Preparation of AuNPs and 2D nanomaterial-AuNPs composites 

AuNPs, graphene oxide (GO), and Bi2Se3 nanosheets were prepared 
according to previous methods (Supporting information 2.1). GO-AuNPs 
and Bi2Se3-AuNPs nanocomposites were synthesized by in situ reduction 
of HAuCl4 on 2D nanomaterials surface (Supporting information 2.2). 

2.2. Construction of colorimetric biosensor for BRCA1 mutation detection 

Gold film was sputtered on 0.5 � 0.5 cm silicon wafer by ion beam 
sputter deposition. Gold-coated silicon wafer was immersed in 30 thio
lated capture probes (1 pM) for 30 min, then the wafer was washed with 
water to remove unbound capture probes. 20 μL of 0.1 mg mL� 1 Bi2Se3- 
AuNPs was mixed with 5’ thiolated signal probes (10 fM) thoroughly, 
and the unbound probes were removed by centrifugation at 12000 rpm 
for 10 min. The capture probe-modified silicon wafer was incubated 
with the target BRCA1 DNA for 30 min, rinsed with water, then incu
bated with the signal probe-modified Bi2Se3-AuNPs (0.1 mg mL� 1) for 
30 min, rinsed with water to remove unbound Bi2Se3-AuNPs, forming a 
sandwich structure, as shown in Fig. 1a. The sandwich structure was 
placed in fresh 4-NP/NaBH4 solution and measured with UV-vis spec
trophotometer. AuNPs and GO-AuNPs biosensors were constructed in 
similar methods as Bi2Se3-AuNPs biosensor. 

3. Results and discussions 

3.1. Detection principle 

Single-stranded DNA (ssDNA) carrying a BRCA1 nonsense mutation 
(3607C > T, supporting information) was selected as the target DNA 
according to an investigation of the prevalence of BRCA mutations in 
Chinese patients with breast-ovarian cancer (Sung et al., 2017). The 
colorimetric sandwich-type biosensor consists of a signal unit and a 
capture unit (Fig. 1a). The signal probes are first immobilized on the 
surface of Bi2Se3-AuNPs via Au-S bonds to form the signal unit. Then the 
capture probes are attached on the gold-coated silicon wafer to obtain 
the capture unit, which could capture one end of target DNA by com
plementary pairing. Finally, the signal unit hybridize with the other end 
of the target DNA to create a sandwich construction. Bi2Se3-AuNPs 
catalyze the reduction of 4-NP to 4-aminophenol (4-AP) for colorimetric 
assay. 

3.2. Performance of the colorimetric biosensor 

The colorimetric biosensor is based on the catalytic activity for the 
reduction of a colorimetric substrate 4-NP to 4-AP. The color of 4-NP/ 
NaBH4 solution turned from bright yellow to colorless (Fig. 1b, insert), 
confirming the catalytic activity of AuNPs and 2D nanomaterial-AuNPs 
composites. Time-dependent UV-vis spectra showed that the peak at 
400 nm disappeared, whereas a new peak at 300 nm appeared gradually, 
which is a characteristic absorption of the reduction product 4-AP 
(Fig. 1b) (Choi et al., 2014). There is a linear correlation between ln 
A/A0 (A0 is the original absorbance intensity of 4-NP at 400 nm, while A 
is the final absorbance intensity at 400 nm after reduction by 
Bi2Se3-AuNPs) and reduction time (Fig. S3). The first-order reaction rate 
constant k is obtained from the slope of the straight line plotting by ln 
A/A0 against time. The reaction cannot proceed without catalyst or with 
Bi2Se3 (Fig. S3, black line and red line). AuNPs demonstrated less cat
alytic activity (k ¼ 3.13 � 10� 4 S� 1) than the Bi2Se3-AuNPs nano
composite (k ¼ 1.26 � 10� 3 S� 1). A simple mixing of Bi2Se3 nanosheets 
with AuNPs exhibited poorer catalytic performance than the 
Bi2Se3-AuNPs nanocomposite, indicating that the interaction between 
AuNPs and Bi2Se3 nanosheets was necessary to achieve synergetic effect 
on catalytic performance. This result proved that Bi2Se3-AuNPs nano
composite had superior catalytic performance than AuNPs and 
GO-AuNPs, which was in accordance with previous report (Xiao et al., 
2017). 

Due to the limitation of the colorimetric method based on Lambert 
Beer’s law, the minimum concentration of detectable solution is 10� 8 M 
(Demertzis, 2004). We investigated the sensing performance of AuNPs, 
GO-AuNPs and Bi2Se3-AuNPs biosensors for BRCA1 gene detection and 
found that the sensitivity of the colorimetric biosensor was improved 
step by step. Firstly, 0D AuNPs were used to construct the sandwich-type 
colorimetric biosensor. The detection limit for BRCA1 was up to 10� 10 M 
(100 pM, Fig. S1c), which reached 102-fold signal amplification. Then 
AuNPs were decorated on the surface of 2D GO to construct the 
GO-AuNPs biosensor, which improved the detection limit to 10� 12 M (1 
pM, Fig. S1d) and the signal was further amplified 104 times. The third 
step amplification was achieved by replacing stable GO with oxidizable 
2D material (Bi2Se3 nanosheets) and loading equivalent amount of 
AuNPs (Fig. S4). The detection limit reached 10� 18 M (1 aM, Fig. 1c), 
resulting in a nearly 1010-fold signal amplification. The reaction rate 
constants of samples without Bi2Se3-AuNPs or without target DNA were 
almost the same (6.53 � 10� 5 S� 1 and 7.72 � 10� 5 S� 1), indicating no 
reduction of 4-NP. The target DNA serves as a bridge between capture 
unit and signal unit. In the absence of target DNA, the sandwich struc
ture cannot be formed, thus Bi2Se3-AuNPs nanocomposite cannot be 
connected with the silicon wafer to catalyze the colorimetric reaction. 
There was a good linear relationship between k and the concentrations 
of target DNA in a wide range of 10� 18 M-10� 12 M (R2 ¼ 0.99) (Fig. 1d). 
The detection limit of Bi2Se3-AuNPs biosensor was much lower than 
other colorimetric DNA biosensors using 0D, 1D, 2D or hybrid nano
materials (Table S1). 

In order to investigate the selectivity of Bi2Se3-AuNPs biosensor, one- 
base mismatch, two-base mismatch and non-complementary sequences 
were designed. Three parallel experiments were set, in which the con
centrations of the complete complementary sequences were 1 pM, 10 
pM, and 100 pM respectively. The concentration of the interference 
sequences (mismatched and non-complementary DNA) in the control 
group was 103 times larger than the experimental group (complemen
tary DNA). Even though the concentration of the control group was 
much higher than that of the experimental group, k values of the mis
matched and non-complementary DNA were much lower than that of 
the complementary DNA. One-base mismatch, two-base mismatch and 
non-complementary sequences could be distinguished clearly (Fig. 1e). 
These results confirmed the ultrasensitive performance and high selec
tivity of Bi2Se3-AuNPs biosensor. 
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Fig. 1. (a) The detection principle of the colorimetric sandwich-type biosensor. (b) UV-vis absorption spectrum of 4-NP reduced by Bi2Se3-AuNPs. Inset: 4-NP before 
and after reaction. (c) Detection of BRCA1 mutation using Au/Bi2Se3 colorimetric biosensor. The target DNA concentrations were 0 M, 1 pM, 1 fM, and 1 aM, 
respectively. 100 μL of target DNA was added. No signal probe-modified Au/Bi2Se3 was added in the control sample. (d) Relationship between the reaction rate 
constant k and target DNA concentration. (e) Selectivity of the colorimetric biosensor at different target DNA concentrations. K values of one-base mismatched (blue), 
two-base mismatched (green), non-complementary (black) and complementary sequences (red) were compared. (f) Agarose electrophoresis of genomic DNA 
extracted from clinical samples. (g) Reaction kinetic constant of PCR products containing BRCA1 mutations (red and blue). Control: Sample containing no BRCA1 
mutation (black). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.3. Mechanism of the colorimetric biosensor and signal amplification 

In order to confirm that the signal probes were bound to Bi2Se3- 
AuNPs nanocomposite, FAM-modified signal probes were incubated 
with Bi2Se3-AuNPs and centrifuged to remove unbound signal probes. 
The fluorescence intensity of the supernatant was significantly lower 
than that of the FAM-modified signal probes, indicating that part of the 
thiol-modified probes were bound to Bi2Se3-AuNPs by Au-S bond 
(Fig. 2a). The precipitate (signal probe-modified Bi2Se3-AuNPs) showed 
no fluorescence since FAM was quenched by the nanocomposite. 

Fluorescent spots study was performed to investigate the interaction 
between target DNA and capture probes. SYBR green I was used to dye 
the complementary double-stranded DNA (dsDNA) (Dragan et al., 
2012). When no target DNA or non-complementary sequence reacted 
with the capture probes, there was no fluorescent signal present. In the 
presence of high-concentration one-base mismatched DNA (1 μM), weak 
fluorescent spots appeared, indicating partial formation of dsDNA. The 
fluorescence intensity increased with increasing concentration of com
plementary target sequences, confirming more dsDNA formed at higher 
target DNA amount (Fig. 2b). 

In order to visualize the sandwich structure of the biosensor, the 
silicon wafer was replaced by a gold-coated glass slide modified with 
capture probes, then connected to the signal probe-modified Bi2Se3- 
AuNPs nanocomposite by target DNA. At high concentration of 
completely non-complementary and one-base mismatched target DNA 
(10 μM), there was no fluorescence in the dark field. When comple
mentary target sequences were added, green fluorescence can be 
observed in the dark field even at very low concentration (10 pM, 
Fig. 2c). With the increase of the complementary target DNA concen
tration, the fluorescence distribution area increased in the dark field, 
since more dsDNA were formed. Meanwhile, the amount of nanosheets 
in the bright field also increased. Merge of the bright and dark field 
images showed that the nanosheets overlapped with the fluorescence, 
indicating successful construction of the sandwich-type biosensor. 

Our colorimetric biosensor is based on a three-step signal amplifi
cation strategy (Fig. 3a). The first step signal amplification is realized by 
gold nanoparticles catalysis. The two-dimensional substrate (such as GO 
and Bi2Se3 nanosheet) provides a platform for AuNPs to distribute on 
their surface uniformly and prevent aggregation of AuNPs, thus 
increasing their stability and catalytic efficiency. Compare with stable 
GO, Bi2Se3 as a topological insulator is more likely to be oxidized and 
lose electrons. As an effective conductor of electrons, AuNPs loaded on 
the surface of Bi2Se3 nanosheets can transfer the enriched electrons, 
further accelerate 4-NP reduction and amplify the signal significantly. 
Zeta potential measurements showed that after catalyzing 4-NP reac
tion, the potential of Bi2Se3-AuNPs shifted from 2.0 � 0.4 mV to � 2.5 �
0.7 mV, indicating loss of electrons in the Bi2Se3 oxidation process 
(Fig. 3b). XPS data revealed that compared with Bi2Se3, Se in Bi2Se3- 
AuNPs was partially oxidized and the characteristic peak of selenium 
oxide at 58.8 ev indicated that Bi2Se3 reacted with HAuCl4. After cata
lyzing 4-NP, the SeOx peak increased and the Se peak decreased, indi
cating that part of Se in Bi2Se3 lost electrons and produced selenium 
oxide (SeOx) (Fig. 3c). 

To further explore the electron donor property of Bi2Se3, polydop
amine (PDA) was coated onto AuNPs and Bi2Se3 to block electron 
transfer. Dopamine was stirred with AuNPs and Bi2Se3 for 0.5 h, 3 h, and 
24 h, respectively to obtain materials with different thickness of PDA 
(Lee et al., 2007). Then PDA-covered Bi2Se3 reacted with HAuCl4 to 
yield Bi2Se3-PDA-AuNPs. At 0.5 h reaction time, only a part of AuNPs 
were covered by PDA, therefore AuNPs still remained their catalytic 
activity (k ¼ 8.44 � 10� 4 S� 1, Fig. 3d). When AuNPs were totally 
covered by PDA after 24 h reaction, PDA inhibited the catalytic activity 
of AuNPs and hindered 4-NP reduction (k ¼ 2.97 � 10� 5 S� 1). For 
Bi2Se3-PDA-AuNPs, Bi2Se3 was isolated by PDA from AuNPs. With the 
increase of film thickness (Fig. S6), the catalytic effect decreased 
significantly, which was finally comparable to that of AuNPs (k ¼ 2.90 
� 10� 4 S� 1, Fig. 3e). These results proved that blocking electron 
transport can inhibit the catalytic efficiency of Bi2Se3-AuNPs, indicating 

Fig. 2. Mechanism of the colorimetric sandwich-type biosensor. (a) Fluorescence spectra of FAM-modified signal probe (FAM-SP, black), supernatant (red), pre
cipitate (FAM-SP modified Bi2Se3-AuNPs, blue), Bi2Se3-AuNPs (green). (b) Fluorescence spots of capture probes hybridized with target sequences. 1. No target DNA, 
2. one-base mismatched DNA (1 μM), 3. non-complementary DNA (1 μM), 4. Complementary DNA (0.1 nM), 5. Complementary DNA (10 nM), 6. Complementary 
DNA (1 μM). (c) Images of laser scanning confocal microscope of the sandwich-type biosensor (the scale is 25 μm). SYBR Green was used to dye hybridized dsDNA. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Mechanism of the signal amplification. (a) Multiple-signal amplification of the colorimetric biosensor. (b) Zeta potentials of Bi2Se3 (black), Bi2Se3-AuNPs 
before (red) and after (green) catalyzing 4-NP reduction. (c) XPS spectra of Bi2Se3 (black), Bi2Se3-AuNPs before (red) and after (blue) catalyzing 4-NP reduction. (d) 
Plot of ln(A/A0) versus time for 4-NP reduction by PDA-coated AuNPs. Dopamine was stirred with AuNPs for 0.5 h, 3 h, and 24 h to obtain PDA-coated AuNPs with 
different thickness of PDA. (e) Plot of ln(A/A0) versus time for the reduction of 4-NP by Bi2Se3-PDA-AuNPs. Dopamine was mixed with Bi2Se3 for 0.5 h, 3 h, and 24 h 
to obtain PDA-coated Bi2Se3 with different thickness of PDA. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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the role of Bi2Se3 as electron donor in 4-NP reduction reaction. 
The oxidability of Bi2Se3-AuNPs is both the advantage and limitation 

of this biosensor. Oxidation of Bi2Se3 nanosheets can produce electrons 
for 4-NP reduction reaction. However, Bi2Se3-AuNPs nanocomposite 
should be freshly prepared to maintain its catalytic activity and the 
catalyst cannot be reused. 

3.4. Detection of clinical samples 

Genomic DNA extracted from the blood samples of breast cancer 
patients was amplified by PCR and analyzed by agarose gel electro
phoresis (Fig. 1f). DNA sequencing confirmed that samples 23 and 31 
contained a point mutation compared with control samples. New cap
ture probe was designed complementary to the mutated region (Sup
porting information). Bi2Se3-AuNPs colorimetric biosensor was 
constructed to detect the PCR products of these two samples and the 
reaction kinetics constants were measured (Fig. 1g). The detection limits 
were 5.8 ng μL� 1 and 3.2 ng μL� 1, respectively. K values of the PCR 
samples carrying mutation were 10-fold higher than that of the control 
PCR samples without mutation. Therefore, Bi2Se3-AuNPs colorimetric 
biosensor is capable of detecting clinical samples with good selectivity. 
The reaction rate constant of synthetic ssDNA target is higher (10� 4 S� 1 

level, Fig. 1c) than PCR products (10� 5 S� 1 level, Fig. 1g), indicating 
lower performance of this biosensor for clinical samples. It could be due 
to following reasons: Firstly, synthetic ssDNA purified by high- 
performance liquid chromatography is highly pure. However, PCR 
products purified by silica-membrane-based column could still contain 
DNA primers, dNTP, DNA polymerase and other impurities, which 
might interfere the performance of this biosensor; Secondly, the DNA 
probes are more difficult to bind double-stranded PCR products than 
ssDNA, since part of hydrogen bonds need to be broken to expose the 
complementary region; Finally, the length of PCR fragments reaches 535 
bp, while ssDNA target contains only 51 bases. Longer PCR fragments 
could be twisted to form tertiary structure, inhibiting the probes to 
recognize and bind the complementary sites. Further effort is required to 
improve the efficiency of the colorimetric biosensor for the detection of 
clinical samples. 

4. Conclusion 

Base on multiple-signal amplification strategy, a sandwich-type 
colorimetric biosensor was constructed to detect BRCA1 gene muta
tion of breast cancer. This biosensor exhibited excellent sensitivity and 
high selectivity with a detection limit of 10� 18 M and a large dynamic 
range of 10� 18 M - 10� 12 M. In the future, such biosensor can be further 
modified with suitable molecular probes for potential application in 
detecting a broad range of other targets including virus RNA, proteins, 
exosomes, aptamer-binding small molecules, and cancer cells etc. 
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