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ABSTRACT 

Acrylamide is a probable human carcinogen with wide occurrence in commonly consumed 

food. Owing to the lack of specific antibodies against acrylamide, immunoassays usually 

measure acrylamide derivates, which require long derivatization times at elevated 

temperatures. One exception is xanthyl acrylamide (XAA), which can be derived from 

acrylamide at room temperature within 30 min. Here, we present the development of a 

monoclonal antibody against XAA and a competitive enzyme-linked immunosorbent assay 

(ELISA) based on multicolor detection of gold nanorods (AuNRs). The biotinylated 

monoclonal antibodies bound streptavidin alkaline phosphatase, which induced XAA 

concentration-dependent silver deposition on the AuNRs. The resulting blue-shift of the 

AuNR surface plasmon resonance peak translated into a strong gray-to-orange color 

change that could be conveniently distinguished by the naked eye or smartphone color 

detection. The assay showed a broad linear range (0.3 to 17.2 ng/mL), a low limit of 

detection (0.06 ng/mL), and a 3.6-fold sensitivity improvement compared to conventional 

tetramethylbenzidine-based ELISA. The analysis of several different food products showed 

excellent acrylamide concentration recoveries (84% to 102%) and confirmed the 

applicability as an effective tool for routine monitoring of acrylamide in food. Rapid and 

simple color analysis demonstrated the strong potential for implementation into direct 

consumer product testing. 
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INTRODUCTION 

Acrylamide is a chemical compound with 71Da molecular weight and easily generated 

from baked and fried food during high-temperature treatment (above ~120°C) due to the 

Maillard reaction.1 Many studies have shown that acrylamide has genotoxicity,2,3 

carcinogenicity,4,5 and neurotoxicity.6,7 In 1994, acrylamide was classified as probable 

human carcinogen in group 2A by the International Agency for Research on Cancer 

(IARC).8 In 2002, the Swedish national food administration and the University of 

Stockholm announced the wide presence of acrylamide in foods under high-temperature 

preparation.9 In 2016, the U.S. Food and Drug Administration (FDA) issued guidelines for 

acrylamide mitigation,10 followed by the European Regulation (EU) 2017/2158 to establish 

both mitigation measures and benchmark levels in food products,11 such as baby food (< 

150 ng/g), coffee (400-800 ng/g), biscuits (300-800 ng/g), and French fries/slices (500-750 

ng/g). Although currently no maximum residue level (MRL) for acrylamide in food 

products has been set, the knowledge of acrylamide levels is essential for determining the 

effectiveness of acrylamide reduction techniques in order to mitigate the daily exposure. 

Therefore, economic, rapid, and portable methods for determining acrylamide contents in 

foods are highly desirable.  

To date, analytical techniques for the quantification of acrylamide in foods are mainly 

based on chromatography, e.g., high-performance liquid chromatography (HPLC), gas 

chromatography (GC), or GC/LC coupled with mass spectrometry (GC-MS, LC-MS).12,13 
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Such methods, are sensitive and selective but also time-consuming, expensive, and require 

highly trained personnel. Thus, it is difficult to accomplish frequent monitoring of a large 

number of samples. In contrast, immunoassays are simple, rapid, sensitive, and cost-

effective techniques, which were also proposed by the FDA to monitor acrylamide in food 

samples.10  

Studies based on specific antibodies for detecting acrylamide have been reported.14,15 

However, only few antibodies can directly recognize acrylamide and the insufficient 

epitope of the low molecular weight acrylamide strongly limits a reproducible production 

of specific antibodies and their application for reproducible immunoassays.16-18 As a 

consequence, acrylamide immunoassays are mainly based on antibodies against 

acrylamide derivatives. However, common derivatization reactions, which use 3-

mercaptobenzoic acid19 or 4-mercaptobenzoic acid15 result in low efficiency and relatively 

long reaction times (over 1h) with the necessity of heating (over ~50°C). One exception is 

xanthyl acrylamide (XAA), which can be derived from acrylamide within only 30 min at 

room temperature, using xanthydrol as derivatization reagent. Recently, our group obtained 

a specific polyclonal rabbit antibody against XAA to develop more rapid and simple 

immunoassays for acrylamide.20 Unfortunately, polyclonal antibodies suffer from strong 

batch-to-batch differences, which limit their application in reproducible immunoassays, 

and the development of monoclonal antibodies is highly desirable. 

Conventional immunoassays based on colorimetric or luminescence readout are most 
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often based on laboratory operations as well as professional instruments,21, 22 which usually 

provide them with high diagnostic performance but also with shortcomings concerning on-

site sample analysis. Naked-eye or smartphone-based analyses are usually less precise but 

may be sufficient for certain applications and come with the great advantage of simplicity, 

low cost, and rapidity for on-site monitoring. Gold nanomaterials play an important role in 

naked-eye detection platforms,23-26 owing to their unique properties, such as facile 

synthesis, shape-and size-dependent optical absorption, and high absorption cross sections. 

It was shown that the localized surface plasmon resonance (LSPR) absorption of gold 

nanorods (AuNRs) is extremely sensitive to shape, size and shell composition (such as 

sliver coating). Multicolor immunoassays were developed for the visual analysis of 

carcinoembryonic antigen, prostate-specific antigen (PSA),27 and HIV-1 p24 antigen.28 

These assays were based on horseradish peroxidase (HRP)-labeled antibodies to 

quantitatively etch AuNRs via the generated 3,3′,5,5′-tetramethylbenzidine2+ (TMB2+). 

Etching AuNRs via H2O2 combined with Fe2+ for decomposing H2O2 to generate strong 

oxidative hydroxyl radicals (·OH) was applied for constructing multicolor assays for 

aflatoxin B1, alpha-fetoprotein, and microRNA.29 Enzyme-mediated Ag deposition on 

AuNRs is another approach for the design of multicolor immunoassays. This method was 

applied for visual detection of the H5N1 virus and PSA.30,31 Overall, AuNRs modification 

by etching or deposition could result in significant color variations for eliminating 

background interference and improving the sensitivity of immunoassay.32-34 



 6 
 

Herein, with the aim to accomplish a more convenient and sensitive assay for acrylamide, 

we developed a monoclonal antibody (mAb) against XAA. The mAb was biotinylated 

(biot-mAb) and applied in a simple naked-eye or smartphone-based immunoassay. The 

combination of biot-mAb and the quantification via Ag deposition on AuNRs resulted in 

significant improvements concerning simplicity and sensitivity of acrylamide analysis. The 

analytical performance was evaluated and the applicability to real-life acrylamide 

screening was demonstrated by quantification in food samples.  

 

MATERIALS AND METHODS 

Materials and reagents. Acrylamide, ethyl carbamate, methyl carbamate, acrylic acid, 

methyl acrylate, methacrylaimde, and L(+) ascorbic acid (AsAc) were purchased from 

Aladdin Chemical Technology Co., Ltd. (Shanghai, China). Hexadecyl trimethyl 

ammonium bromide (CTAB), sulfo-NHS-biotin, and sodium borohydride (NaBH4) were 

provided by Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). 2-phospho-L-

ascorbic acid trisodium salt (AsAcP), streptavidin-alkaline phosphatase (SA-ALP), bovine 

serum albumin (BSA), and ovalbumin (OVA) were purchased from Sigma-Aldrich (China). 

Silver nitrate (AgNO3) and gold (III) chloride trihydrate (99.9%, HAuCl4·4H2O) were 

provided by Sinopharm Chemical Reagent Co., Ltd. (China). All chemicals and reagents 

were used in analytical grade. Antibody and antigen were prepared in our lab. The dialysis 

membrane was provided by Yuanye Bio-Technology Co., Ltd (Shanghai, China). PES 
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filters (0.22 μm) were purchased from Jinteng experimental equipment Co., Ltd (Tianjin, 

China). 

Instruments. SpectraMax i3x multi-function detection platform (Molecular Devices, USA) 

was used for absorption spectra measurements. The sizes and morphologies of AuNRs were 

characterized by transmission electron microscopy (TEM, Tecnai G2 F30 S-TWIN, and 

FEI, USA). The concentration of proteins were quantified by NanoDrop 2000C system 

(thermo scientific, USA). Ultra-performance liquid chromatography-quadrupole/orbitrap 

high-resolution mass spectrometry (UPLC-Q-Orbitrap HRMS, Thermo Fisher, USA) was 

used for analytical comparison. 

Preparation of AuNRs. AuNRs were synthesized using the seed-mediated growth method 

as reported previously.27 Briefly, freshly prepared cold NaBH4 (600 μL, 0.01 mol/L, 4°C) 

was rapidly added into a solution composed of 0.2 mol/L CTAB (5 mL) and 10 mmol/L 

HAuCl4 (250 μL). After vigorous stirring for 2 min, the color of the seed solution changed 

from yellow to brown. Then the mixture was finally stirred gently for 1h at room 

temperature. For the growth solution preparation, HAuCl4 (2.5 mL, 0.01 mol/L) and 

AgNO3 (400 μL, 0.01 mol/L) were mixed with the CTAB (50 mL, 0.1 mol/L). The AsAc 

(325 μL, 0.1 mol/L) was slowly dropped into the mixture resulting in the color of solution 

changing from yellow to colorless. Subsequently, the seed solution (50 µL) was injected 

into the above growth solution. After vigorously stirring for 30 s, the preparation was 

incubated at 30°C for 12 h.The obtained AuNRs were centrifuged for 15 min at 5342 g 
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followed by removal of the supernatant. The obtained AuNRs were washed twice using the 

50 mL of 0.06 mol/L CTAB solution under the same centrifuge condition. Finally, 

precipitation was suspended into 10 mL of ultra-pure water and kept at room temperature.  

Production and biotinylation of anti-XAA-mAb. Details of production and purification 

of antigen and anti-XAA-mAb are shown in the Supporting Information. 200 μL of purified 

anti-XAA-mAb (200 μL, 5 mg/mL) was reacted with sulfo-NHS-biotin (1mg/mL, 

dissolved in 0.01mol/L PBS), stirring at 4°C for 12 h. Then the mixture was dialyzed in 

PBS (0.01 mol/L, pH 7.4) for 12 h. Dialysis was performed using a 8 kDa -12 kDa cutoff 

membrane. Finally, the prepared biot-mAb was kept at 4 °C until use. 

Procedure of derivatization and multicolor immunoassay. As illustrated in Scheme 1, 

competitive binding of XAA and coating antigen to biot-mAb specific for XAA can result 

in concentration-dependent streptavidin-alkaline phosphatase binding. AsAcP as the 

substrate can be hydrolyzed into AsAc, leading to the reduction and then deposition of 

silver (Ag) on the AuNRs. Modification with Ag on the AuNRs can result in a strong blue 

shift of the longitudinal LSPR peak and a concomitant color change that strongly depends 

on the acrylamide concentration. First, coating antigen (100 μL, 1 μg/mL) was incubated 

into the 96-microwell plate overnight at 37°C. The nonspecific sites were blocked by using 

0.01 mol/L PBS containing 3% skimmed milk for 3 h after 2 times washing with PBST. 

Derivatizing agent 9-xanthydrol (400 μL, 4 mg/mL) prepared in acetonitrile was mixed 

with 600 μL of a serial concentration of acrylamide standards. Then HCl (100 μL, 1.5 
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mol/L) was added to trigger the derivatization. After a 30-min reaction, derivatization was 

terminated by adding 0.1 mL of NaOH (1.5 mol/L). The mixture was subsequently diluted 

5-fold with PBS, which was used as competitor for the following multicolor immunoassay 

analysis. The biot-mAb (1 μg/mL, 50 μL/well) and an equal volume of analyte in PBS or 

PBS alone were added into coated wells with 30 min incubation at 37 °C. Afterwards, the 

wells were washed five times with 0.05% PBST. SA-ALP (100 μL/well) was added to each 

well for 30 min incubation at 37 °C, followed by five times washing. TBST-containing 

AsAcP was added (100 μL per well) and incubated for 40-min at 37 °C for forming AsAc. 

The mixture (18 μL per well) composed of as-prepared AuNRs (15 μL) and AgNO3 (3 μL) 

were added into the covered wells and incubated for 10 min at room temperature. The UV-

vis absorption spectra within the range of 300 nm to 800 nm of the solution were measured. 
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Scheme 1. Schematic principle of the multicolor immunoassay for acrylamide analysis. After 
acrylamide derivatization for 30 min (a), XAA and biot-mAb were incubated for 30 min in antigen-
coated microwell plates (b). XAA-antibody complexes were washed out (c1) and the remaining biot-
mAb was bound to antigen on the plate (c2). After washing, the antigen-antibody complexes could 
bind with SA-ALP after 30 min of incubation (d). After washing, the wells were incubated with 2-
phospho-L-ascorbic acid trisodium salt for 40 min, which resulted in the formation of AsAc (e). 
AuNRs and AgNO3 were added and Ag+ was reduced to Ag by AsAc (f), which resulted in the 
formation of an Ag shell on the AuNRs (g) and an acrylamide concentration-dependent color 
change (h) caused by the different Ag shell thicknesses. 

 

Sample analysis. For sample analysis, normal food samples were obtained from a local 

shop in Guangzhou, China. The samples were analyzed by UPLC-Q-Orbitrap HRMS and 
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the one with the lowest background level of acrylamide was applied for performing spiked 

sample experiments. For sample preparation for UPLC-Q-Orbitrap HRMS and 

immunoassay, briefly, crushed fully sample (10 g) was dissolved in 40 mL methanol. After 

thorough mixing and centrifugation at 2100 g for 5 min, filtered (by 0.22 μm PES filter) 

supernatant (20 mL) was dried with nitrogen at 25°C. The product was resolved in 5 mL 

distilled water. In order to remove influence of grease, N-hexane (5 mL) was added 

subsequently. Finally, take the 0.6 mL of water layer and submit to UPLC-Q-Orbitrap 

HRMS analysis or derivatization for further immunoassay analysis. The details of UPLC-

Q-Orbitrap HRMS analysis are shown in the Supporting Information. 

 

RESULTS AND DISCUSSION 

Production and characterization of monoclonal antibodies. To reduce the derivatization 

time for acrylamide detection, we used xanthydrol as derivatizing agent. The antiserum of 

mice immunized was collected and characterized by indirect competitive ELISA (ic-

ELISA) with two coating antigens using XAA (Supporting Figure S1) after the 4th 

immunization. While all three antisera displayed a certain affinity for XAA, #3 showed the 

highest affinity and the inhibition reached 69% in the presence of 100 ng/mL XAA with 

295-OVA as coating antigen (Table 1). Thus, the spleen cells of #3 mice and 295-OVA 

were selected for hybridoma preparation and as coating antigen, respectively. To obtain a 

mAb with the highest sensitivity, XAA was used as a competitor and the concentration of 
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XAA decreased for each round of subclonal screening. Ultimately, the obtained mAb was 

purified and identified by 12% SDS-PAGE (Supporting Figure S2). 

Table 1. Characterization of antiserum against XAA using homologous and heterologous coating 

antigens. 

Coating antigen 

(1000 ng/mL) 

#1a #2 #3 

Titerb  

(×103) 

Inhibitionc 

(%) 

Titer  

(×103) 

Inhibition 

(%) 

Titer  

(×103) 

Inhibition 

(%) 

295-OVA 16 43 32 60 64 69 

309-OVA 64 22 128 20 128 34 

a#1, the antiserum is from NO.1 mice immunized. b Titer is defined as dilution factor of antiserum with absorbance at 450 

nm being from 1.0 to 1.5. cPercentage inhibition was calculated as follow: Inhibition (%) = [1-(B/B0)] × 100. B0 was mean 

absorbance of the wells with no XAA; B was mean absorbance of the wells with 100 ng/mL XAA as competitor.  

 

Previous studies have shown that using polyHRP to label streptavidin (SA) for reacting 

with biotinylated antibodies can effectively amplify the signal and improve the sensitivity 

of the immunoasasay.35 Inspired by this approach, the SA-ALP was applied for improving 

the sensitivity instead of using traditional goat anti-mouse IgG labeled ALP as secondary 

antibody. Moreover, the small size (244 Da) and high affinity of biotin for SA can result in 

efficient SA binding without influencing the biological activity of the assay. Biotinylated 

mAbs were prepared as described in the Materials and Methods section. Results of ciELISA 

using SA-HRP as tracer indicated that the biotinylation was successful. 
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Figure 1. UV-vis spectra (A) and images (B) of solutions containing AuNRs, Ag+, AsAcP, or 
mixtures thereof. Curves a, d, and e and curves b and c largely overlap and are therefore not very 
well distinguishable. The shift of the longitudinal peak is indicated by the blue arrow. AsAcP: 
1mmol/L; Ag+: 50 mmol/L; SA-ALP: 3 μg/mL; TBST buffer: 5 mmol/L Tris containing 20 mmol/L 
Mg2+, and 0.05% Tween 20, pH 8.0; reaction time: 10 min.  
 

Feasibility of multicolor immunoassay using ALP. To verify silver deposition on AuNRs 

and the concomitant color change, we characterized as-prepared AuNRs under different 

conditions by UV-vis absorption spectroscopy (Figure 1) and TEM (Figure 2). The 

AuNRs UV-vis spectrum (red curve in Figure 1A) presented two characteristic absorption 

peaks at ~510 nm (transverse LSPR peak) and ~690 nm (longitudinal LSPR peak). 

Negligible absorption in the 400 nm to 800 nm range was observed for Ag+ (black curve 
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in Figure 1A) and AsAcP (magenta curve in Figure 1A). Two characteristic absorption 

peaks of AuNRs did not significantly change when AsAcP and Ag+ were introduced 

separately (yellow and dark green curves in Figure 1A) or simultaneously (cyan curve in 

Figure 1A) to the AuNRs solution. The color of all AuNRs containing solutions was pink 

(a, d, e, and f in Figure 1B), which demonstrated that the reagents showed no color 

interference with the characteristic peaks of AuNRs. In contrast, the addition of both SA-

ALP and AsAcP (green curve in Figure 1A) resulted in a strong blue shift and intensity 

increase of the longitudinal LSPR band from ~690 nm to ~520 nm accompanied by a strong 

color change from pink to orange (h in Figure 1B). The absorption spectrum and color of 

a mixture composed of AuNRs, Ag+, and AsAc (blue curve in Figure 1A and g in Figure 

1B) confirmed that ALP could hydrolyze AsAcP into AsAc. TEM and EDX images 

revealed the morphological change of AuNRs upon Ag deposition via the deposition of a 

thick Ag shell around the AuNRs (Figure 2). Our measurements showed that mainly the 

diameter of the AuNRs increased, whereas the length was less affected. This effect may be 

related to less efficient growth on areas with high curvature (at the tip of the AuNRs), which 

was previously found to reshape the morphology of Au nanostructures.36 Overall, the 

obtained results suggested that ALP could hydrolyze AsAcP into AsAc, which resulted in 

the reduction of Ag+ and the formation of an Ag shell on the AuNRs surface. Therefore, 

SA-ALP should be suitable for XAA target analysis in combination with biot-mAb. 
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Figure 2. TEM images of AuNRs (A) and AuNRs after Ag deposition (B), HAADF-STEM image (C) 

and corresponding EDX element mapping images of Au (D), Ag (E), and their overlay (F). 

 

Optimization of multicolor immunoassay conditions. The proposed multicolor 

immunoassay depends on the Ag deposition on AuNRs via SA-ALP enzyme-based 

hydrolyzation of AsAcP to AsAc, which, in turn, depends on the amount of biot-mAbs 

bound to the coating antigen (in competition with XAA) in the microwells (Scheme 1). We 

therefore optimized several influence factors, including the concentration of AsAcP (5, 2, 

1, 0.5, 0.25 mmol/L) and Ag+ (40, 20, 10, 5, 2.5 mmol/L), the pH (7.6, 8.3, 9, 9.7 and 10.4 ) 

in the AsAcP dilution buffer, and the concentration of SA-ALP (dilution of the 1 mg/mL 

stock solution in multiples of 300, 600, 1200, 2400, and 4800). The performance of the 

deposition reaction was evaluated by measuring the blue-shifts of the longitudinal LSPR 
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peak Δλ (Δλ = λ0-λ), where λ0 and λ are the wavelengths of the longitudinal LSPR peaks 

of AuNRs and AuNRs@Ag, respectively. Δλ exhibited a maximum value when the AsAcP 

concentration reached 1 mmol/L and excessive AsAcP concentrations (2 and 5 mmol/L) 

inhibited the formation of the LSPR peak (Figure 3A). Therefore, an AsAcP concentration 

of 1 mmol/L was used for the immunoassays. The pH value of AsAcP buffer for deposition 

reaction also significantly impacted ALP activity. Δλ gradually increased with the pH 

increasing from 7.6 to 9.7 and successively decreased for a pH of 10.4 (Figure 3B). The 

assay performed best at pH 9.7, as expected from the effective pH value for SA-ALP of 9.7 

according to the manufacturer. Higher pH (10.4) most probably resulted in the formation 

of AgOH, which inhibited the deposition process. Thus, we selected pH 9.7 for the 

immunoassays. As shown in Figures 3C/D, the optimal Ag+ concentration for maximizing 

Δλ was found to be 20 mmol/L, whereas the optimal SA-ALP dilution was 300-fold in 

TBST (5 mmol/L Tris containing 20 mmol/L Mg2+, and 0.05% Tween 20, pH 8.0). In 

summary, 1mmol/L of AsAcP, pH 9.7, 20 mmol/L of Ag+, and 3.3 µg/mL SA-ALP were 

determined as optimal conditions for the immunoassays. 
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Figure 3. UV-vis spectra and images (insets) of assay solutions for different optimization conditions. 

Effect of AsAcP concentration (A), pH of the detection solution (B), concentration of Ag+ (C), and 

dilution factor of SA-ALP (D). The blue shift of the longitudinal LSPR peaks (Dl) is indicated by the 

arrows between the dotted lines.  

 

Sensitivity and specificity of multicolor immunoassay for acrylamide analysis. The 

analytical performance of the multicolor immunoassay was evaluated in a 0 to 20 ng/mL 

acrylamide concentration range (using acrylamide standards in PBS). The calibration curve 

was obtained by measuring the blue-shift of the longitudinal LSPR peak (Δλ) against 

acrylamide concentration. Owing to competition with the coating antigen, increasing 

acrylamide concentrations resulted in decreasing numbers of biot-mAb in the wells. Thus, 

less SA-ALP could bind to biot-mAb, which led to decreasing SA-ALP-mediated 
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hydrolyzation of AsAcP to AsAc. Consequently, AsAc could reduce less Ag+ to Ag, which 

resulted in thinner Ag nanoshells on the AuNRs and a concomitant decrease of Δλ with 

increasing acrylamide concentration.  

 
Figure 4. Calibration of multicolor immunoassay. A: Images of solutions (with acrylamide 

concentrations ranging from 0 to 17 ng/mL to be within the linear concentration range of the 

commercial ELISA) used for calibration (corresponding concentrations are shown in Supporting 

Table S1). B: UV-vis spectra of selected solutions from A (selected such that their absorption 

spectra were well distinguishable). C: Assay calibration curves of multicolor (blue) and conventional 

TMB (red) immunoassay. Error bars show standard deviation (n=3). D: Color indicator card 

including the blue value range of the RGB image and concentration ranges in ng/mL for naked-eye 

or smartphone semiquantitative analysis. 

 

The acrylamide concentration-dependent color changes of the solutions ranged from 

orange to gray (Figure 4A), which was spectroscopically translated into an acrylamide 
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concentration-dependent significant red-shift and intensity decrease of the longitudinal 

LSPR peak (Δλ) in the UV-vis absorption spectrum (Figure 4B), as expected from 

decreasing Ag deposition on the AuNRs. In contrast to AuNR size control via etching (e.g., 

by the commercial TMB-H2O2 system),27,32 which would lead to increasing intensities with 

increasing acrylamide concentrations, the high absorption intensities at low concentrations 

for our deposition approach can significantly increase the signal-to-background ratio and 

thereby detect lower acrylamide concentrations.37-39 For evaluating the sensitivity of the 

assay, the IC50 (value of acrylamide concentration leading to a 50% decrease in Δλ) of the 

standard curve was determined. The limit of detection (LOD) was calculated as three 

standard deviations of the blank control sample (no acrylamide) divided by the slope of the 

calibration curve. As shown in Figure 4C, the multicolor immunoassay exhibited an IC50 

of 1.8 ng/mL, an LOD of 0.06 ng/mL, and a “linear” (with logarithmic concentration) 

signal decrease range from 0.3 to 17.2 ng/mL (y = -102.9 lgx + 110.1, R2 = 0.991), whereas 

the conventional immunoassay (TMB substrate, procedure is described in the Supporting 

Information) had a 3.6-fold higher IC50 of 6.5 ng/mL, a 12-fold higher LOD (IC10) of 0.73 

ng/mL, and a smaller linear range from 1.7 to 25.2 ng/mL. 

For a more practical use of the assay (naked-eye analysis), we designed an acrylamide 

concentration-depended color indicator card (Figure 4D) for being used as on-site 

screening tool for rapid result analysis by the naked eye. For higher quantitative accuracy, 

which can be compromised by subjective deviations in human visual discrimination, we 
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also analyzed the RGB color codes of the digital images taken from the different solutions 

(Supporting Figure S3). Although all three colors (red, green, and blue or R, G, and B) 

showed acrylamide concentration-dependent intensity values, using B alone was most 

suitable for acrylamide quantification. Thus, we implemented the B value in the indicator 

card (Figure 4D) for more objective and user-friendlier (and also for weak-sighted and 

color-blind users) smartphone-assisted (using any RGB color value measurement 

application) acrylamide quantification. The proposed assay could be used to semi-

quantitatively analyze acrylamide concentrations with the naked eye and/or a smartphone 

camera by using the color indicator card. 

The specificity of the acrylamide immunoassay was evaluated by analyzing the cross-

reactivity (CR) with five structurally related compounds, namely methyl carbamate, ethyl 

carbamate, acrylic acid, methyl acrylate, and methacrylaimde, at a concentration of 1 

μg/mL after the same derivation reaction and with the derivatization reagent 9-xanthydrol 

at a concentration of 10 mg/mL. The percentage of CR was calculated using the following 

equation: CR (%) = [(λrelated_analogues - λ0) / (λacrylamide - λ0)] × 100, where λ0, λacrylamide, and 

λrelated_analogues are the wavelengths of the longitudinal LSPR peaks of blank control, 

acrylamide, and related analogues, respectively. 
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Figure 5. Specificity evaluation of multicolor immunoassay (A) and corresponding images (B) of 

solutions. Concentrations of the structurally related compounds was 1 μg/mL. Concentration of 9-

xanthydrol was 10 mg/mL. Error bars show standard deviations (n = 3) 

 

As shown in Figure 5A, acrylic acid, methyl acrylate, and methacryl amide showed 

negligible CR. Acrylic acid and methyl acrylate are lacking the necessary amide group for 

derivatization with 9-xanthydrol and are therefore not recognized by the mAb. Methacryl 

amide has the amide group but most probably the additional methyl group resulted in 

critical steric hindrance that prevented binding to the mAb. 9-xanthydrol showed 4% CR 

but due to its high concentration of 10 mg/mL, this value can be considered as negligible 

influence on the analytical performance of the assay. Methyl carbamate and ethyl 

carbamate have very similar structures compared to acrylamide and the same derivatization 
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strategy can be used for ethyl carbamate immunoassays.40,41 Therefore, it is not surprising 

that these two compounds show significant CRs of 23% (methyl carbamate) and 16% (ethyl 

carbamate). Despite the structural similarity, the CRs were still significantly lower 

compared to acrylamide, which showed the excellent specificity of the mAb for XAA 

binding. Moreover, methyl carbamate and ethyl carbamate are rarely found in acrylamide-

containing samples,42 which means that their CR will not influence the specific 

determination of acrylamide in the assay. The photos of the different solutions (Figure 5B) 

clearly showed that the sample colors of all CR compounds were orange and in strong 

contrast to the gray acrylamide sample color, which provided further evidence of the low 

affinity of the biot-mAb to these structurally related compounds and a concomitant strong 

Ag shell formation on the AuNRs. 

To evaluate the reproducibility of the immunoassay, three samples with different 

concentrations of acrylamide were measured in triplicates by analyzing Δλ and the change 

of color. The standard deviations were below 7% for all samples, which confirmed the very 

good reproducibility of our multicolor acrylamide immunoassay (Supporting Table S2). 

To highlight some pros and cons of our assay, we compared it to some recently developed 

acrylamide immunoassays (Table 2). Our multicolor immunoassay exhibited lower LODs 

than most of the other assays except one study that used polyclonal antibodies for the 

detection of acrylamide.16 However, polyclonal antibodies exhibit significant drawbacks in 

production, leading to reduced specificity, considerable batch-to-batch differences, and 
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lower assay reproducibility. After careful screening, the mAb prepared in our study can 

overcome these drawbacks and provide high sensitivity combined with reproducible and 

reliable quantification of acrylamide. Most assays also require rather sophisticated 

instruments for acrylamide quantification. The carbon dot-based fluorescence 

immunoassay showed a calibration curve depending on a narrow mono-fluorescent signal 

variation range (0.21~6.48 ng/mL)20 and signal measurement relied on a spectrophotometer. 

Electrochemical immunosensor43,44 require the measurement of electrical signals and also 

chemiluminescence ELISAs18 necessitate specific spectrometers for acrylamide detection. 

Conventional ELISAs 15-17,19 using TMB2+ show simple color change from yellow to 

colorless, which is more prone to subjective deviations in human visual discrimination 

compared to our multicolor results for naked-eye or smartphone detection. However, no 

method is perfect and our multicolor immunoassay also has some shortcomings. Vivid 

colors produced by the deposition of Ag on AuNRs was implemented by relatively 

complicated experimental procedures including addition of AuNRs, AsAcP, and AgNO3. In 

addition, a precise quantitative analysis of multicolor assay requires screening of LSPR 

peaks, which can be time-consuming and also requires specific instruments. 

 
Table 2. Comparison of available immunoassay methods for acrylamide analysis 

Antibody Method Signal output Sample 
Pretreatment 

process 

Linear 

range 

LOD 

ng/mLa 

or ng/gb 

Reference 

Polyclonal 

antibody 

Fluorescence 

immunoassay 
Fluorescence 

Water, 

cookies,

Hexane  

extraction 

0.21-

6.48a 
0.16a 20 
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potato 

chips 

Electrochemical 

immunosensor 

Electrochemical 

signal 

Coffee, 

cocoa, 

prune 

juice 

Dilution or 

dissolution 

with PBS 

10-

3.5*104a 
3.84a 44 

Electrochemical 

immunosensor 

Electrochemical 

signal 

water, 

coffee, 

potato 

chip 

Solid phase  

extraction  

4.74- 

8.33a 
10-3a 43 

ELISA Absorbance 

Potato 

chips, 

cookies, 

coffee 

Hexane  

extraction 

 

0.25-

24.15b 
0.036b 16 

Chemiluminesc

ence ELISA 

Chemiluminesc

ence 

Instant 

noodles,

cakes 

PBS  

extraction 

26.3-

221.1a 
18.6a 18 

ELISA Absorbance Water 
Solid phase  

extraction 

51.76–

3311.5 
65.7b 19 

ELISA Absorbance 

Potato 

fries and 

biscuits 

1.0% formic 

acid 

extraction 

10-105a 6a 17 

Monoclon

al 

antibody 

ELISA Absorbance 

Biscuits 

and  

cakes 

Dilution with 

Deionized 

water 

8.87-

112.92a 
8.87a 15 

Multicolor 

ELISA 

Color change, 

UV-vis 

spectrum 

Cookie, 

potato 

chips 

instant 

noodles, 

French 

fries 

Hexane  

extraction 
3 -172b 0.6b This work 

 

Analysis of commercial food samples. To test the applicability of our immunoassay to 

quantify acrylamide in actual food products, we selected a food product (instant noodles) 

with a known acrylamide concentration of 40.8 ng/g and spiked it with acrylamide 
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concentrations of 15, 30, 60, and 120 ng/g. It should be noted that due to pre-processing 

after sample extraction using a 10-fold dilution, the LOD of the actual sample analysis was 

increased to 0.6 ng/g and the linear range became 3 to 172 ng/g. However, the analytical 

performance should still be sufficient and in addition, the dilution can significantly reduce 

sample matrix effects, which was confirmed by the results of the recovery test. Using the 

same derivatization conditions as for the standard curve, the obtained recovery was in the 

range of 84% to 102% with coefficients of variation between 7% and 9% (Table 3). 

Importantly, based on the color change of the spiked samples and using the color indicator 

card, the acrylamide concentration ranges could be obtained by naked-eye and smartphone 

analyses, which were consistent with the UV-vis analysis results. 

Table 3. Recovery analysis of food samples (instant noodles) by multicolor immunoassay (n=3).  

Original 
acrylamide 
conc.(ng/g) 

Spiking 
level 
(ng/g) 

Naked-eye / smartphone UV-vis 
Recovery 

(%) 
CVb 

(%) Photograph 
Indicator 

analysis (ng/g) 
Mean ± SDa 

(ng/g) 

40.8 

15  

Bmean =156c 
20-54  53.3±4.2 83.4 7.9 

30  

Bmean=162 
54-125  68±5.6 90.6 8.3 

60  
Bmean=169 

54-125 99.4±8.7 97.6 8.7 

120  

Bmean=173 
>125 162.8±11.3 101.7 6.9 

a Standard deviation; b Coefficient of variation; c Average blue (B) value of RGB image obtained from a 

smartphone (n=3). 
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For going a step further in evaluating the applicability of the assay for food sample 

analysis, ten different food products were collected randomly from a local market and 

analyzed by UV-vis spectroscopy, color indication (using the color indicator card), and 

UPLC-Q-Orbitrap HRMS as standard method. As shown in Table 4, there was an excellent 

agreement between the different methods, which confirmed the applicability of our 

multicolor immunoassay for accurate acrylamide analysis in different typical food products. 

Notably, even after the 10-fold dilution in our assays, samples 1, 3, 6, 8, and 9 contained 

acrylamide concentrations that exceeded the upper limit of quantification with UV-vis (172 

ng/g). Still these samples could be identified as high acrylamide concentration samples by 

both UV-vis and color indicator analysis. However, additional dilution would be necessary 

for a more exact quantification of these highly concentrated samples. Another interesting 

finding was the relatively low concentration of acrylamide in samples 5 and 7. In fact, the 

packaging information indicated that the production of these two samples avoided high-

temperature frying, such that the generation of acrylamide should also be avoided, as 

confirmed by our measurements. Although UPLC-Q-Orbitrap HRMS resulted in a 

significantly more accurate quantification compared to our semiquantitative analysis, it 

required expensive instrumentation and highly trained personnel. Independent sample 

analysis mode (8 min/sample) also leads to low efficiency for the screening of a large 

number of samples via UPLC-Q-Orbitrap HRMS. The proposed multicolor immunoassay 

with high throughput capability, simplicity, and straightforward readout is a highly 
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complementary method to UPLC-Q-Orbitrap HRMS because it provides the possibility of 

simple and userfriendly monitoring of acrylamide concentrations in most fried food 

products with excellent analytical performance and applicability. 

 

Table 4. Comparison of the blind analysis results for acrylamide content in food samples by 

immunoassay (n=3) and UPLC-Q-Orbitrap HRMS.  

Sample 

Immunoassay 
UPLC-Q-Orbitrap 

HRMS (ng/g) 
UV-Vis analysis,  
Mean ± SD (ng/g) 

Indicator analysis 
(ng/g)b 

NO.1 (Cookies) >172 a >125 959.8 

NO.2 (Cookies) 126.7±1.2 >125 128.0 

NO.3 (Potato chips) >172 >125 369.6 

NO.4 (Cookies) 72. 5±3. 7 54-125 74.8 

NO.5 (Potato chips) 45.8±1.4 20-54 45.4 

NO.6 (Cookies) >172  >125 499.3 

NO.7 (Instant noodles) 41.2±1.1 20-54 40.8 

NO.8 (French fries) >172 >125 406.2 

NO.9 (Cookies) >172 >125 647.7 

NO.10 (Cookies) 83.0±1.1 54-125 84.5 

a Upper limit of quantitation (172 ng/g); b Corresponding images are shown in Supporting Table S3. 

 

CONCLUSIONS 

In summary, we successfully designed, characterized, and applied a multicolor 

immunoassay for the determination of acrylamide in fried food samples. The assay 
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principle was based on specifically developed monoclonal antibodies that recognized 

xanthyl acrylamide and competitive binding that was used for tuning the thickness of Ag 

shells on AuNRs via ALP-induced silver deposition. The strong acrylamide concentration-

dependent color change resulted in excellent assay performance and a very low detection 

limit of 0.06 ng/g, which allowed us to use a 10-fold dilution of food samples to suppress 

sample matrix effects. In addition to quantification via UV-vis spectroscopy, the assay 

demonstrated rapid, sensitive, and specific quantification of acrylamide in various different 

food samples by naked-eye or smartphone color detection as verified by UPLC-Q-Orbitrap 

HRMS. The present assay also possessed very good stability and reproducibility, which 

provides a powerful and simple screening strategy for risk monitoring and exposure 

assessment of acrylamide in common food samples. 
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