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Abstract 

A multiplex Lateral Flow Immunoassay was developed based on the use of a single Test line and multicolour 

gold nanoparticles (GNPs) as signal reporters. Red and blue GNPs were linked to antibodies directed 

towards two different analytes and included in a typical lateral flow immunoassay configuration, in which 

the Test line was formed by the mixture of two antigens. As a result of the immunoreactions occurring at 

the Test zone, diverse combinations of red and blue GNPs labels were captured.  Therefore, the Test line 

assumed different colours depending on which - and how much - analyte is present in the sample. The 

multiplexing capability of the ‘colour-encoded assay’ is illustrated by the simultaneous detection of 

aflatoxin B1 (AFB1) and type-B fumonisins (FMs) in wheat and food products that made with wheat. 

Reproducible detection of AFB1 and FMs contamination in raw and processed food was achieved with 

visual cut-off levels at 1 ng mL-1 and 50 ng mL-1, respectively. The contaminant was identified based on the 

colour of the label according with a specific colour code. Furthermore, strips images were acquired by 

means of a common smartphone and analysed through RGB data analysis providing semi-quantitative 

detection of the two mycotoxins.  

 

Keywords 

Immunochromatographic strip test,  Blue gold nanoparticles, Multiplex detection, RGB data evaluation, 

Smartphone, Mycotoxins 

 

Introduction 

The Lateral Flow Immunoassay (LFIA), also known as Immunochromatographic Strip Test, has emerged as a 

leading technique for point-of-need analysis. The prevalent role of the LFIA technique is mainly due to its 

simplicity, rapidity and cost-effectiveness. Moreover, LFIA devices can be used by unskilled personnel in a 

laboratory-free environment, which explain both their great commercial success and their extreme 

usefulness in developing countries that cannot afford standard analytical instrumentation to perform 

analyses. Strip tests are widely applied to detect a variety of analytes in many different fields [1-2]. In 

addition, LFIA is a green technique since it does not require cold chain, sample transport, and it is almost 

solvent-free. 

The typical LFIA configuration consists of a membrane and several pads that are connected to each other 

and assembled on an adhesive backing card. LFIA exploits the capillary force and the immunoreactions 

between a labelled antibody and an antigen in order to obtain a visual result in specific areas, called Test 

line and Control lines. 
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Despite their excellent features, standard LFIAs can only detect one target analyte at one time, while 

multiplexing capability is pressingly demanded for several applications in which advanced decision-making 

is requested, such as food safety, environmental control, clinical diagnoses and forensic surveillance. 

Moreover, multiplex LFIA (xLFIA) enables improving the efficiency of testing while reducing the cost. 

The strategies applied to achieve multiplexing capability in LFIA are various [2-3]. The combination of 

several strips (each targeting a single compound) in one device has been applied seldom. This strategy 

retains the merits of single strip test system, however, is expensive, because of the consumption of 

materials, and has physical limitations in the maximum number of strips that can be allocated in a single 

cassette.  

A cheaper multiplexing strategy is based on lining several Test lines on a single strip [4-8]. In the simplest 

configuration, xLFIAs employ the same label to detect different analytes, which are identified based on 

their positioning on the membrane. A third complementary approach for xLFIAs, involves the use of labels 

with different colours to allow for distinguishing the responses provided by different analytes. In this 

approach, each binding zone and the corresponding analyte are identified based on the specific colour of 

the label, thus simplifying the visual read-out of results without compromising the cost-effectiveness of the 

test. Fluorescent quantum dots (QDs) are particularly suitable as multicolour labels for xLFIA [9-14] because 

of their easy tunable emission and wide excitation bands. However, their use entails the need of an 

external excitation source and a reader system. Latex beads [15] and noble metal nanoparticles [16-18] 

have been successfully applied as coloured labels to develop visual equipment-free xLFIAs that guaranteed 

onsite applicability. However, still the number of lines that can be arranged in a single strip is limited. 

Increasing the number of Test lines requires elongating the strip and increasing sample volumes. Moreover, 

the “wet-out” linear velocity of a fluid wicking into a dry porous membrane is inversely proportional to the 

travelled length and the dependence of velocity on time is inversely square root related [19]; therefore, the 

longer the strip is the longer the time for completing a test. To overcome these limitations, Wang C. et al. 

proposed a smart multiplexing strategy based on the use of a single Test line combined to differently 

coloured labels [20]. In this work, a mixture of antibodies - each labelled by a different QD - and a single 

Test line - comprising all capture antibodies - were used for the simultaneous detection of multiple tumour 

markers. Wang W. et al. exploited the different kinetics of horseradish peroxidase and alkaline phosphatase 

to obtain the time-resolved chemiluminescence detection of two β-agonists by using a single Test line [21]. 

Multiple detection by colorimetric read-out in a single Test line has been described by Yen et al. [18]. In this 

paper, multicolour silver nanoparticles were exploited for the simultaneous detection of different viruses 

by a sandwich LFIA. However, the combination of orange, red and green silver nanoparticles makes almost 

impossible to evaluate the co-occurrence of analytes by the naked-eye. Therefore, the results evaluation 

was made possible through digital processing of the images of the strips. 
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Our group already described a dual LFIA device using differently coloured gold nanoparticles as labels and 

the ‘one-analyte one-line’ strategy [17].  In that work, we prepared differently coloured GNPs by tailoring 

the shape and size of nanoparticles. Red (spherical, mean diameter ca. 30 nm) and blue (desert rose-like, 

mean diameter ca. 75 nm) GNPs were linked to antibodies specific for aflatoxin B1 (AFB1) and type-B 

fumonisins (FMs), respectively. Capturing antigens for the two mycotoxins were immobilized in separate 

Test lines onto the membrane to fabricate a dual qualitative LFIA device. The presence and abundance of 

aflatoxins and/or fumonisins determined a variation of the colour intensity at each respective Test line.  

Here, we report the development of the first multiplex colorimetric LFIA for the detection of small 

molecules using the single-Test line approach and the generation of a colour-encoded signal. At the 

purpose, the red labelled anti-aflatoxin and blue labelled anti-fumonisins antibodies were mixed and 

simultaneously applied to the LFIA strip comprising one Test line. The single Test line was formed by the 

mixed AFB1 and FMB1 antigens (Fig.1). According to the competitive assay format used for small analytes, 

samples that not contained any mycotoxins provided a purple Test line, as the result of the combination of 

the red and blue labels. Upon addition of AFB1, the binding of anti-AF antibodies labelled with red GNPs 

was inhibited at the Test line, which thus appeared blue (Fig. 2). Instead, when the sample was 

contaminated by FMs, blue-labelled anti-FM antibodies were unavailable for binding to the Test line that 

hence appeared red. The simultaneous presence of both contaminants produced the usual disappearance 

of the Test line, due to the contemporary inhibition of binding of both red and blue labelled antibodies. 

Ultimately, the contamination was easily detected visually and the contaminant (AFB1 or FMs) was 

identified based on the colour code: blue/AFB1, red/FMs, colourless/AFB1+FMs.  

Besides, the multicolour single- Test line strategy also enabled (semi-)quantitative analysis through using a 

simple smartphone for image acquisition and RGB data analysis. The fact that labels showed primary 

colours facilitated both the visual interpreting and the image processing.  

The prospect of the approach was demonstrated by developing a multiplex LFIA (xLFIA) for detecting AFB1 

and FMs in cereals and cereal-based food products.  AFB1 and FMs are poisonous compounds mainly 

produced by Aspergillus species and Fusarium species, respectively, that under certain environmental 

conditions can infect grains [22-23]. Mycotoxins contamination is a contemporary issue of the globe, 

causing a huge economic impact (e.g., approximately 25% of food crops worldwide are affected by 

mycotoxin contamination causing a loss of nearly 1 billion tons of foodstuff per year) [22]. Due to their 

toxigenic effects, principal mycotoxins, including AFB1 and FMs, are regulated by European Union [24-25] 

(Commission Regulation, 2007, 2010) and their monitoring is mandatory for food safety assessment. 

Moreover, the risk to animal and humans posed by the co-occurring of multiple mycotoxins has been 

highlighted [26]. Therefore, the availability of analytical multiplex devices aimed at detecting co-occurring 
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mycotoxins are strongly demanded in order to enhance the control strategy for food quality and safety 

along the whole production chain [27].  

 

Materials and Methods 

Immunoreagents, chemicals and materials 

Aflatoxin B1 and Fumonisin B1 Oekanal standard solutions, bovine serum albumin (BSA) and polyethylene 

glycol (PEG, average mw 10 kDa) were obtained from Sigma–Aldrich (St. Louis, MO, USA). FMB1 and AFB1 

powder were purchased from Fermentek (Jerusalem, Israel). Tween 20 and other chemicals were 

purchased from VWR International (Milan, Italy). 

The anti-FMs antibody (rabbit polyclonal antiserum raised against FMB1, relative cross-reactivity towards 

fumonisin B2, FMB2, 97%) and the anti-AFB1 antibody (rabbit polyclonal antiserum, relative cross-reactivity 

towards AFB2 11%, AFG1 32%, and AFG2 6%) were kindly supplied by EuroClone Spa (Milano, Italy). The 

goat anti-rabbit immunoglobulin antibody was purchased from Sigma–Aldrich (St. Louis, MO, USA). 

Millipore High Flow (HF) 180, absorbent cellulose pad and glass fibre conjugate pad were obtained from 

Merck Millipore (Billerica, MA, USA). Whatman Standard 14 pad was obtained from Whatman International 

Ltd (Maidstone, England). 

 

Preparation of the mycotoxin-BSA conjugates, multicolour GNPs and labelled antibodies 

The FMB1–BSA and the AFB1-BSA conjugates were prepared using the activated ester method as reported 

in Zangheri et al. [7]. ‘Red GNPs’ were spherical, 30-nm  gold nanoparticles with a surface plasmon 

resonance (SPR) band at 525 nm and were synthesised through the tetrachloroauric acid reduction by 

means of sodium citrate [28]. ‘blue GNPs’ were desert rose-like gold nanoparticles, with mean diameter of 

75 nm and SPR band centred at 620 nm. Blue GNPs were synthesised through a seeding growth approach 

[17]. The GNPs-labelled polyclonal antibodies were prepared through passive adsorption of proteins onto 

GNPs surface, as previously described [17]. Detailed procedures are reported in Supplementary material. 

 

Preparation of immunochromatographic strips 

The configuration of the colour-encoded xLFIA is shown in Fig. 1. Strips were prepared from nitrocellulose 

membranes (Hi-flow plus 180) employing an XYZ3050 platform (Biodot, Irvine, CA, USA). In details, a 

mixture of FMB1-BSA conjugate (0.3 mg mL-1) and AFB1-BSA conjugate (0.2 mg mL-1), diluted in phosphate 

(phosphate buffer 20 mM at pH 7.4 ) was dispensed to form the Test line, while the goat anti-rabbit 

immunoglobulin antibody (0.5 mg mL-1), diluted in phosphate, formed the Control line. Reagents were 

deposited at a flow rate of 1 µL cm-1, keeping a distance of 4 mm between the lines. A mixture of the 
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multicolour GNPs-labelled antibodies at optimal optical density (OD) were dispensed onto the conjugate 

pad at a flow rate of 8 µL cm−1 and dried at room temperature for at least 2 hours. The conjugate pad was 

previously treated with borate buffer (20 mM pH 8.0) supplemented with 1% w/v BSA, 2% w/v sucrose, 

0.25 % v/v Tween 20 and 0.02 % w/v sodium azide, and dried at 60°C for 60 minutes. Membranes were 

dried at 37°C for 60 minutes under vacuum and then laminated with sample, conjugate and absorbent 

pads. Assembled membranes were cut into strips (4 mm width) by means of a CM4000 guillotine (Biodot, 

Irvine, CA), inserted in a plastic cassette (Kinbio Tech, Shanghai, China) and stored in plastic bags containing 

silica at room temperature until use. 

 

Samples and samples preparation 

Blank flours of common and durum wheats were obtained directly from local producers and were stored at 

– 20 °C. Pasta, fresh pasta and French pastry were collected from local supermarket in Italy. The latter 

matrices were ground with a blender before extraction. Mycotoxins extraction was carried out as follows: 1 

gram of each matrix was extracted with 5 mL of phosphate with 1% w/v BSA and 2% w/v PEG 10000 [29]. 

After a 2 min hand shaking, the sample suspension was allowed to settle for 10 min and then 60 µL of 

sample extract were directly analysed or used to prepare FMB1 and AFB1 standards. 

 

Assay procedure 

The colour-encoded xLFIA was carried out at room temperature. 60 µl of sample extracts (or mycotoxins 

standards) were pipetted in the sample well of the plastic cassette in order to start the capillary migration 

process. After 10 min, the results were qualitatively estimated by the naked eye. At the same time, a 

picture of the strip was taken using a simple smartphone (Huawei P9 Lite, Huawei, Shenzhen, China), for 

the successive RGB data evaluation and quantitative analysis. 

 

RGB data evaluation of strips images 

Quantitative information can be obtained through the RGB data evaluation of strips images. R, G and B 

colour intensities were evaluated for each pixel of the sections relative to the Control and the Test lines. 

Then, both each channel and their corresponding histograms were visualized and a thresholding approach 

was performed in order to count the number of pixels for each channel. Finally, the inhibition curves for 

AFB1 were calculated by plotting the number of red colour pixels at the Test line, normalized by the 

number of red colour pixels at the Control line. The same approach was performed for FMB1, but using the 

blue channel. Data were fitted by a nonlinear regression analysis using the four-parameter logistic equation 

(eqz 1) [33].  

(1) 𝑦 = 𝑚𝑖𝑛 + 
(𝑚𝑎𝑥−𝑚𝑖𝑛)

1+ (
𝑥

𝐼𝐶50
)

−𝑃 



7 
 

Recorded data were processed and analysed in MATLAB environment version R2016a (The MathWorks Inc., 

Natick, MA, 2000) by in-house developed scripts. 

 

Analytical performances of the colour-encoded xLFIA 

The analytical performances of the proposed test were evaluated determining the visual limit of detection 

(vLOD) for mycotoxins, within- and between-day precision and accuracy. The AFB1 and FMB1 vLODs were 

defined as the lowest mycotoxins concentrations resulting in a Test line colour bluer (AFB1) or redder 

(FMB1) than the Control line and were determined by analysing standard solutions of aflatoxin B1 and 

fumonisins B1, respectively, prepared in phosphate with 1% w/v BSA and 2% w/v PEG 10000 (running 

buffer) or in matrix extract. Each standard was measured at least in triplicate and the visual observation 

was conducted by three different subjects. 

The cut-off levels to distinguishing contaminated (positive) from non-contaminated (negative) samples 

were defined as the mycotoxin concentrations resulting in a false negative rate of the test safely less than 

5%. For this purpose, blank sample extracts and samples fortified at the cut-off levels, were analysed in six 

replicates. 

Accuracy and within- and between-day precision were evaluated by analysing five different mixtures of 

mycotoxins (AFB1 and FMB1: 0 ng mL-1 and 50 ng mL-1; 0.5 ng mL-1 and 50 ng mL-1; 1 ng mL-1 and 0 ng mL-1; 

1 ng mL-1 and 25 ng mL-1; 1 ng mL-1 and 50 ng mL-1), in duplicate each day on three days. 

 

Results and discussion 

Principle of the ‘single Test-line’ x LFIA with colour-encoding   

The colour-encoded xLFIA is based on the competition between mycotoxins in the sample and mycotoxin-

BSA conjugates (antigens), immobilized onto the nitrocellulose membrane, for binding to the GNPs-labelled 

antibodies. Fig. 2 schematically shows what happens when the assay is performed. In the absence of any 

mycotoxins, the red and blue GNPs-labelled antibodies interact with both Test and Control lines, and, as a 

result of the combination of the two label colours, two similar purple lines become visible (Fig 2A). In the 

presence of FMs, blue-labelled anti-FM antibodies are unavailable for binding to the Test line and 

accumulated at the Control line, while red-labelled anti-AFB1 antibodies remain distributed within the two 

lines. Therefore, the red colour predominates at the Test line, while the blue colour is dominant at the 

Control line (Fig. 2B). The opposite occurs in the presence of AFB1 (Fig. 2C). Finally, samples contaminated 

by both mycotoxins provide only the purple Control line (Fig. 2D). Within these four extremes, we can 

imagine a variety of intermediate situations resulting from the random combination of different 

concentrations of the two analytes. However, whenever the Test line differs in colour tone or intensity 

from the Control line, one or both analytes are present in the sample so, ultimately, the sample should be 
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classified as contaminated (positive sample). Hence, the contamination can be judged visually and does not 

required additional equipment and images processing. Furthermore, based on the comparison of colours 

tone between the lines, the contamination can be attributed to a specific mycotoxin. The discrimination is 

facilitated by the employment of labels showing primary colours that match the sensitive cone cells in the 

retina of the human eye [30].  

 

Assay tuning 

The key point for optimizing the colour-encoded xLFIA is the perfect-tuning of parameters in order to have 

the same purple colour and similar intensity for the Test and Control lines for uncontaminated samples. 

Through a checkerboard approach, we found that the fit-for-purpose conditions were a mixture of 0.3 mg 

mL-1 FMB1-BSA and 0.2 mg mL-1 AFB1-BSA as forming the Test line, and 0.5 mg mL-1 goat anti-rabbit 

immunoglobulin antibody as forming the Control line. Red GNPs and blue GNPs-labelled antibodies were 

unequally mixed; in particular, red-labelled anti-AFs antibodies were diluted to OD 2 while blue-labelled 

anti-FM antibodies to OD 3, respectively. Finally, results were visually evaluated after 10 min upon sample 

application. 

 

Performances of the colour-encoded xLFIA  

The analytical sensitivity of the multicolour assay was assessed by separately running AFB1 and fumonisins 

B1 (FMB1) standard solutions prepared in the running buffer (Fig. 3A, C). Three subjects observed the strips 

and the vLODs (i.e.: the lowest mycotoxin concentration that turned the Test line bluer / redder with 

respect to the Control line) were established at 0.5 ng mL-1 and 20 ng mL-1 for AFB1 and FMB1, respectively. 

The cut-off levels were defined as the mycotoxin concentration above which the xLFIA was able to identify 

a solution containing the mycotoxin with 95% of confidence [31] and were set at 1 ng mL-1 and 50 ng mL-1 

for AFB1 and FMB1, respectively. 

Five mixtures of AFB1 and FMB1 with different combinations of the two mycotoxins (Table S1) were 

analysed in duplicate in the same day (within-day) and on three different days for the between-day 

precision assessment. Results were congruent with each other, both on the same day and on different days 

(Fig. S1-5): samples fortified by one mycotoxin at its cut-off level were characterised by a Test line always 

redder (bluer) than the Control line (Fig. S1-4). When both analytes were present at their cut-off levels the 

Test line resulted purple but less intense than the Control line (Fig S5).  

The real-world applicability of the xLFIA for FMs and AFB1 detection was further demonstrated by analysing 

cereals and cereals-based food. Durum and common wheat flours and processed food (pasta, fresh pasta 
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and French pastry) were fortified with AFB1 and FMB1 separately. Each mycotoxin was spiked at two levels 

that corresponded to 2.5 and 5 µg kg-1 for AFB1 and 125 and 250 µg kg-1 for FMB1. Blank and fortified 

samples were analysed in six replicates (Fig. 4). All samples were correctly classified as contaminated/non 

contaminated. No false positive results were observed within 30 blank samples analysed (5 food matrices x 

6 replicates), nor false negative results were detected for the 60 fortified samples (5 matrices x 6 replicates 

x 2 contaminants), thus confirming the validity of the xLFIA. Furthermore, the contaminant (FMB1 or AFB1) 

was identified correctly in all positive samples based on the colours code 

 

RGB data evaluation of images from the colour-encoded xLFIA   

Image analysis is nowadays playing a more and more important role due to its peculiar features, such as (i) 

the possibility to execute inexpensive and quite fast analyses and (ii) the ability to perform non-invasive 

actions over the samples under examination. Image analysis is usually carried out on two- or three-

dimensions images: the first are composed by a specific number of surfaces (i.e. pixels) of x- and y- 

coordinates, while the second consists of volumes of x-, y-, and z- coordinates (i.e. voxels) composing the 

whole image. In particular, a spectral information may be obtained from each pixel or voxel in the form of 

(i) univariate values, in case of grey-scale images, (ii) trivariate data, in case of red–green–blue (RGB) 

images and, finally, (iii) multivariate datasets, when few (namely multispectral images) or large numbers 

(namely hyperspectral images) of spectral channels are monitored. Therefore, since it is currently possible 

to collect large datasets, strategies of Multivariate Image Analysis (MIA) like, for instance, Principal 

Component Analysis (PCA) can be employed to inspect the collected images, together with more traditional 

univariate approaches data interpretation [32]. In the present study a basic RGB segmentation approach 

was adopted on the acquired strip images, in terms of pixel counts, for the three RGB channels.  

Pictures of the developed strips were taken with a common smartphone during experiments for tracking 

purposes. Therefore, no attention to camera setting and environmental conditions were payed when 

images were acquired. Notwithstanding, RGB data interpretation of coloured lines was carried out later 

with the aim of demonstrating the versatility of the approach that could also fit for (semi-)quantitative 

analysis. The use of labels exhibiting primary colours simplified image processing as well as visual decoding 

of test results. Once the contribution of each individual colour had been extracted for both Test and 

Control lines with the help of in-house developed scripts for MATLAB environment, it was plotted versus 

the respective mycotoxin concentration, giving rise to construction of the usual inversely related calibration 

curve of competitive immunoassays (Fig. 3C and D). Experimental data were fitted by the four-parameter 

logistic equation [33] showing good correlation (r2 = 0.9937 for AFB1 and r2 = 0.9966 for FMB1) and 

envisaging the quantification capability of the xLFIA combined with a simple smartphone and 

straightforward image processing. Relative standard deviations (RSD) of replicate measurements were 
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evaluated by measuring AFB1 and FMB1 at each level of fortification by two distinct xLFIA devices and by 

processing individually their images.  RSD were comprised between 1.5 and 5.9%. 

  

Conclusions 

Multiplex testing is becoming more and more requested in many different fields, because of its improved 

efficiency, low cost and time-saving compared to single testing. The LFIA technique offers easy 

implementation of multiplexing and multiplex LFIAs represent a hot topic in modern analysis, as highlighted 

in some recent reviews [3, 34]. 

Along with arranging several Test lines on the same strip, the use of labels differing in colour to tag 

reagents bound to a single Test line allows doubling multiplexing capability of each assay, without 

increasing the consumption of materials and reagents. Although other promising strategies can improve 

exponentially the multiplex capability in a very limited space, like the microarray format, this kind of device 

usually needs highly complex and specific reader system for results interpretation [3]. 

We reported the development of the first multiplex colorimetric LFIA for the detection of small molecules 

based on the single-Test line approach. The proposed colour-encoded xLFIA is easy to use, reproducible, 

reliable, rapid and sensitive enough to allow controls of mycotoxin contamination in raw wheat and 

processed food containing wheat. The single Test line xLFIA allowed for the detection of the simultaneous 

presence of two hazardous compounds in complex food matrices by the naked eye and also the 

identification of which of the two contaminants was exceeded its cut-off value.  

Moreover, colour photographs taken with an ordinary smartphone in almost any environmental and 

lighting conditions, enabled the obtainment of (semi)quantitative analysis.  

The adopted colour-encoded strategy to simultaneously detect and identify two target compounds in a 

single Test line envisages the design of a high-throughput two-dimensional xLFIA in which several Test lines 

are arranged in one strip and each Test line reports for multiple targets. 

 

Competing interest 

The authors declare no competing financial interests. 

 

Acknowledgements 

 

  



11 
 

References 

1. Mak, W.C., Beni, V., Turner, A. P. F., Lateral-flow technology: From visual to instrumental, TrAC. 79 

(2016) 297–305. 

2. Quesada-González, D., Merkoçi, A., Nanoparticle-based lateral flow biosensors, Biosens. 

Bioelectron. 73 (2015) 47-63. 

3. Li, J., Macdonald, J., Multiplexed lateral flow biosensors: Technological advances for radically 

improving point-of-care diagnoses, Biosens. Bioelectron. 83 (2016) 177–192 

4. Song, S., Liu, N., Zhao, Z., Ediage, E.N., Wu, S., Sun, C., De Saeger, S., Wu, A., Multiplex Lateral Flow 

Immunoassay for Mycotoxin Determination, Anal. Chem. 86 (2014) 4995-5001 

5. Peng J, Wang Y, Liu L, Kuang H, Liand A, Xu C. Multiplex lateral flow immunoassay for five 

antibiotics detection based on gold nanoparticle aggregations. RSC Adv.2016;6,7798-7805 

6. Wang, Q., Liu, Y., Wang, M., Chen, Y., Jiang, W., A multiplex immunochromatographic test using 

gold nanoparticles for the rapid and simultaneous detection of four nitrofuran metabolites in fish 

samples, Anal. Bioanal. Chem. 410 (2018) 223-233  

7. Zangheri, M., Di Nardo, F., Anfossi, L., Giovannoli, C., Baggiani, C., Roda, A., Mirasoli, M., A multiplex 

chemiluminescent biosensor for type B-fumonisins and aflatoxin B1 quantitative detection in maize 

flour, Analyst 140 (2015) 358-365 

8. Chen, Y., Chen, Q., Han, M., Zhou, J., Gong, L., Niu, Y., Zhang, Y., He, L., Zhang, L., Development and 

optimization of a multiplex lateral flow immunoassay for the simultaneous determination of three 

mycotoxins in corn, rice and peanut. Food Chem. 213 (2016) 478–484 

9. Taranova, N.A., Berlina, A.N., Zherdev, A.V., Dzantiev, B.B., 'Traffic light' immunochromatographic 

test based on multicolor quantum dots for the simultaneous detection of several antibiotics in milk, 

Biosens. Bioelectron. 63 (2015) 255–261 

10. Beloglazova, N.V., Sobolev, A.M., Tessier, M.D., Hens, Z., Goryacheva, I.Y., De Saeger, S., 

Fluorescently labelled multiplex lateral flow immunoassay based on cadmium-free quantum dots, 

Methods 116 (2017) 141–148 

11. Foubert, A., Beloglazova, N.V., De Saeger, S., Development of a rainbow lateral flow immunoassay 

for the simultaneous detection of four mycotoxins, Anal. Chim. Acta. 955 (2017) 48-57 

12. Xiao, K., Wang, K., Qin, W., Hou, Y., Lu, W., Xu, H., Wo, Y., Cui, D., Use of quantum dot beads-

labeled monoclonal antibody to improve the sensitivity of a quantitative and simultaneous 

immunochromatographic assay for neuron specific enolase and carcinoembryonic antigen. Talanta 

164 (2017) 463–469 

13. Gharaat, M., Sajedi, R.H., Shanehsaz, M., Jalilian, N., Mirshahi, M., Gholamzad, M., A dextran 

mediated multicolor immunochromatographic rapid test strip for visual and instrumental 



12 
 

simultaneous detection of Vibrio cholera O1 (Ogawa) and Clostridium botulinum toxin A, 

Microchim. Acta 184 (2017) 4817–4825  

14. Fang, C.C., Chou, C.C., Yang, Y.Q., Wei-Kai, T., Wang, Y.T., Chan, Y.H., Multiplexed Detection of 

Tumor Markers with Multicolor Polymer Dot-Based Immunochromatography Test  Strip. Anal. 

Chem. 90 (2018) 2134-2140 

15. Wang, C., Li, X., Peng, T., Wang, Z., Wen, K., Jiang, H., Latex bead and colloidal gold applied in a 

multiplex immunochromatographic assay for high-throughput detection of three classes of 

antibiotic residues in milk. Food Control 77 (2017) 1-7 

16. Lee, S., Mehta, S., Erickson, D., Two-Color Lateral Flow Assay for Multiplex Detection of Causative 

Agents Behind Acute Febrile Illnesses, Anal. Chem. 88 (2016) 8359–8363 

17. Di Nardo, F., Baggiani, C., Giovannoli, C., Spano, G., Anfossi, L., Multicolor immunochromatographic 

strip test based on gold nanoparticles for the determination of aflatoxin B1 and fumonisins. 

Microchim. Acta 184 (2017) 1295-1304 

18. Yen, C.W., de Puig, H., Tam, J.O., Gómez-Márquez, J., Bosch, I., Hamad-Schifferli, K., Gehrke, L., 

Multicolored silver nanoparticles for multiplexed disease diagnostics: distinguishing dengue, yellow 

fever, and Ebola viruses. Lab Chip. 15 (2015) 1638-1641.  

19. Washburn, E.W., The Dynamics of Capillary Flow, Phys. Rev. 17 (1921) 273–283. 

20. Wang, C., Hou, F., Ma, Y., Simultaneous quantitative detection of multiple tumor markers with a 

rapid and sensitive multicolor quantum dots based immunochromatographic test strip, Biosens 

Bioelectron. 68 (2015) 156-162 

21. Wang, W., Su, X., Ouyang, H., Wang, L., Fu, Z., A novel immunochromatographic assay based on a 

time-resolved chemiluminescence strategy for the multiplexed detection of ractopamine and 

clenbuterol, Anal. Chim. Acta. 917 (2016) 79-84. 

22. Kumera, N., Ali, M., Mycotoxin occurrence in grains and the role of postharvest management as a 

mitigation strategies. A review, Food Control 78 (2017) 412–425 

23. Krska, R., Schubert-Ullrich, P., Molinelli A., Sulyok, M., MacDonald, S., Crews, C., Mycotoxin 

analysis: An update, Food Add. Contam. A. 25 (2008) 152–163 

24. European Commission. Commission Regulation (EC) No 1126/2007 of 28 September 2007 

amending Regulation (EC) No 1881/2006 setting maximum levels for certain contaminants in 

foodstuffs as regards Fusarium toxins in maize and maize products, Off. J. Eur. Comm. L255 (2007) 

14–17 

25. European Commission. Commission Regulation (EU)  No  165/2010 of  26  February  2010 amending   

Regulation   (EC)   No   1881/2006   setting   maximum   levels   for   certain   contaminants   in  

foodstuffs  as  regards  aflatoxins, Off. J. Eur. Comm. L50 (2010) 8–12. 



13 
 

26. Shephard, G.S., Current Status of Mycotoxin Analysis: A Critical Review, J. AOAC. Int. 99 (2016) 842–

848. 

27. Anfossi, L., Giovannoli, C., Baggiani, C., Mycotoxin detection, Curr. Opin. Biotechnol. 37 (2016) 120–

126 

28. Turkevich, J., Stevenson, P.C., Hillier, J., A study of the nucleation and growth processes in the 

synthesis of colloidal gold, Discuss. Faraday Soc. 11 (1951) 55–75. 

29. Anfossi, L., D’Arco, G., Calderara, M., Baggiani, C., Giovannoli, C., Giraudi, G., Development of a 

quantitative lateral flow immunoassay for the detection of Aflatoxins in maize, Food Addit. Contam.  

A  28 (2011) 226 – 234 

30. Cones and Color Vision. In: Neuroscience 2nd ed. Purves D, Augustine GJ, Fitzpatrick D, et al., 

editors, Sunderland (MA): Sinauer Associates; 2001. 

31. Lattanzio, V.M.T., Ciasca, B., Powers, S., von Holst, C., Validation of screening methods according to 

Regulation 519/2014/EU. Determination of deoxynivalenol in wheat by lateral flow immunoassay: 

A case study, TrAC 76 (2016) 137-144 

32. Prats-Montalbán, J.M., de Juan, A., Ferrer. A., Multivariate image analysis: a review with 

applications, Chem. Intel. Lab. Syst., 107 (2011) 1–23. 

33. Costa, J., Ansari, P., Mafra, I., Oliveira, M.B.P.P., Baumgartner, S., Development of a sandwich 

ELISA-type system for the detection and quantification of hazelnut in model chocolates, Food 

Chem. 173 (2015) 257–265. 

34. Maragos, C. M., Multiplexed Biosensors for Mycotoxins, J. AOAC Int. 99 (2016) 849-860. 

  



14 
 

Figures 
 
 
Fig. 1. Strip for a single-test line xLFIA with colour-encoded detection. 
 
 

 
 
 

 
 
 
Fig. 2. Scheme of the colour-encoded multiplex strategy based on the single-Test line approach: blank  (A), 
presence of FMs (B), presence of AFB1 (C) and presence of both FMs and AFB1. 

 
 
 

 
 
 



15 
 

 
 

Fig. 3. Strips images for increasing concentrations of AFB1 (A) and FMB1 (C). The strips corresponding to 
the vLODs are highlighted in black, while those corresponding to the cut-off levels are highlighted in red. 
Upon RGB data evaluation of images, the inhibition curves for AFB1 (B) and FMB1 (D) were obtained by 
plotting red (blue) colour at the Test line (T) normalized by the red (blue) colour at the Control line (C).  Bars 
represent standard deviation of 2 replicate measurements. Data were fitted with a four-parameter logistic 
equation [33] and allowed for quantification of AFB1 and FMs. 
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Fig. 4. Strips images obtained for raw and processed food samples fortified with AFB1 and FMB1 separately. 

Each mycotoxin was spiked at two different levels. All samples were correctly classified as 

contaminated/non contaminated and the contaminant was easily recognized according to the colour code 

(Test line bluer than Control line represents AFB1 contamination; Test line redder than Control line means 

FMB1 contamination). 

 

 

 


