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ABSTRACT: Many studies have demonstrated that the extracellular domain of human epidermal growth factor receptor 2 (HER2 

ECD) level in serum can act as a breast cancer biomarker and serve in monitoring neoadjuvant therapy of breast cancer. In this 

study, we developed a sensitive ascorbic acid (AA)-mediated AuNBPs (gold nanobipyramids) growth method with NADH 

(reduced nicotinamide adenine dinucleotide I) assistance, and further fabricated a high-resolution multicolor immunosensor for 

sensitive visual detection of HER2 ECD in serum by using AuNBPs as signal and antibody as recognition probe. The NADH-

assisted AA-mediated method effectively suppress blank and greatly improve sensitivity of mediating AuNBPs growth, which 

makes us can use low concentration of AA to mediate AuNBPs growth to generate more colorful and clearer color changes. The 

proposed multicolor immunosensor has higher resolution and more color changes corresponding to HER2 ECD concentrations. It 

can be used to detect as low as 0.5 ng/mL of HER2 ECD by bare eye observation and 0.05 ng/mL of HER2 ECD by UV-visible 

spectrophotometry. Using the immunosensor, we have successfully detected HER2 ECD in human serum with a recovery of 94%-

96% and an RSD (n=5) < 5%. The results obtained with our immunosensor were consistent with those obtained with ELISA, 

verifying the immunosensor has good accuracy. The immunosensor exhibited a vivid multicolor change, has low visual detection 

limit, excellent specificity and reproducibility, and robust resistance to matrix. All above features makes our immunosensor a 

promising assay for the early diagnosis of HER2-dependent breast cancers in clinical diagnosis.

Many studies have demonstrated that the patients with 

primary breast cancer have obvious human epidermal growth 

factor receptor 2 (HER2) overexpression, and thus HER2 was 

considered to be one of the most important prognostic and 

predictive factors in breast cancer.1 HER2 protein consists of 

an intracellular tyrosine kinase domain, a transmembrane 

lipophilic segment and an extracellular domain (ECD). 

Undergoing proteolytic cleavage or alternative initiation of 

translation, the extracellular domain of HER2 protein (HER2 

ECD) can be shed into the blood as a circulating antigen and 

be measured in serum.2 Many studies have reported that the 

HER2 ECD levels in serum linked to tumor HER-2 

overexpression,3,4 reflected the clinical prognosis of breast 

cancer,5,6 and thus can serve in monitoring neoadjuvant 

therapy in breast cancer or act as a breast cancer biomarker.7 

Thus, the detection of HER2 ECD levels in human serum is of 

great clinical significance for the early diagnosis of HER2-

dependent breast cancers.

So far, many analytical techniques, such as colorimetry,8 

electrochemistry,9,10 fluorescence,11,12 and 

chemiluminescence,13 have been used for the detection of 

HER2 ECD. Among these techniques, the colorimetric method 

in particular received increasing attention because it can be 

read out by bare eye observation, has short detection time and 

low cost, and is portable. Thus, the colorimetric method has 

the potential for achieving instrument-free visual on-site 

detection. Unfortunately, the previous colorimetric method 

(ELISA) for the detection of HER2 ECD only presents single 

color, which seriously confines the accuracy of visual 

inspection and thus make method has a lower sensitivity.8 

Hence, it is of great significance to develop a high-resolution 

multicolor colorimetric method, which has a vivid color 

change, for the visual detection of HER2 ECD with high 

sensitivity and accuracy, in order to realize the early diagnosis 

and/or combination therapy of HER2-dependent breast cancers.

In recent years, gold nanocrystals (AuNCs) have been 

extensively applied in biological science and catalysis due to 

their excellent physical and chemical properties.14,15 One of the 

most interesting properties of AuNCs is localized surface 

plasmon resonance (LSPR), which induced strong light 

absorption and makes AuNCs solution showed corresponding 

color.16 Since the plasmon modes of AuNCs are determined by 

its shape, composition, size and surrounding media, a lot of 

colorimetric assays have been developed based on the 

morphology change of AuNCs via aggregation, etching or 

growth.17 Especially, gold nanorods (AuNRs) have two LSPR 

including a transverse LSPR and a longitudinal LSPR. The 

longitudinal LSPR of AuNRs can be regulated from 580 to 

1200 nm, and thus generated a vivid color change in solution 

just like rainbow. Based on this phenomenon, a number of 
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multicolor colorimetric assays have been developed by etching 

or growth of AuNRs.18-20 However, the size distributions of 

AuNRs produced by etching or growth usually varied in a 

larger range, which results in a lower intensity of color in 

solution and blurred color variation. Compared to AuNRs, 

gold nanobipyramids (AuNBPs) have obvious advantages, 

such as better mono-dispersity with narrow plasmon 

linewidths, high localized electric-field enhancements, and 

low-energy wavelength.21-23 These features make ANBPs an 

excellent candidate for the development of multicolor 

colorimetric assays. For example, Xu et al developed an 

AuNBPs-based colorimetric immunoassay for the detection of 

the H5N1 virus,24 and demonstrated that AuNBPs-based 

method has a higher sensitivity than AuNRs-based method. In 

this work, we developed a method of preparing high uniform 

AuNBPs by sensitively mediating AuNBPs growth with 

ascorbic acid (AA) under reduced nicotinamide adenine 

dinucleotide I (NADH) assistance, and further developed a 

high-resolution multicolor immunosensor for sensitive visual 

detection of HER2 ECD, in hope of providing a promising 

assay for the early diagnosis of HER2-dependent breast 

cancers in clinical diagnosis.

EXPERIMENTAL SECTION

Chemicals and Apparatus. Hexadecyl trimethyl 

ammonium chloride (CTAC) and citric acid were purchased 

from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, 

China). Cetyltrimethylammonium bromide (CTAB), silver 

nitrate (AgNO3), sodium borohydride (NaBH4), ascorbic acid 

(AA) and L-ascorbic acid 2-phosphate sesquimagnesium salt 

(AAP) were obtained from Sigma-Aldrich Inc. (St. Louis, MO, 

USA). Chloroauric acid tetrahydrate (HAuCl4·4H2O), 

diethanolamine (DEA), and reduced nicotinamide adenine 

dinucleotide I (NADH) were purchased from Aladdin Co. Ltd. 

(Shanghai, China). Alkaline phosphatase (ALP) was obtained 

from Takara Biomedical Technology Co. Ltd. (Beijing, China). 

Streptavidin-linked ALP was purchased from Promega Co. 

(Madison, WI, USA). Ab100510-HER2 ELISA Kit was 

purchased from Abcam Co. Ltd. (Shanghai, China). The buffer 

used in the experiment are as follow: PBS buffer (8 mM 

Na2HPO4, 136 mM NaCl, 2 mM KH2PO4, and 2.6 mM KCl), 

wash buffer (150 mM NaCl, 20 mM Tris, 0.05% Tween 20, 

pH 7.5). The human serums were obtained from Fujian 

Medical University (Fujian, China). Millipore purification 

system-based ultrapure water (18.2 $M·cm) was used 

throughout this study. The UV-visible absorption spectra were 

obtained with Tecan Spark 10M multifunctional microplate 

reader (Switzerland). All photographs were recorded by a 

Canon EOS 600D digital camera (Japan). Transmission 

electron microscope (TEM) images were performed on 

HT7700 transmission electron microscope (Hitachi, Japan). 

Preparation of Gold Nanobipyramids Seed. The AuNBPs 

was synthesized by referring the typical seed-mediated 

method.25 Firstly, 10 mL of 0.25 mM HAuCl4 solution 

containing 50 mM CTAC and 5 mM citric acid was fast 

reduced with freshly prepared ice-cold NaBH4 solution (0.25 

mL, 25 mM) in a glass vial under vigorous stirring (1000 rpm) 

for 2 minutes at room temperature. Then, the obtained seed 

solution was statically aged for 90 min at 80°C. Finally, the 

obtained seed solution was kept from light at room 

temperature.

Colorimetric Determination of ALP. Firstly, 50 µL of 

different concentrations of ALP standard or sample solution, 

which containing 70 mM AAP, 30 mM Tris-HCl (pH 9.5), 30 

mM DEA and 0.005% BSA, was prepared in a PCR tube. 

After incubation at 37 °C for 1 h to hydrolyze AAP to generate 

AA, 6.1 µL of HCl (1.0 M) was added into above solution to 

inhibit the activity of ALP and adjusted the pH of the solution. 

Then, 30 Q� of above solution was taken and added into 100 

Q� AuNBPs growth solution, which containing 118 mM 

CTAB, 0.625 mM HAuCl4, 0.125 mM AgNO3, 25 mM HCl, 2 

mM NADH and 1.25 Q� of above AuNBPs seed solution. 

Finally, the whole was kept at 50 °C to perform NADH-

assisted AA-mediated growth of AuNBPs for 15 min. Then, 

the color of the solution was observed by bare eyes and 

recorded by the camera, and the absorbance spectrum of 

solution was measured from 400-1000 nm by microplate 

reader. The concentration of ALP was calculated according to 

the color of the solution or the maximum absorption 

wavelength of the solution.

Colorimetric Determination of HER2 ECD. Firstly, 100 

Q� of different concentrations of HER2 ECD standard or 

sample solution (in PBS buffer) was added into a microplate, 

which previously modified with capture antibody. Then, the 

microplate was incubated in BE-9008 microplate oscillator for 

2.5 hours at 30 °C with gentle shaking (300 rpm) to capture 

HER2 ECD. After washing the microplate with washing 

buffer (400 Q�> for 4 times, 100 Q� of biotinylated detection 

antibody (diluted 80-fold with PBS buffer) was added and the 

whole was incubated for 1 hour at 30 °C with gentle shaking 

to form �capture antibody-HER2 ECD-detection antibody� 

sandwich-like immunocomplex on the surface of microplate. 

Subsequently, 100 Q� of 20 nM streptavidin-linked ALP 

(diluted with PBS buffer) was added and the whole was 

further incubated for 1 hour at 30 °C with gentle shaking. 

After washing the microplate with washing buffer (400 Q�> for 

4 times again, 50 Q� of 70 mM AAP solution containing 30 

mM Tris-HCl (pH 9.5), 30 mM DEA and 0.005% BSA was 

added and the whole was incubated at 37 °C with gentle 

shaking. After 1 hour, 6.1 Q� of 1.0 M HCl solution and 171 

Q� of AuNBPs growth solution (the mixture of 118 mM 

CTAB, 0.625 mM HAuCl4, 0.125 mM AgNO3, 25 mM HCl, 2 

mM NADH and 2.0 Q� of AuNBPs seed solution) were added 

into the microplate and incubation at 50 °C for 20 minutes. 

Finally, the color of the solution was observed by bare eyes 

and recorded by the camera, and the absorbance spectrum of 

solution was measured from 400-1000 nm by Tecan Spark 

10M microplate-reader. The concentration of HER2 ECD was 

calculated according to the color of the solution or the 

maximum absorption wavelength of the solution. 

For the determination of human serum sample, the serum 

was firstly diluted 3-fold with PBS buffer and then was 

determined with above method.

RESULTS AND DISCUSSION

The Principle of the Strategy for Multicolor Visual 

Detection of ALP and HER2 ECD. In our strategy, antibody 

was used as probe for recognizing HER2 ECD, NADH was 

used to previously reduce Au (III) into Au (I) to suppress 

blank and improve the sensitivity of AA-mediated AuNBPs 

growth, and ALP was used as a readout enzyme to hydrolyze 

AAP to generate AA, which was used to reduce Au (I) into Au 

(0) and thus mediates AuNBPs growth. The detail principle of 
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NADH assistance showed the similar morphology variation 

(Figure S1 in supporting information, SI). Compared Figure 2 

with Figure S1, it can be observed that Au nanoparticles 

obtained with above two methods both have high mono-

dispersity and high uniformity, which made the solution 

showed clearer multiple colors and thus can be more 

accurately and sensitively inspected by bare eye observation.

Optimization of the Conditions of NADH-assisted AA-

mediated AuNBPs Growth. As we mentioned above, NADH 

was used to previously reduce Au (III) into Au (I) to suppress 

blank and improve the sensitivity of AA-mediated AuNBPs 

growth. Therefore, it is necessary to control ambient 

conditions to make NADH rapidly reduce Au (III) into Au (I) 

and to impede NADH further reduce Au (I) into Au (0) since 

the standard redox potential of NAD+/NADH (-0.315 V vs 

NHE) is lower than that of dehydroascorbic acid/AA (+0.33 V 

vs NHE).26, 27 Our experiments demonstrated that the presence 

of CTAB and HCl can effectively impede NADH to further 

reduce Au (I) into Au (0). As Figure S2 (see SI) showed, when 

CTAB concentration was higher than 20 mM (in the presence 

of 25 mM HCl) or 90 mM (in the absence of HCl), the 

solution showed colorless, indicating that NADH can only 

reduce Au (III) into Au (I) and no Au (I) was reduced into Au 

(0) to form AuNBPs, just like previous literatures.28-30 

Therefore, 118 mM CTAB and 25 mM HCl were added into 

our AuNBPs growth solution to impede NADH to further 

reduce Au (I).

The Figure S3 results (see SI) also confirmed that in the 

presence of 118 mM CTAB and 25 mM HCl, NADH can not 

further reduce Au (I) into Au (0) to promote AuNBPs growth. 

It was observed that in our NADH-assisted AA-mediated 

AuNBPs growth system, the variation of NADH concentration 

(from 1.5 to 2.5 mM) do not affect the maximum absorption 

wavelength of generated AuNBPs, whereas, the variation of 

AA concentration (from 0.4 to 0.5 mM) obviously lengthen 

the maximum absorption wavelength of generated AuNBPs 

(Figure S3 in SI), indicating that only AA can reduce Au (I) 

into Au (0) to generate AuNBPs growth in our NADH-assisted 

AA-mediated AuNBPs growth system.

Optimization of the ALP Enzymolysis Conditions. As we 

mentioned above, ALP was used as a readout enzyme to 

hydrolyze AAP to generate AA, and the generated AA was 

used to reduce Au (I) into Au (0) to mediate AuNBPs growth 

in this study. Thus, the pH and the concentration of Tris-HCl 

buffer, the DEA concentration and the AAP concentration in 

the ALP enzymolysis experiment were optimized. The pH of 

system not only affects the activity of ALP but also affects the 

stability of AA, and thus affects the growth of AuNBPs and 

finally affects the sensitivity of method. Since the AuNBPs 

growth is pH-sensitive,31 the pH of Tris-HCl buffer was 

optimized by directly detecting the generated AA with high 

performance liquid chromatography (HPLC) (details see 1.0 

section and Figure S4 in SI). As showed in Figure S5-A (see 

SI), the peak area of AA increased with the increasing of the 

pH when the pH is lower than 9.0, and then the peak area of 

AA turn to decreased when the pH is higher than 9.5. This 

should be attributed that the ALP activity increased with the 

increasing of the pH when the pH is lower than 9.0, and too 

high pH (>9.5) will lead to the hydrolysis of AA. Thus, the pH 

of ALP enzymolysis should be controlled in the range pH 9.0 - 

pH 9.5, and the Tris-HCl buffer with pH 9.5 was used in our 

study. The concentration of tris-HCl buffer, the DEA 

concentration and the AAP concentration were also optimized 

with the same manner, and the same trends as the pH were 

observed (Figure S5 B-D in SI). As Figure S5 B-D showed, 

the concentration of tris-HCl buffer, DEA and AAP should be 

controlled in the range of 25-35 mM, 20-40 mM and 65-80 

mM respectively to ensure the method has high enough 

sensitivity and stability. Finally, 30 mM of Tris-HCl buffer 

(pH 9.5), 30 mM of EDA and 70 mM of AAP were used in 

our experiments as the optimal conditions. 

Optimization of the AuNBPs Growth Solution in 

Multicolor Visual Detection of HER2 ECD. Under above 

optimal NADH-assisted AA-mediated AuNBPs growth and 

ALP enzymolysis conditions, the HCl and the streptavidin-

linked ALP concentrations in growth solution and the 

incubation time of ALP were also optimized in detail to obtain 

high sensitivity and stability for the visual detection of HER2 

ECD. The HCl in growth solution will affect the anisotropy of 

AuNBPs growth, and was optimized in the range of 10 to 40 

mM. As Figure S6 (see SI) showed, the generated AuNBPs 

showed the maximum absorption wavelength <Tmax) of LSPR 

when HCl concentration was in the range of 20-30 mM. When 

HCl concentration decreased to 15 mM or increased to 40 mM, 

the sensitivity of the method dropped sharply by 36% and 48%, 

respectively. Hence, 25 mM was selected as optimal HCl 

concentration. In the detection of HER2 ECD, the 

streptavidin-linked ALP amount binding on the surface of 

microplate directly affect the sensitivity of the immunosensor, 

and thus streptavidin-linked ALP concentration was optimized 

in the range of 5 to 40 nM. The maximum absorption 

wavelength of LSPR increased with the increasing of 

concentration from 5 to 20 nM and then decreased with the 

increasing of concentration from 20 to 40 nM (Figure S6-B in 

SI). When ALP concentration varied in the range of 15-25 

mM, the sensitivity of the method changed within 10%. Hence, 

20 nM was selected as optimal streptavidin-linked ALP 

concentration. The incubation time of streptavidin-linked ALP 

was optimized from 15 to 90 min. The maximum absorption 

wavelength of LSPR increased when the incubation time was 

less than 60 min, and then reached a platform when the 

incubation time was over 60 min (Figure S6-C in SI). Hence, 

60 min was chosen as the optimum incubation time.

(A)

(B) (C)

0
m
a
x
(n
m
)

ALP 0.0          0.5         1.0          2.0          3.0        4.0        5.0         6.0        7.0         8.0        9.0  mU/mL

Figure 3. The photographs (A) and UV-visible spectra (B) of 

AuNBPs solution obtained with NADH-assisted AA-mediated 

under different ALP concentrations, and the linear relationship 

between maximum absorption wavelength <Tmax) and ALP 

concentration (C).

Detection of ALP. Under the optimal ALP enzymolysis 

conditions, when the ALP concentration increased from 0 to 9 

mU/mL, the AuNBPs solution showed a vivid color change 

with a red-shift of longitudinal LSPR wavelength of AuNBPs 
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breast cancer biomarker, by using AuNBPs as signal and 

antibody as recognition probe. The NADH-assisted AA-

mediated method effectively suppress blank and greatly 

improve sensitivity of AA-mediated AuNBPs growth, which 

makes us can use low concentration of AA to mediate 

AuNBPs growth to generate more colorful and clearer color 

changes. The proposed multicolor immunosensor has a high 

resolution and more color changes corresponding to HER2 

ECD concentrations. It can be used to detect as little as 0.5 

ng/mL of HER2 ECD concentration by bare eye observation 

and 0.05 ng/mL of HER2 ECD concentration by UV-visible 

spectrophotometry. With help of the multicolor immunosensor, 

we have successfully detected HER2 ECD in human serum 

with a recovery of 94%-96% and an RSD (n = 5) < 5%, and 

the results obtained with our immunosensor were consistent 

with those obtained with ELISA. The proposed immunosensor 

exhibited a vivid multicolor change, has low visual detection 

limit, excellent specificity and reproducibility, and robust 

resistance to matrix. Especially, the visual detection limit of 

our immunosensor is much lower than the cut-off value (15 

ng/mL) of HER2 ECD in serum, which was used as breast 

cancer index. All above features makes our immunosensor a 

promising assay for the early diagnosis of HER2-dependent 

breast cancers in clinical diagnosis. It must be mentioned that 

our immunosensor may be expended as a general method for 

the visual detection of other cancer biomarker by using the 

corresponding antibody as recognition probe. 

Table 1: Analytical results of HER2 ECD in serum samples

HER2 ECD detected

UV-visible spectrometry
Sample

HER2 ECD 

added 

(ng/mL)
Bare eye 

observation Concentration 

(ng/mL)
RSD (n=5) Recovery

Ab100510-

HER2 EDC 

ELISA Kit 

(ng/mL)

1 0.0 ~0.5 5 - 0.48

2 5.5 5.64 4 94 5.78

3 8.5 8.61 2 96 8.89

4 13.5 13.4 3 96 13.8

5 15.5 15.2 2 95 15.6

ASSOCIATED CONTENT 

Supporting Information

The Supporting Information is available free of charge on the 

ACS Publications website.

Details for HPLC analysis of AA, conditions optimization (Fig. 

S1-S7) and comparison among our method and previous methods 

(Table S1) (PDF).
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