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Abstract 

4-Chlorophenoxyacetic acid (4-CPA), a synthetic plant regulator, has been banned due to its cumulative toxicity 
to humans. However, unqualified sampling remains common in the market. To address the poor sensitivity of 4-CPA 
antibodies reported previously, a highly sensitive monoclonal antibody specific to 4-CPA was produced by rede-
signing and synthesizing a novel hapten in this study. Additionally, a visual colorimetric immunosensor based 
on  TMB2+ mediated etching of gold nanorods (Au NRs) was developed. The ∆λ of the localized surface plasmon 
resonance (LSPR) peak exhibited a linear dependence on the 4-CPA concentration in the range of 0.2–6.25 ng  mL−1, 
with a low limit of detection (LOD) of 0.2 ng  mL−1. Recovery tests (85.0% to 108%) and HPLC validation demonstrated 
the immunosensor’s accuracy and precision. This visual colorimetric immunosensor illustrates significant potential 
for rapid detection of 4-CPA in biological environments.
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Introduction
The phenolic plant growth regulator 4-Chlorophenoxy-
acetic acid (4-CPA), which is frequently present in bean 
sprouts [1, 2], is used to promote cell division while pre-
venting root cell growth. It works by encouraging biosyn-
thesis and biotransformation in plants, which thickens 
the hypocotyls of bean sprouts, inhibits root sprout-
ing, and speeds up cell division during bean sprout cul-
ture [1–3]. However, 4-CPA is cumulatively toxic to 

humans, and consuming too much of it can be harmful 
to health and damage organs like the kidneys and liver 
[4, 5]. Acute toxicity testing on mice had shown an oral 
 LD50 of 794 mg  kg−1. Consequently, many organizations 
and countries have either outright prohibited the use of 
4-CPA in plant growth or set maximum residue limits 
(MRLs) [6]. For instance, the residual limit of 4-CPA in 
bean sprouts is 0.02 mg  kg−1 in Japan and 0.01 mg  kg−1 in 
the United States. However, monitoring data showed that 
4-CPA residue levels in bean sprouts continued to signifi-
cantly exceed the allowable limits.

Currently, instrumental analytical techniques such as 
gas chromatography, surface-enhanced Raman spec-
troscopy, and high-performance liquid chromatogra-
phy (HPLC) are the main tools used to analyze 4-CPA 
in food [6–9]. However, these methods are expensive, 
cumbersome, require trained personnel, and can not pro-
vide rapid and portable on-site  screening. In contrast, 
due to the simplicity and visual detection, colorimetric 
immunosensors based on gold nanomaterials have been 
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considered one of the most promising immunoassay 
methods in recent years [10–13]. For instance, Hu et al. 
[14] designed a colorimetric sandwich immunosensor for 
Aβ based on dual antibody-modified gold nanoparticles, 
in which maintaining the excellent performance of ELISA 
while improving  visualization and sensitivity to 2.3  nM 
due to the introduing of gold nanoparticles. Gold nano-
materials used in such immunoassays  are mainly of the 
following three types: gold nanoclusters, gold nanopar-
ticles, and gold nanorods. Gold nanorods are the  most 
widely used in therapeutic, detection and other fields 
[15–17].

The colorimetric sensors based on gold nanorods take 
advantage of the strong localized plasmon resonance 
effect of gold nanorods [18]. Au NRs have two localized 
surface plasmon resonance (LSPR) peaks, correspond-
ing to the transverse and longitudinal peaks, respectively. 
These peaks are highly sensitive to the size, shape and 
composition of Au NRs, especially the longitudinal LSPR 
peak, which located in the visible to near-infrared range 
[17]. By exploiting the adjustable property of longitudinal 
LSPR peaks, there have aroused extensive interest in the 
field of semi-quantitative detection of nucleic acids, pro-
teins and small molecules with the naked eye. For exam-
ple, Zhu et  al. [19]  successfully developed a  nanosensor 
based on gold nanorods for the  sensitive and selective 
quantitative detection of antibiotic residues, which was 
simple, rapid, inexpensive, and able to monitor antibiot-
ics at concentrations below 0.1 ng  mL−1 in less than 2 h.

In this study, the new hapten structures were designed 
and synthesized, and artificial antigens were prepared by 
conjugating them with carrier proteins. Monoclonal anti-
bodies (mAbs) that specifically recognize 4-CPA were 
generated through techniques such as animal immuniza-
tion and hybridoma cell screening. Building on the mAbs, 
a visual colorimetric immunoassay based on Au NRs was 
developed and applied to real samples  detection. The 
simplicity and sensitivity of the analysis were significantly 
enhanced by utilizing enzyme-labeled immunoreaction 
in conjunction with the color shift caused  TMB2+ etch-
ing Au NRs. This approach has the potential for sensitive 
visual identification in complex food testing for market 
field screening.

Results and discussion
Identification of hapten and artificial antigen
The molecular structure of 4-CPA contains carboxyl 
active groups that can directly interact with proteins. 
To maintain the integrity of the 4-CPA molecule and 
enhance antibody specificity, a complete synthesis 
scheme  was proposed. A spacer arm comprising 5 to 6 
carbon chains were connected to the benzene ring of 
4-CPA. This design will ensure that  the hapten’s small 

molecule is fully accessible on the surface of the artificial 
antigen, maximizing immune system recognition  while 
preserving the carboxyl group in the structure of 4-CPA 
through coupling with the epoxy group. In order to 
confirm the successful synthesis of the hapten, the syn-
thesized hapten was separated, purified using thin layer 
chromatography, and then it was structurally character-
ized using mass spectrometry employing either ESI nega-
tive or positive ions. Fig. S1 demonstrated that the mass 
spectrum of 4-CPA-H1 has a molecular peak of 269, and 
the positive or negative ion spectrum profiles matched 
the molecular weight of the target hapten. Furthermore, 
the split peaks in the hydrogen ion spectrum of NMR 
(Fig. S2) confirmed the correct synthesis of the hapten.

Comparing the UV-vis spectra of the hapten, carrier 
protein, and final binding protein, the absorbance peaks 
in Fig.  1A were significantly shifted, indicating that the 
artificial antigen 4-CPA-H1-BSA ans 4-CPA-H1-OVA 
were successfully prepared.

Characterization of mAbs
In this work, 4-CPA was directly coupled with BSA 
to yield an immunogen and with OVA to yield a coat-
ing antigen. After mice immunization and cytochemi-
cal fusion, a hybridoma cell line (4-A7) was obtained 
that secreted mAbs against 4-CPA. After purification by 
affinity column chromatography using ProteinA/G as 
medium, the mAbs demonstrated high purity (Fig.  1B), 
and the isotype was identified as IgG1 (Fig. 1C). In addi-
tion, the half-maximal inhibitory concentration  (IC50) 
was 0.8  ng   mL−1 under the optimal ELISA conditions 
(Fig. 1D) after optimizing the pertinent icELISA param-
eters in this research (results were showed in Fig. S3 and 
Fig. S4). Moreover, the specificity of mAbs was evaluated 
through the structural analogues’  cross-reactivity (CR 
% =  IC50 (4-CPA)/  IC50 (structural analogues) × 100). The 
negligible CR indicated that the mAbs had good specific-
ity and were feasible for analytical detection (Table 1).

Characterization of Au NRs
The two steps of synthesis process utilized in this 
work were the synthesis of gold seeds and the growth 
of gold rods, respectively. The synthesis process was 
mediated by anion-assisted seeds. The color of a  typi-
cal seed solution was a tea-brown, whereas the gener-
ated Au NRs were a purplish red hue (Fig. S5). TEM 
was used to examine the Au NRs for microscopic mor-
phology [20]  after the Au NRs solution was etched in 
different concentrations of  TMB2+ for a predeter-
mined amount time (Fig. 2). Figure 2A–H sequentially 
represent the gradual increase in the concentration 
of  TMB2+ solution. It was observed that the aspect 
ratio of Au NRs decreased with increasing  TMB2+ 
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concentration. Specifically, the longitudinal LSPR of 
Au NRs was 730 nm, with a mean value of the length of 
64 nm, and the aspect ratio of 4.2 (Fig. 2A). At 705 nm, 
the ends of Au NRs were gradually etched to become 
rounded, with the mean value of the length of 59  nm, 
and the aspect ratio of 3.6 (Fig.  2B). At 680  nm, both 
ends of the Au NRs were gradually shortened by etch-
ing, with an average length value of 55 nm and a trans-
verse-to-vertical ratio of 3.1 (Fig.  2C). Further etching 
reduced the longitudinal LSPR to 660 nm, with an aver-
age length value of 43 nm and a transverse-to-vertical 
ratio of 2.6 (Fig.  2D). At 640  nm, the Au NRs had an 
average length of 35  nm and a transverse-to-vertical 
ratio of 2.2 (Fig.  2E).  Finally, at 620  nm, with a mean 
value of the length of 24  nm, and the transverse to 

longitudinal ratio is 1.7 (Fig.  2F). The gold nanoparti-
cles were etched into gold nanoparticles tending to be 
rounded shapes, from long rods at right angles to long 
rods with both ends rounded gradually, and then from 
long rods to short rods. It was evident that as the length 
of the Au NRs gradually decreases, the transverse to 
longitudinal ratio decreases. Figure  3A–H correspond 
respectively to the colors and UV–vis absorption 
spectra of the Au NRs in Fig.  2A–H at different etch-
ing levels. As the longitudinal LSPR peaks of Au NRs 
are continuously blue-shifted, a series of color changes 
including red, grey, lime green, blue, blue-violet, violet 
and pink occur (Fig. 3A–H). The solution turned yellow 
when Au NRs were fully etched to Au (I). Equation (1) 
provided the specific mechanism.

Fig. 1 Characterization of mAbs against 4-CPA. A The UV–vis spectra of the protein, hapten, and artificial antigen. B Purity identification of mAbs, M: 
marker, 1: reducing gel, 2: non-reducing gel. C Isotype of mAbs. D Sensitivity of mAbs using indirect competitive ELISA (icELISA)
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Feasibility of multicolor immunoassay based TMB etched 
gold nanorods
Alterations in  TMB2+ concentration can lead to changes 
in Au NRs morphology. To construct a visual colorimet-
ric immunosensor, this work also verifies the feasibil-
ity of  TMB2+ effectively etching the Au NRs, resulting 
in changes in the morphology of the gold nanoparticles 
and the color of the solution. The color and UV–vis-
ible spectra plots of different solutions were shown in 
Fig. S6. The Au NRs solution is red with a UV absorp-
tion spectrum peak at approximately 730 nm; the  TMB2+ 
solution is yellow with a UV absorption spectrum peak 
at around 450 nm; and the Au NRs +  TMB2+ solution is 
green with UV absorption spectrum peaks at 450 nm and 
730  nm, indicating that the two coexist without react-
ing. However, the solution of Au NRs + CTAB +  TMB2+ 

(1)TMB(II)+ 2Au = TMB + 2Au(I)

showed a light purple color, and the UV absorption peak 
was blue-shifted, demonstrating that the Au NRs were 
successfully  etched. This suggests that the presence of 
cationic surfactant, such as CTAB, is necessary for the 
successful etching of Au NRs by  TMB2+.

Optimization of multicolor immunoassay conditions
From the above, it was evident that the color change of 
Au NRs was caused by  TMB2+ etching. In the traditional 
ELISA process, the concentration of horseradish per-
oxidase (HRP),  H2O2, and TMB can affect  TMB2+ gen-
eration [21]. Hence, the concentrations of HRP,  H2O2 and 
TMB were first evaluated.

The sensor’s absorption peak wavelength shift (Δλ) 
gradually increased as the concentration of  H2O2 
increased, reaching its maximum value when  H2O2 
was 4  mM (Fig.  4A), and then the value of Δλ stabi-
lized at around 200  nm. Since hydrogen peroxide is 
the catalytic substrate of the HRP enzyme, excessive 
hydrogen peroxide inhibits the enzyme activity, and the 
optimal concentration was 4 mM. Likewise, the Δλ grad-
ually increased with the increase of TMB concentration, 
reaching its maximum value when the concentration 
of TMB was 4  mM (Fig.  4B). When the concentration 
of TMB increased to 5  mM, Δλ no longer increased. 
Although TMB is stable, its solubility is low, and overdos-
ing can lead to precipitation in the system, so the opti-
mal concentration was set at 4 mM. As the HRP dilution 
decreased, Δλ gradually increased, reaching its maximum 
value at a dilution of 2 K (Fig. 4C).

It is worth mentioning that, according to electrochemi-
cal thermodynamics, the reaction potential of  TMB2+/
TMB is 0.74  V [22], which is lower than that of Au(I)/
Au at 0.91  V [23]. This  indicates that CTAB reduces 
the reaction potential, making it essential for the etch-
ing process. Therefore, the concentration of CTAB was 
optimized, and Δλ gradually increased with the increase 
of CTAB  concentration, reaching its maximum value 
when the concentration of CTAB was 0.1 M (Fig. 4D). In 
conclusion, the optimal HRP dilution for the 4-CPA col-
orimetric immunosensor was 2 K, the optimal concentra-
tion of CTAB was 0.1 M, and the concentrations of  H2O2 
and TMB were both 4 mM.

The performance of colorimetric immunosensor
The colorimetric immunosensor was developed based 
on the above optimal reaction conditions. In the range 
of 0 to 25  ng   mL−1, the standard curve (Fig.  5A) was 
established with the 4-CPA concentration as the hori-
zontal coordinate and the maximum absorption peak 
wavelength shift as the vertical coordinate. As the con-
centration of 4-CPA decreased, the etching degree of 
gold nanorods gradually strengthened, the longitudinal 

Table 1 The cross-reactivity with structural analogues using 
icELISA

Analytes Structure IC50 (ng  mL−1) CR (%)

4-CPA 0.8 100

2,4-Dichlorophe-
noxyacetic acid

2.5 32

4-Formylphenoxy-
acetic acid

5.2 15.4

Phenoxyacetic acid 50.1 1.6

4-Aminophenoxy-
acetic acid

74.9 1.1

4-Chlorobenzoic acid  > 1000  < 1

4-Chlorophenylacetic 
acid

 > 1000  < 1

6-Benzyladenine  > 1000  < 1
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direction of the LSPR peak was shifted to shorter wave-
lengths (Fig.  5B), and the system exhibited a series of 
color changes from red, grey, lime green, blue, blue-
violet, violet to pink (Fig.  5C). Remarkably, this vivid 
color significantly enhances the colorimetric system’s 
resolution for the naked-eye  detection. In the mean-
time, the longitudinal peak shift of the LSPR showed a 
linear relationship with the 4-CPA concentration in the 
range of 0.2–6.25  ng   mL−1 as the Au NRs were con-
tinuously etched. The standard curve was ∆λ = −62.11 
 C4-CPA + 68.37 (R2 = 0.993), with a detection range 

of 0.2–6.25  ng   mL−1 and the limit of detection of 
0.2  ng   mL−1, calculated from the standard curve equa-
tion: the concentration of 4-CPA corresponding to 10% 
inhibition was used as the limit of detection. The high 
sensitivity of the colorimetric immunosensor provides 
significant advantages in the field detection. The speci-
ficity of this immunosensor relies on the specificity of 
the mAbs, and the cross-reactivity rate in Table 1 serves 
as compelling evidence of the sensor’s high specificity. To 
evaluate the accuracy and precision of the colorimetric 
immunosensor, the linear ranges of the standard curves 

Fig. 2 TMB2+ induced etching of Au NRs. A–H TEM images of as-prepared Au NRs at different magnifications after etching

Fig. 3 The photographs of AuNRs with different levels of etching and corresponding UV-vis absorption spectra (A–H )
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for various samples were used as the reference basis, and 
three standard solutions of 4-CPA with known concen-
trations (high, medium and low) were added to average 
spiked recoveries and coefficients of variation were cal-
culated. The amounts of standard solutions were spiked 
at 0, 80, 280, and 1060 µg  kg−1, respectively. The results 
are shown in Table 2. The recoveries ranged from 85% to 
108%, and the relative standard deviations (RSDs) were 
in the range of 4.3%–9.8% (n = 3). Other methods for the 
detection of 4-CPA are listed in Table S2 for comparison. 
These results indicate that the immunosensor is highly 
reliable and reproducible.

To explore the reproducibility and stability of this col-
orimetric immunosensor, five sets of sensors were con-
structed simultaneously to detect 4-CPA (2  ng   mL−1) 
under the same conditions, assessing both intra-group 
and inter-group reproducibility. The data is presented in 
the Fig.S7 A and Fig.S7 B, with the coefficient of varia-
tion at 1.47% and 4.25%. Additionally, daily UV–visible 
spectral scans were recorded using a microplate reader. 
As shown in Fig. S7 C, ∆λ remained at about 70% of the 
initial response. These results indicate that the sensor has 
good reproducibility and stability.

In addition, the method’s accuracy was verified by com-
paring the results with HPLC data shown  in Table  2. A 
strong correlation between the colorimetric immunoas-
say and the HPLC results  was observed, indicating that 
the colorimetric immunosensor is both reliable and 
promising for real sample detection.

Conclusion
In this study, to address  the current issue of poor sen-
sitivity of 4-CPA mAbs, a total synthesis scheme was 
designed to ensure the hapten was fully exposed on the 
surface of the artificial antigen. And later, based on the 
mechanism of antigen–antibody specific reaction, a 
highly sensitive mAbs specifically recognizing 4-CPA 
was successfully prepared, which reached the detection 
range of 0.24–2.73  ng   mL−1, with the detection limit of 
0.12 ng  mL−1, and the sensitivity was up to 0.8 ng  mL−1 in 
ELISA. The acquired antibody was then efficiently used 
to develop a visual colorimetric immunosensor with Au 
NRs as the chromogenic substrate. The sensor exhibited 
high sensitivity (LOD = 0.2  ng   mL−1) and demonstrated 
high accuracy in real sample detection, showing excel-
lent agreement with the results of HPLC. Moreover, since 

Fig. 4 Optimization of the process of etching. A The concentration of  H2O2. B The concentration of TMB. C The dilution of HRP. D The concentration 
of CTAB
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etching of Au NRs results in a color change, rapid semi-
quantitative detection can be performed by visual obser-
vation or via  smartphone photography. This capability 
highlights its potential for on-site detection of complex 
food products. Therefore, the immunosensor developed 
in this study can be readily used for rapid screening of 
illegally added 4-CPA in vegetables, thereby contribut-
ing to reducing the incidence of foodborne illnesses and 
improving food safety.

Materials and methods
Materials and reagents
4-Chlorophenoxyacetic acid (4-CPA), chloroauric acid 
 (HAuCl4) for the synthesis of Au NRs were purchased 
from Sinopharm Chemical Reagent Co., Ltd (Shanghai, 
China). Bovine serum albumin (BSA), ovalbumin (OVA), 
keyhole limpet hemocyanin (KLH), N-Hydroxysuccinim-
ide (NHS) and 3-dimethylaminopropyl were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Microporous 

Fig. 5 The performance of dual-modular immunosensor. A Plotting of ∆λ versus 4-CPA concentrations. B Plotting of UV–Vis spectral scans. C 
Photographs of the immunosensor at different concentrations of 4-CPA (0–25 ng  mL−1)

Table 2 Recoveries of spiked samples by colorimetric immunosensor and HPLC (n = 3)

Sample Spiked level visual image Colorimetric Immunosensor HPLC

µg  kg−1 Figure Mean µg  kg−1 Recovery% RSD % Mean µg  kg−1 Recovery % RSD %

Soy bean sprouts 0 ND – – ND – –

80 72 90 ± 5.9 6.5 93 116 ± 5.2 4.5

280 264 94 ± 5.1 5.4 300 107 ± 6.4 6.0

1060 1140 108 ± 10.6 9.8 993 94 ± 1.5 1.6

Mung bean sprouts 0 ND – – ND – –

80 68 85 ± 4 4.7 82 103 ± 2.3 2.2

280 247 88 ± 3.8 4.3 321 115 ± 5.8 5.0

1060 991 94 ± 6.8 7.2 1103 104 ± 3.3 3.2
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filters (0.22 μm) were purchased from Jinteng experimen-
tal equipment Co., Ltd (Tianjin, China). Balb/c female 
mice were purchased from Beijing Vital River Laboratory 
Animal Technology Co., Ltd  (Beijing, China) and raised 
at the Animal Experiment Centre of South China Agri-
culture University (Animal Experiment Ethical Approval 
Number: 2021B050). All chemicals and reagents were of 
analytical grade.

Instruments
The SpectraMax i3x multifunction measuring instrument 
for absorption spectra measurement was purchased from 
Molecular Devices (Sunnyvale, CA,  USA). Nanodrop 
2000C system for quantifying the concentration of pro-
teins, Talos G2200X electronic microscope for obtaining 
the transmission electron microscopy (TEM) images, and 
the microplate reader for absorbance measurement were 
purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Milli-Q Ultrapure Water System was purchased 
from Milli-Q Millipore (Bedford, MA, USA). The mass 

spectrometer  (QP50) for analytical comparisons was pur-
chased from Shimaduze (Shimadzu, Japan).

Preparation of hapten and artificial antigen
The synthetic route for the hapten 4-CPA-H1 is shown in 
Fig. 6. The steps are as follows: 4-chloro-3-methoxyphe-
nol (0.5 g, 3.15 mM) and methyl bromoacetate (0.725 g, 
4.73  mM) were dissolved in 5  mL of DMF and  K2CO3 
(1.5 g, 12.6 mM) was added for reaction for 4 h at 110 °C. 
The reactants were extracted three times repeatedly by 
adding 50  mL of water and 20  mL of ethyl acetate. The 
ethyl acetate was removed by evaporating. Then the 
intermediate product 1 was obtained. For the next step, 
a 100 mL double-necked round-bottomed flask was dried 
in an oven at 98  °C for 2  h. After evaporation, 5  mL of 
anhydrous  CH2Cl2 was added to flask to dissolve inter-
mediate product 1, then 1 mL of  BBr3 was slowly added 
under low-speed stirring and the mixture reacted over-
night at a low temperature. After the reaction was com-
pleted, the methanol was added drop by drop to quench 

Fig. 6 Synthetic route for the hapten 4-CPA-H1
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the  BBr3. The solution was extracted and the organic 
layer was evaporated to obtain the intermediate product 
2. In the third step, the intermediate product 2, 5-bromo-
1-pentene (0.9 g, 6.3 mM), and  K2CO3 (1.3 g, 9.45 mM) 
were dissolved in 5 mL of DMF solution and reacted at 
110 ℃ under the condition of 4  h. After the reaction, 
the extraction was added to 50 mL of water and 20 mL 
of ethyl acetate to extract 3 times, the organic layer was 
evaporated to obtain intermediate product 3. The inter-
mediate product 3 was dissolved in 2  mL of methanol 
and 0.4 g of lithium hydroxide and 10 mL of water were 
added at 70 °C for 2 h. Then the organic layer was evapo-
rated, the residual solution was purified by column to 
obtain intermediate 4. The intermediate 4 was dissolved 
in 5 mL of  CH2Cl2 and reacted with m-chloroperoxyben-
zoic acid (0.82 g, 4.73 mM) at room temperature for 4 h. 
The reaction product was purified by column chromatog-
raphy and the final product was obtained.

The procedure for synthesis of artificial antigens is as 
follows: Firstly, 0.091  g of hapten (4-CPA-H1) was dis-
solved in 50 µL of DMF. And 20 mg of BSA or OVA was 
dissolved in 20 mL of CB buffer (pH 9.6) at a concentra-
tion of 1 mg   mL−1. The above DMF solution was added 
dropwise with stirring, and the pH of the solution was 
measured after the dropwise addition. If the pH was low, 
sodium hydroxide solution was added dropwise to adjust 
the pH of the mixture to 8 ~ 9. The solution was then dia-
lyzed in PBS (0.01 M, 5.0 L) for 3 days to obtain the con-
jugation mixture and then stored at −20 °C.

Production of mAbs
Balb/c female mice (8–9  weeks) were immunized with 
the immunogen (4-CPA-BSA) according to the immuni-
zation scheme (Table  S1). The immunization cycle was 
conducted  fortnightly. Freund’s complete adjuvant was 
used for the first immunization and Freund’s incom-
plete adjuvant was used for booster immunization [24]. 
The method of injection was multipoint subcutaneous. 
Hybridoma cells were formed by fusing mouse spleen 
cells, which had the best titer, with  SP2/0 myeloma cells 
using a polyethylene glycol (PEG) fusion promoter. Sub-
sequently, cells with better titer were subcloned five times 
using limited dilution. The monoclonal cell line with the 
best results was gained and finally mAbs were obtained 
by purifying ascites.

Synthesis of Au NRs
The synthesis of gold seeds and the growth of gold rods 
are the two steps of synthesis process utilized in this 
study [25], which is mediated by silver ion-assisted seeds 
[26]. Briefly, freshly prepared ice-cold  NaBH4 solution 
was added to a 15 mL glass tube containing  HAuCl4 and 

CTAB under vigorous stirring. The seed solution had a 
color change from yellow to brownish yellow following 
two minutes of vigorous stirring at 1200 rpm. Before use, 
the seed solution was allowed to kept at room tempera-
ture for at least 30 min after the stirring was ceased.

Preparation of growth solutions: CTAB (50 mL, 0.2 M) 
and sodium oleate solids (0.2476 g) were fully dissolved 
in 50  mL of ultra-pure water. Ascorbic acid (5.5  mL, 
0.1  M) was added to a well mixed solution containing 
 HAuCl4 (5  mL, 0.01  M) and  AgNO3 (0.6  mL, 0.01  M). 
The mixture solution was diluted to 50  mL with ultra-
pure water. After through mixing and stirring for 30 min, 
the color of the solution gradually faded from yellow to 
nearly colorless.

Finally, 200 μL of seed solution was injected into the 
growth solution. The mixture was stirred vigorously and 
allowed to stand at 30 °C for 24 h. To remove the super-
natant, the synthesized Au NRs were centrifuged at 
11,000  rpm for 15  min. The precipitate was then redis-
persed into the same volume of CTAB solution and the 
above procedure was repeated twice.

Fabrication of visual colorimetric immunosensor for 4‑CPA 
detection
Au NRs can react with  TMB2+ to form  TMB+ while 
Au is oxidized to Au(I). This oxidation process selec-
tively occurs at the ends of the Au NRs, resulting in the 
shortening of the Au NRs while keeping the transverse 
diameter almost unchanged [27]. Based on this property, 
the colorimetric sensor developed in this study uses the 
 TMB2+ generated during the conventional icELISA reac-
tion to etch the Au NRs [28], causing a series of color 
changes as polychromatic optical signals.

Before constructing the colorimetric immunosensor, 
the optimal dilution concentrations of the coated antigen 
and antibody were determined using the checkerboard 
method, and the type of reaction buffer and the ionic 
concentration were optimized in this study (experimen-
tal parameters are provided in Supporting information). 
Under the optimized experimental conditions, the colori-
metric immunosensor procedure was as follows: Firstly, a 
96-microwell plate was coated with 100 μL of 4-CPA-H1-
OVA (1 μg  mL−1) and incubated for a 12 h at 37 °C. After 
that, the plate was then rinsed twice with 0.1  M PBST 
(PBS containing 0.5% Tween 20), blocked with 3% bovine 
albumin in 0.1 M PBS (200 μL  well−1) at 37 °C for 2 h, and 
dried at 37 °C for 30 min. Later, 50 μL of 4-CPA (at vari-
ous concentrations in PBS) was added to each well, fol-
lowed by adding 50 μL of mAbs in PBS. After incubation 
for 40 min at 37 °C, the wells were washed with PBST five 
times. Subsequently, 100 μL of HRP-Sheep anti-mouse 
IgG (secondary antibody) (1:5000 in PBST) was injected 
and incubated for 30  min, and the plate was rewashed 
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five times to remove the unconjugated secondary anti-
body. Then, 100 μL of color development substrate (con-
taining TMB and  H2O2) was added to each well and 
incubated at 37 ℃ for 10  min. Followed by adding 2  M 
 H2SO4 solution (50 μL) for 10 min, 80 μL of Au NRs solu-
tion was pipetted into each well and incubated for 15 min 
at 37 °C. Finally, the UV–vis spectrum ranging from 400 
to 800 nm and color of the solution were measured with 
a microplate reader and a smartphone, respectively. The 
immunosensor standard curve was generated by plotting 
the LSPR blue-shifted value of Au NRs (∆λ, ∆λ = λmax 
– λ, λmax denotes the wavelength value without 4-CPA, 
and λ denotes wavelength value at the maximum concen-
tration of 4-CPA) versus the 4-CPA concentration. The 
assay’s LOD was determined as  IC10 with the lower and 
upper limits of quantitative concentration as  IC20 and 
 IC80, respectively.

Detection of real samples
The accuracy and precision of colorimetric immunosen-
sor were evaluated by spiking real samples with differ-
ent concentrations of 4-CPA standards to determine the 
recovery, compared with the results of HPLC analyses. 
Four concentrations of 4-CPA (0, 80, 280, 1060 μg  mL−1) 
were spiked into negative samples (soybean sprouts and 
mung bean sprouts), and three parallel of each spiked 
concentration were set up. All extracts were diluted 
20-fold to eliminate the matrix effect.
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