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Abstract 12 

Haptens (i.e. biomolecules which molecular weight is lower than 10 kDa) 13 

determination by inductively coupled plasma mass spectrometry (ICP-MS) is 14 

usually performed by means of competitive immunoassays. In these 15 

immunoassays, analyte quantification is indirectly carried out using two different 16 

tracer species (i.e. antibodies or antigen-protein conjugates). However, the 17 

benefits (and drawbacks) derived from using a given tracer species have not 18 

been systematically investigated so far. The goal of this work is to evaluate the 19 

influence of the tracer species employed in competitive immunoassays on the 20 

analytical figures of merit for aflatoxin M1 (AFM1) determination in milk samples. 21 

To this end, three different strategies have been developed and evaluated, 22 

namely: (i) antibody binding inhibition assay (ABIA); (ii) capture inhibition assay 23 

(CIA); and (iii) capture bridge inhibition assay (CBIA). Experimental results 24 

show that the use of the antibody as tracer species (as in the ABIA approach) 25 
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affords better analytical figures of merit for AFM1 determination than using the 26 

antigen-protein conjugate as the tracer one (as in the CIA and CBIA strategies). 27 

The limit of detection afforded by ABIA strategy (i.e. 0.1 ng kg-1) for AFM1 28 

determination was 1000-fold and 50-fold lower regarding the CIA and CBIA 29 

strategies, respectively. In the case of the ABIA approach, the characteristics of 30 

the metal nanoparticle label employed to detect the tracer species is critical on 31 

the analytical figures of merit. However, when the hapten-protein conjugates are 32 

used as tracer species, immunocomplex formation is severely hampered by 33 

steric effects caused by the protein moiety and, consequently, the 34 

characteristics of the metal nanoparticle label is not critical in the immunoassay 35 

performance. The different immunoassay strategies were successfully validated 36 

for AFM1 determination in milk samples using a certified reference material of 37 

whole milk powder (ERM-BD283) according to European Conformity guidelines 38 

for analytical methods of food contaminants and mycotoxins. Compared to 39 

ELISA, the immunoassay developed for AFM1 determination in milk samples 40 

improve limits of detection up to 10-fold. 41 

 42 

Keywords: hapten, competitive immunoassay, nanoparticle, inductively 43 

coupled plasma mass spectrometry, aflatoxin M1.  44 

 45 

1. Introduction 46 

The significance of inductively coupled plasma mass spectrometry (ICP-47 

MS) for biomolecule analysis has exponentially increased over the last years 48 

[1]. The use of ICP-MS in this field offers several attractive features regarding 49 

other established approaches: (i) high sensitivity; (ii) specificity; (iii) compound-50 
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independent detection sensitivity; (iv) multi-element capabilities; (v) robustness; 51 

and (vi) easy coupling to separation techniques. Initially, the analysis was 52 

limited to those species containing a heteroatom detectable by ICP-MS. 53 

However, analytical figures of merit were severely compromised since the 54 

heteroatoms, naturally present in biomolecules (e.g. P, S, Se, As, etc.), suffer 55 

from low sensitivity and (spectral and non-spectral) interferences due to matrix 56 

components in biological samples (e.g. carbon, chloride, etc.) [1,2]. To improve 57 

the analytical figures of merit, as well as to address with the determination of 58 

non-containing heteroatom biomolecules, different strategies have been 59 

proposed in the literature. First, the biomolecule can be derivatized through a 60 

chemical reaction with a heteroatom or an organometallic compound [3,4]. The 61 

main drawback of this approach is the low selectivity of the labelling procedure. 62 

Alternatively, the analyte of interest can be labelled by means of an 63 

immunoreaction using a heteroatom-labelled antibody [5,6]. Because of the 64 

great specificity of the antigen-antibody reaction, biomolecules can be 65 

successfully determined in complex mixtures. Heteroatoms labels used in 66 

immunoassay includes: (i) transition metals [7,8]; (ii) lanthanides [9-11]; (iii) 67 

metal nanoparticles [12-14]; and (iv) Quantum-Dots [15]. A priori, the use of 68 

metal nanoparticles is the most advantageous approach to improve analytical 69 

figures of merit (e.g. sensitivity, LoD, etc.) due to the high number of atoms 70 

present in each nanoparticle. 71 

Non-competitive immunoassays have been traditionally employed for the 72 

analysis of high molecular weight biomolecules such as proteins, enzymes, etc. 73 

In this type of immunoassay, an antibody is usually immobilized on a solid 74 

support to capture the analyte present in the sample. Next, a different antibody, 75 
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specific for another part of the biomolecule, is used to detect the analyte 76 

previously captured on the solid support (i.e. sandwich assay). The latter 77 

antibody is previously labelled with a heteroatom detectable by ICP-MS (e.g. 78 

lanthanides, Quantum-Dots, metal nanoparticles, etc.) thus enabling analyte 79 

detection. The signal registered by the ICP-MS is proportional to the analyte 80 

concentration in the sample. Dealing with haptens (i.e. biomolecules which a 81 

molecular weight is lower than 10 kDa), sandwich-based immunoassays cannot 82 

be employed since the limited surface area of this type of molecules does not 83 

allow to simultaneously accommodate two antibodies [16]. Therefore, haptens 84 

are usually determined by means of competitive-immunoassays. In this type of 85 

immunoassay, unlike non-competitive immunoassays, the quantity used of the 86 

tracer species is limited. Two different strategies have been mainly described in 87 

the literature for competitive immunoassays with ICP-MS detection so far. In the 88 

first approach, the sample is spiked with a limited amount of the antibody and 89 

the mixture is incubated on a solid phase coated with an antigen-protein 90 

conjugate. Next, a competitive reaction, for the limited number of the binding 91 

sites of the antibody, is established between the antigen bound to the solid 92 

phase and that present in the solution. The amount of the antibody retained on 93 

the solid support is inversely proportional to the antigen present in solution. To 94 

determine the antibody retained on the solid support, it should be previously 95 

labelled with a heteroatom [11]. Nevertheless, to preserve antibody activity and 96 

specificity against the antigen, it could be also detected after an immunoassay 97 

procedure using a metal-labelled secondary antibody with or without biotin-98 

streptavidin signal amplification [11,12]. Alternatively, the competitive reaction 99 

can be also established using the antigen-protein conjugate as tracer species 100 
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[14,15]. In this case, the antigen-protein conjugate is initially labelled with a 101 

heteroatom. Next, the sample is spiked with a limited amount of the labelled 102 

antigen-protein conjugate and the mixture is incubated on a solid phase coated 103 

with the antibody. Again, the amount of tracer species (antigen-protein 104 

conjugate) retained on the solid support is inversely proportional to the antigen 105 

present in the liquid phase. Up to date, both strategies have been indistinctively 106 

employed in the literature for the determination of herbicides (2,4-107 

dichlorophenoxyacetic acid [8]), hormones (thyroxine [10], progesterone [15]), 108 

toxins (ochratoxin A [12], aflatoxin M1 (AFM1) [13]) and antibiotics 109 

(chloramphenicol [14]). However, the benefits (and drawbacks) derived from 110 

using either the antibody or the antigen-protein conjugate as the tracer species 111 

have not been investigated thoroughly. On the other hand, up to date there are 112 

no studies about the influence of the kind of heteroatom label employed on the 113 

analytical figures of merit of this type of immunoassays, especially for metallic 114 

nanoparticles. 115 

The goal of this work is to perform a systematic comparison of different 116 

competitive immunoassays for hapten determination by means of ICP-MS 117 

detection. To this end, different competitive immunoassays based on the use of 118 

either antibody or antigen-protein conjugate as tracer species were 119 

investigated. Nanoparticles covering different elements (Ag/Au) and sizes 120 

(40/80 nm) were used throughout this work to evaluate their influence on the 121 

analytical figures of merit. Finally, the methods developed have been applied for 122 

the AFM1 analysis in milk samples. Aflatoxin M1 was selected as a model of 123 

hapten to evaluate the benefits and drawbacks of the different approaches, due 124 

to its high health risk and restrictive legal requirements. 125 
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 126 

2. Experimental 127 

2.1. Reagents and materials 128 

Primary rabbit polyclonal anti-aflatoxin M1 (AFM1) antibody (pAb) (purified 129 

IgG fraction 1 mg mL-1) was obtained from Agrisera (Vännas, Sweden) whereas 130 

secondary anti-rabbit IgG (whole molecule) - Biotin antibody produced in goat 131 

(secondary Ab) (1 mg mL-1) was from Sigma-Aldrich (Steinheim, Germany). 132 

According to the supplier, pAb is highly specific for AFM1 determination with low 133 

cross-reactivity against other aflatoxins (aflatoxin B1 2%; aflatoxin B2, 0.4%; 134 

aflatoxin G1 0.4% and aflatoxin G2 0.1%). 135 

Aflatoxin M1 from Aspergillus flavus and AFM1-Bovine Serum Albumin 136 

conjugate (AFM1-BSA) were purchased from Sigma-Aldrich (Steinheim, 137 

Germany). Aflatoxins are carcinogenic compounds. So, extracts and solutions 138 

should be handled with extreme care. Gloves and other protective clothing were 139 

worn as safety precaution during the handling of the analyte. The aflatoxin 140 

residues can be destroyed using 5% sodium hypochlorite. 141 

Streptavidin −conjugated 40 and 80 nm Au nanoparticles and Streptavidin 142 

−conjugated 40 and 80 nm Ag nanoparticles were obtained from 143 

Cytodiagnostics (Ontario, Canada). 144 

Sodium carbonate, sodium hydrogen carbonate, monosodium phosphate, 145 

disodium phosphate, sodium chloride, polyethylene glycol sorbitan monolaurate 146 

(Tween 20) and HPLC-grade acetonitrile were purchased from Sigma-Aldrich 147 

(Steinheim, Germany). Bovine serum albumin (BSA) was obtained from Biowest 148 

(Nuaillé, France) Iridium and rhodium 1000 mg L-1 stock solution was provided 149 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 
 

by Merck (Darmstadt, Germany). Thiourea, 69% w w-1 nitric acid and 35% w w-1 150 

hydrochloric acid were purchased from Panreac (Barcelona, Spain). 151 

Ultrapure water 18 MΩ cm from a Milli-Q system (Milli-Q water purification 152 

system, Millipore Inc., Paris, France) was used throughout the work. 153 

Immunoaffinity columns (IACs) Afla M1 (Vicam, Watertown, MA) with a 154 

capacity of approximately 150 ng and based on monoclonal antibodies were 155 

employed for AFM1 determination in milk samples. Amicon Ultra-4 Centrifugal 156 

Filter Units with Ultracel-10 membrane (Merck Millipore, Cork, Ireland) were 157 

used throughout the work for washing steps during the biotin labelling of the 158 

AFM1-BSA conjugate. 159 

For the immunoassays, F16 maxisorp polystyrene microtiter plates were 160 

purchased from Thermo- Scientific (Roskilde, Denmark) and used in all 161 

immunoassays. 162 

 163 

2.2. Buffers and solutions 164 

The standard stock solution of AFM1 (5 µg mL-1) was prepared by dissolving 165 

the standard AFM1 in pure acetonitrile. Working solutions for standards or 166 

spiked milk samples were prepared by further dissolution of stock solution in 167 

incubation media or in milk, respectively. Aflatoxin M1-BSA conjugate was 168 

dissolved in phosphate buffer saline solution for a final concentration of 500 µg 169 

mL-1. Both solutions were kept at -20°C in aliquots out of direct light and 170 

working solutions were prepared prior to each analysis. Primary rabbit 171 

polyclonal antibody was stored at 4°C after reconstitution in 500 µL ultrapure 172 

water. 173 
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The following solutions were employed in the different immunoassays 174 

tested: (i) phosphate-buffered saline (PBS; 10 mM NaH2PO4, 2 mM Na2HPO4, 175 

154 mM NaCl, pH 7.6); (ii) carbonate buffer solution (15mM Na2CO3 and 35 mM 176 

NaHCO3, pH 9.6); (iii) as plate blocking medium: 1% w V-1 BSA in PBS; (iv) as 177 

incubation medium: 1% w V-1 BSA and 0.05% V V-1 Tween 20 in PBS; (v) as 178 

washing medium: 0.05% V V-1 Tween 20 in PBS; (vi) as Au-nanoparticles 179 

digestion medium: 4% V V-1 nitric acid and 12% V V-1 hydrochloric acid; and (vii) 180 

as Ag-nanoparticles digestion medium: 2 % V V-1 nitric acid. It is important to 181 

remark that the use of BSA in the incubation media is critical to ensure 182 

immunoassay reproducibility. Considering that the pAb was produced in rabbits 183 

by immunization with BSA haptenized with AFM1, the pAb could react either 184 

with the AFM1 or BSA present in the AFM1-BSA conjugate. Moreover, bovine 185 

milk contains a significant amount of this protein (≈1.2% w V-1). Therefore, we 186 

employed BSA as an additive in all incubation media and could consequently 187 

minimize nonspecific binding. 188 

 189 

2.3. Immunoassay procedures 190 

In the present work, three different competitive immunoassay strategies 191 

based on the use of either antibody or antigen-protein conjugate as tracer 192 

species were evaluated for AFM1 determination by means of inductively 193 

coupled plasma mass spectrometry (ICP-MS) detection (Fig. 1).  194 

 195 

 196 
2.3.1 Antibody binding inhibition assay (ABIA). 197 

This immunoassay is based on that described in our previous work [13] in 198 

which an antibody was employed as tracer species (Figure 1). Briefly, the 199 
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competitive reaction was established between the AFM1 present in the sample 200 

and the AFM1-BSA conjugate, coating the solid phase, for the limited number of 201 

the binding sites of the antibody (pAb) spiked in the sample solution. A 202 

biotinylated secondary Ab and streptavidin-metal nanoparticle conjugate were 203 

employed to detect the pAb retained on the solid phase. The incubation 204 

conditions employed are described in our previous work [13]. 205 

 206 

2.3.2 Capture inhibition assay (CIA) 207 

This procedure is based on that previously reported by Trapiella-Alfonso et 208 

al. [17] in which a labelled antigen-protein conjugate (i.e. biotinylated AFM1-209 

BSA) was used as the tracer species. In this case, the competitive reaction was 210 

established between the AFM1 present in the sample and the biotinylated AFM1-211 

BSA conjugate (spiked to the sample) for the limited number of the binding sites 212 

of the pAb immobilized on the solid phase. Streptavidin-metal nanoparticle 213 

conjugate was employed to detect the biotinylated AFM1-BSA conjugate 214 

retained on the solid phase. Next CIA procedure is briefly described. First, 215 

plates were coated at room temperature with 100 µL/well of the appropriate pAb 216 

concentration in 0.05 M carbonate–bicarbonate buffer (pH 9.6). After incubation 217 

for 1 h, plates were washed three times and then blocked (200 µL/well) for 1 h 218 

at room temperature. Next, after a washing step, samples or AFM1 standards 219 

and the appropriate biotinylated AFM1-BSA conjugate nominal concentration 220 

were mixed (Fig. 1, step 2.1) and transferred to the solid phase (Fig. 1, step 221 

2.2). The mixture was incubated for 1 h at room temperature and, after a 222 

washing step (Fig. 1, step 2.3), 100 µL/well of streptavidin-metal nanoparticle 223 
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conjugates solution was added and incubated for 1 h at room temperature (Fig. 224 

1, step 2.4).  225 

 226 

2.3.3. Capture bridge inhibition assay (CBIA) 227 

This immunoassay is based on the CIA procedure but the competitive 228 

reaction is carried out in solution. A mixture of the pAb and the biotinylated 229 

AFM1-BSA conjugate was spiked to the sample. The competitive reaction was 230 

established between the biotinylated AFM1-BSA conjugate and the AFM1 231 

present in the sample for the limited number of the binding sites of the pAb. 232 

Next, and given the bivalent nature of the antibodies, the AFM1-pAb and the 233 

biotinylated AFM1-BSA-pAb complexes generated were retained by the AFM1-234 

BSA conjugates coating the solid phase. Streptavidin-metal nanoparticle 235 

conjugates were used again to detect the biotinylated AFM1-BSA-pAb 236 

complexes retained on the solid phase. This immunoassay strategy has never 237 

been employed for hapten analysis with to the best of author’s knowledge. 238 

The CBIA immunoassay procedure is carried out as follows. Plates were 239 

coated at room temperature with 100 µL/well of the appropriate AFM1-BSA 240 

conjugate concentration in 0.05 M carbonate–bicarbonate buffer (pH 9.6). After 241 

incubation for 1 h, plates were washed three times and then blocked (200 242 

µL/well) for 1 h at room temperature. Then, after a washing step, samples or 243 

AFM1 standards, pAb and biotinylated AFM1-BSA conjugate solutions were 244 

mixed (Fig. 1, step 3.1) and transferred to the solid phase (100µL/well) (Fig. 1, 245 

step 3.2). Next, the mixture was incubated for 1 h at room temperature. After a 246 

washing step (Fig. 1, step 3.3), 100 µL/well of streptavidin-metal nanoparticle 247 
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conjugates solution was added and incubated for 1 h at room temperature (Fig. 248 

1, step 3.4). 249 

 250 

The biotinylated AFM1-BSA conjugate required for the CIA and CBIA 251 

procedures was obtained using a commercial biotin labelling kit. Briefly, 2.3 mg 252 

of succinimidyl-6-(biotinamido)hexanoate was dissolved in 500 µL of 253 

dimetylformamide and then added to a 200 µL AFM1-BSA conjugate solution. 254 

The reaction was carried out on ice for 2 hours in the dark and the excess of 255 

non-reactive biotin reagent was removed on a cutoff filter by centrifugation with 256 

PBS and recovered at a nominal concentration of 150 µg mL-1. The biotinylated 257 

AFM1-BSA conjugate solution was divided into single working aliquots and 258 

stored at -20°C. 259 

For all strategies, the influence of the nanoparticle chemical nature (i.e. Ag 260 

and Au) and size (i.e. 40 and 80 nm) on the analytical figures of merit was 261 

investigated. In all cases, after dissolution of the Au or Ag labelled streptavidin 262 

with 150 µL/well of the corresponding digestion acid (300 minutes at room 263 

temperature [12]), 50 µL/well of a 1% w V-1 thiourea solution containing 2.5 µg 264 

L-1 of the corresponding internal standard (IS) (see section 2.5) were added for 265 

a final volume of 200 µL/well and measured by ICP-MS. For the different 266 

immunoassays, Ag and Au concentration per well after the digestion procedure 267 

ranged approximately from 100 µg L-1 to 8000 µg L-1.  Standards and samples 268 

containing unknown AFM1 amounts were run in triplicate wells and in 269 

quintuplicate wells, respectively, and the mean values were processed. 270 

 271 

 272 
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2.4. Instrumentation 273 

Aflatoxin M1 was indirectly quantified by means of ICP-MS using the signal 274 

of the element present in the nanoparticle (107Ag+ or 197Au+). Experimental 275 

measurements were carried out on a quadrupole ICPMS model 7700x (Agilent, 276 

Santa Clara, USA). Table 1 gathers the operating conditions employed in this 277 

work.  278 

A micronebulizer (OneNeb®, Ingeniatrics, Sevilla, Spain) coupled to a 279 

double pass quartz spray chamber (Agilent, Santa Clara, USA) was employed 280 

to introduce the sample in the plasma. Because of the limited volume of sample 281 

available in the immunoassay (200 µL), samples were introduced into a carrier 282 

stream by means of a V-451 flow injection manifold (Upchurch Scientific, 283 

Silsden, United Kingdom) equipped with a 75 µL loop valve and driven to the 284 

nebulizer by a peristaltic pump (Model Minipulse 3, Gilson, France). Carrier flow 285 

rate was set at 0.6 mL min-1 for high throughput analysis.  286 

Two different carrier solutions were selected depending on the chemical 287 

nature of the nanoparticle. A mixture of 1% V V-1 nitric acid and 1% w V-1 288 

thiourea solution was employed for 107Ag+ measurements whereas a 1% V V-1 289 

hydrochloric acid and 1% w V-1 thiourea mixture was employed as carrier for 290 

197Au+ determination. Operating in this way, no significant memory effects were 291 

registered in ICP-MS [18]. Microsoft Excel software was employed to integrate 292 

peak signals manually, given the peak-shape signal obtained with the flow 293 

injection analysis device employed. 294 

 295 

 296 

 297 
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2.5. Calibration 298 

Internal standardization is one of the useful techniques for correction of 299 

instrument parameter fluctuation in ICP-MS. In this work, 103Rh+ and 193Ir+ (at 300 

final concentrations of 2.5 µg L-1 each one (section 2.3)) were used as an IS for 301 

107Ag+ and 197Au+ measurements, respectively, due to their close atomic 302 

numbers and ionization potentials [19]. 303 

Irrespective of the immunoassay strategy employed, standard curves were 304 

obtained by plotting the metal/IS signal ratio against the logarithm of the analyte 305 

concentration because of the sigmoidal curve response of the competitive 306 

immunoassay procedure.  307 

 308 

2.6. Samples 309 

A certified reference material of whole milk powder (ERM-BD283, European 310 

Commission Joint Research Centre, Geel, Belgium) containing 111 ± 18 ng kg-1 311 

of AFM1 was employed for the accuracy studies. In addition, four commercial 312 

cow milk samples obtained from retail markets were analyzed through this work. 313 

All the samples were stored at 4°C and analyzed before their respective 314 

expiration dates. 315 

 316 

2.7. Sample preparation 317 

The ERM-BD283 milk powder (10.0 g) was suspended in 100 mL of warm 318 

ultrapure water (being AFM1 final concentration of 11.1 ± 1.8 ng L-1), and then 319 

processed as for milk samples. 320 

All milk samples were pre-treated before the analysis to mitigate 321 

interferences caused by matrix components (e.g. proteins, lipids, etc.) since, 322 
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otherwise, accuracy and precision would be severely compromised. To this end, 323 

two different approaches were employed through this work depending on the 324 

immunoassay employed. In the case of ABIA strategy, samples were 325 

pretreated, as described in our previous work [13], using the procedure 326 

described by Huang et al. [20] based on an extraction pretreatment into a polar 327 

solvent. On the other hand, in the case of using the antigen-protein conjugate 328 

as tracer species, milk samples were pretreated using immunocolumns 329 

following the procedure suggested by the manufacturer with some minor 330 

modifications. Briefly, a 100 mL volume of undiluted milk was centrifuged at 331 

1614 × g for 15 min to separate the fat and thin upper fat layer was discarded. 332 

Fifty mL of the centrifuged milk were passed through the immunoaffinity column 333 

at 1-2 drops/second by gravity. Then, the column was washed with 10 mL of 334 

water at a rate of 1-2 drops/second until air came through the column. Aflatoxin 335 

M1 was eluted slowly from the column with 4 mL of pure acetonitrile at 1 drop/2-336 

3 seconds by gravity. Two hundred µL of the sample eluate were evaporated up 337 

to dryness. The residue was reconstituted with 100 µL of PBS and then 338 

analyzed. 339 

 340 

3. Results and discussion 341 

Competitive immunoassays described in the literature show several 342 

differences on the experimental setup according to the tracer species 343 

monitored: i.e., the antibody [12,13] or the antigen-protein conjugate [14,15]. 344 

For the first time, immunoassays based on both approaches are compared 345 

under a similar set of experimental conditions for AFM1 analysis.  346 

 347 
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3.1. Optimization of the immunoassay procedures 348 

The optimization of the immunoassays tested was performed by means of 349 

checkerboard titration experiments as previously described for Enzyme Linked 350 

Immunosorbent Assay (ELISA) [21,22]. The optimum conditions were defined 351 

as the amount of reagents producing a metal-to-IS signal ratio (197Au+/193Ir+; 352 

107Ag+/103Rh+) in ICP-MS close to 80% of the maximal signal at plateau, 353 

characteristic of tracer excess conditions [21].  354 

3.1.1. Antibody Binding Inhibition Assay. 355 

In our previous work [13], ABIA experimental conditions were optimized 356 

using streptavidin-40 nm Au nanoparticle conjugates for AFM1 determination in 357 

milk samples. The limit of detection (LoD) was observed to be strongly 358 

dependent on the pAb concentration. As long as the heteroatom-label allowed 359 

the accurate detection of the pAb retained on the solid phase, detection 360 

capabilities of AFM1 could be improved decreasing the pAb concentration. In 361 

this context, high sensitive heteroatom labels are required in ICP-MS to 362 

decrease pAb concentration such as metal nanoparticles. For the first time, this 363 

works explores the influence of nanoparticle characteristics on the analytical 364 

figures of merit for a competitive immunoassay based on the use of antibodies 365 

as tracer species. To this end, nanoparticles of different chemical nature (Au 366 

and Ag) and size (80 nm and 40/80 nm, for Au and Ag, respectively) conjugated 367 

to streptavidin were investigated. For each of them, the following concentrations 368 

were optimized: (i) AFM1-BSA conjugate; (ii) pAb; and (iii) streptavidin-metal 369 

nanoparticle conjugates. As in our previous work [13], the concentration of the 370 

secondary Ab was not optimized and the value recommended by the 371 

manufacturer was employed (0.5 µg mL-1). For the sake of comparison, 372 
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previous data using streptavidin-40 nm Au nanoparticle conjugates were 373 

employed [13].  374 

First, the optimum AFM1-BSA conjugate concentration and the optimum 375 

pAb concentration were investigated. The AFM1-BSA conjugate concentration 376 

was modified between 0.07 and 10 µg mL-1 whereas the pAb concentration 377 

ranged from 0.015 to 2 µg mL-1. The streptavidin-metal nanoparticle conjugates 378 

concentration was kept at 0.08 µg mL-1 for these experiments. The optimum 379 

AFM1-BSA conjugate concentration was similar for all streptavidin-metal 380 

nanoparticle conjugates (i.e. 0.35 µg mL-1), but significant differences were 381 

noted on the optimum pAb concentration. The optimum pAb concentration using 382 

both 80 nm Ag and Au nanoparticles was 0.015 µg mL-1 whereas it was 0.25 µg 383 

mL-1 for 40 nm Ag nanoparticles (Table S1). Interestingly, the optimum pAb 384 

concentration using 40 nm Ag nanoparticles was similar to that previously found 385 

for 40 nm Au counterparts [13]. From these findings, it could be derived that for 386 

this assay, the analytical figures of merit afforded are expected to be strongly 387 

dependent on the size of the nanoparticle employed. Figure 2 shows the 388 

influence of the pAb concentration on the LoD (calculated as three times the 389 

standard deviation of the signal of 15 blank replicates [21,23]) using the 390 

different streptavidin-Au and Ag nanoparticle conjugates. Experimental data for 391 

40 nm Au nanoparticles were measured following previously reported 392 

experimental conditions [13]. The only difference between the experimental set 393 

up of the metal nanoparticles investigated was the pAb concentration employed. 394 

So, it was feasible to directly evaluate the influence of the pAb concentration on 395 

the LoD. As expected, irrespective of the metal nanoparticle considered, LoD 396 

decreased when the pAb concentration was decreased. Under optimum pAb 397 
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concentration, streptavidin-80 nm Au nanoparticle conjugates afforded a LoD of 398 

0.1 ng kg-1, i.e. 50-fold lower than that obtained with the 40 nm Au counterparts. 399 

Similar findings were observed for Ag nanoparticles but the LoD obtained were 400 

significantly higher than those obtained using Au nanoparticles. Thus, the LoD 401 

for 80 nm and 40 nm Ag nanoparticles were 2 and 12 ng kg-1, respectively. The 402 

origin of these differences is not totally clear; since for a given nanoparticle size, 403 

optimum immunoassay conditions does not depend on the chemical nature of 404 

the metal nanoparticle. Nevertheless, it should be considered that 197Au+ 405 

sensitivity in ICP-MS is higher than that of 107Ag+, mainly due to the isotopic 406 

abundance of each nuclide (107Ag+ 51.8%; 197Au+ 100%). Therefore, and 407 

considering that a competitive-based immunoassay is operated, Au 408 

nanoparticles of the same size allow a better discrimination of low AFM1 levels 409 

with regard to Ag counterparts (See Fig S1). On the other hand, it is also worth 410 

to stress that the use of Ag nanoparticles was tricky due to a build-up of Ag 411 

metallic deposits into the injector tube that could even lead to full blockage. This 412 

phenomenon was also noticed for Au nanoparticles but the metallic deposit 413 

formation was significantly lower. The influence of the streptavidin-metal 414 

nanoparticle conjugates concentration on the analytical figures of merit was also 415 

investigated. This parameter was modified between 0.02 and 0.32 µg mL-1. It 416 

was observed that signals registered by the mass spectrometer increased with 417 

the streptavidin-metal nanoparticle conjugates concentration, but no changes 418 

were found in the optimum pAb and AFM1-BSA conjugate concentration and, 419 

therefore, in the LoD obtained for the nanoparticles tested (Table S2). For this 420 

reason, regardless of the streptavidin-metal nanoparticle conjugate used, a 421 

concentration of 0.08 µg mL-1 was selected for further studies as a compromise 422 
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between analytical performance and cost. These results were similar to those 423 

previously reported for 40 nm Au nanoparticles [13]; thus, pointing out that this 424 

parameter was not critical for the immunoassay performance.  425 

Table 2 summarizes the optimum immunoassay conditions for each 426 

streptavidin-metal nanoparticle conjugate investigated. This table also includes 427 

the concentration of AFM1 giving rise to a 50% inhibition (IC50), LoD and the 428 

lower and the upper quantification limits (lLoQ and uLoQ, respectively). The 429 

lLoQ was defined as the lowest concentration that signal response has 430 

repeatability lower than 20% [24]. Similarly, the uLoQ was defined as the 431 

highest concentration that signal response has repeatability lower than 20% 432 

[24]. These analytical figures of merit were calculated from the corresponding 433 

calibration curves (Figure 3) [21]. As expected by the changes observed on 434 

detection capabilities, IC50, lLoQ and uLoQ depended on the streptativin-metal 435 

nanoparticle conjugate employed. For instance, IC50, lLoQ and uLoQ 436 

experimental values for streptavidin-80 nm Au nanoparticle conjugates were 3 437 

ng kg-1, 0.3 ng kg-1 and 100 ng kg-1, respectively. Nevertheless, the dynamic 438 

range for the different nanoparticles tested was similar. 439 

 440 

3.1.2. Capture Inhibition Assay. 441 

Variables selected for the optimization of this immunoassay were the 442 

concentration of: (i) pAb; (ii) biotinylated AFM1-BSA conjugate; and (iii) 443 

streptavidin-metal nanoparticle conjugates. Table 2 summarizes the optimum 444 

immunoassay conditions as well as some relevant analytical figures of merit 445 

(i.e. IC50, LoD, lLoQ and uLoQ) for this immunoassay. 446 
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First, the pAb concentration and the biotinylated AFM1-BSA conjugate 447 

nominal concentration were optimized. The pAb concentration ranged from 0.6 448 

to 10 µg mL-1 whereas the biotinylated AFM1-BSA conjugate nominal 449 

concentration was tested between 0.02 and 1.5 µg mL-1. For these experiments, 450 

the streptavidin-metal nanoparticle conjugates concentration was kept constant 451 

at 0.08 µg mL-1. Experimental results showed that the optimum conditions were 452 

2.5 µg mL-1 for pAb and 0.05 µg mL-1 for biotinylated AFM1-BSA conjugate 453 

(Table S3). Next, the influence of the streptavidin-metal nanoparticle conjugates 454 

concentration on the analytical figures of merit was investigated. This parameter 455 

was modified between 0.02 and 0.32 µg mL-1. As it was shown for ABIA 456 

strategy, 107Ag+ or 197Au+ signals increased with the streptavidin-metal 457 

nanoparticles conjugate concentration but no significant changes were found in 458 

the optimum pAb and biotinylated AFM1-BSA conjugate nominal concentration 459 

previously obtained as well as on the LoD (Table S4). Therefore, the 460 

streptavidin-metal nanoparticles conjugate concentration was kept at 0.08 µg 461 

mL-1 to minimize operative cost. Under these experimental conditions, for each 462 

of the streptavidin-metal nanoparticle conjugates (Figure 4), a calibration curve 463 

was prepared. A LoD of 100 ng kg-1 was always obtained, regardless of the size 464 

and the chemical nature of the nanoparticle employed (Table 2). Though this 465 

value was similar to that previously reported for progesterone analysis [15] 466 

using an antigen-protein conjugate as tracer species, it was significantly higher 467 

than the value obtained by means of ABIA strategy. To improve the LoD, the 468 

influence of incubation time of AFM1 and biotinylated AFM1-BSA conjugate 469 

mixture on the microtiter plate was studied, since it could favor tracer species 470 

retention on the solid phase; thus, making feasible to use lower tracer species 471 
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concentrations [13]. The incubation time was increased from 1 to 10 hours, but 472 

no significant improvement on the analytical figures of merit was obtained 473 

(Table S5). From these findings, the detection capability is thought to be derived 474 

from the immunoassay procedure itself. It should be considered that, given the 475 

size of the BSA moieties (66 kDa), high steric effects are expected when 476 

biotinylated AFM1-BSA conjugates are captured by the pAbs coating the 477 

microtiter plate. Obviously, steric effects are more significant as the AFM1 478 

content in the sample decreases since more biotinylated AFM1-BSA conjugates 479 

are captured on the solid phase. To address this issue, some modifications 480 

were implemented in this type of immunoassay to favor the immunocomplex 481 

formation. Thus, the immunocomplexes were generated in a homogeneous 482 

phase rather than in a heterogeneous phase; minimizing steric effects and, 483 

given that the antibodies are bivalent molecules, the immunocomplexes formed 484 

were retained in a microtiter plate coated with the antigen-protein conjugate. To 485 

our best knowledge, this is the first time that this strategy is employed for 486 

hapten analysis. From now on, as mentioned above, this immunoassay will be 487 

called capture bridge inhibition assay (CBIA). 488 

The optimization of CBIA was carried out likewise the CIA procedure but 489 

including the concentration of the AFM1-BSA conjugates coating the microtiter 490 

plate. After some preliminary test, this concentration was observed to be not 491 

critical for the immunoassay. This reagent had just to be in excess to maximize 492 

the immunocomplex capture and, hence, this parameter was kept at 1 µg mL-1. 493 

Next, a checkerboard titration procedure was employed to optimize the 494 

biotinylated AFM1–BSA conjugate nominal concentration and the pAb 495 

concentration. To this end, the pAb concentration was modified from 0.125 to 2 496 
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µg mL-1 whereas the biotinylated AFM1 –BSA conjugate nominal concentration 497 

was tested from 0.01 to 0.64 µg mL-1. During this optimization, a streptavidin- 498 

metal nanoparticle conjugates concentration of 0.08 µg mL-1 was employed. A 499 

satisfying compromise between an optimum analytical sensitivity with a 500 

consistent readout was obtained using 2 µg mL-1 pAb and 0.04 µg mL-1 501 

biotinylated AFM1-BSA conjugate for all streptavidin-metal nanoparticles 502 

conjugate tested (Table S6). The influence of the streptavidin-metal 503 

nanoparticle conjugates concentration, as it was previously observed for CIA 504 

strategy, did not have a significant effect on the LoD (Table S7). Therefore, the 505 

streptavidin-metal nanoparticles conjugate concentration was again kept at 0.08 506 

µg mL-1 as compromise between analytical performance and cost. Under these 507 

conditions, as it was previously noticed for the CIA procedure, LoD for AFM1 508 

determination was independent on the streptavidin-metal nanoparticles 509 

conjugate employed, both chemical nature and size (Figure 5). Nevertheless, 510 

steric effects were less significant in the new approach since LoD for CBIA 511 

strategy (5 ng kg-1) was improved 20-fold regarding CIA strategy (Table 2). In 512 

general, no significant differences were observed on the dynamic range for both 513 

CIA and CBIA strategies. 514 

 515 

3.2. Comparison of the competitive immunoassays studied for AFM1 analysis  516 

From data gathered in the previous section, the use of the pAb as tracer 517 

species (as in the case of the ABIA procedure) seems to be more 518 

advantageous than the use of the antigen-protein conjugate as the tracer one 519 

(as in the case of CIA/CBIA strategies) for AFM1 analysis at ultratrace levels. 520 

Immunocomplex formation in the ABIA strategy (unlike the other strategies) is 521 
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not impeded by steric effects since, given the volume occupied by the BSA 522 

residues on the solid phase, pAbs have enough space to form the 523 

immunocomplexes without interacting with their neighbours (Figure 1). In this 524 

case, the use of big diameter nanoparticles is indeed advantageous to detect 525 

low amounts of pAb retained on the solid phase. In fact, using streptavidin-80 526 

nm Au nanoparticle conjugates, the LoD for ABIA strategy was 1000-fold and 527 

50-fold lower regarding CIA and CBIA strategies, respectively. The LoD 528 

obtained with the ABIA method (0.1 ng kg-1) was low enough to quantify AFM1 529 

according to the different international policies. The European Community 530 

legislation limits AFM1 levels in milk and infant formula at 50 and 25 ng kg-1, 531 

respectively; [25,26] whereas Food and Drug Administration from USA does 532 

allow AFM1 levels up to 500 ng kg-1 [27]. As regards CIA and CBIA strategies, 533 

steric effects control the immunocomplex formation and, consequently, no direct 534 

advantages are derived from using metal nanoparticles of different chemical 535 

nature and size. Nevertheless, LoD afforded by CBIA (namely, 5 ng kg-1) was 536 

still low enough to control AFM1 levels according to international policies. 537 

Regarding the CIA method (with a LoD of 100 ng kg-1), it can only be used to 538 

control the AFM1 levels according to USA guidelines but no according to EU 539 

ones. On the other hand, an additional benefit derived from ABIA strategy was 540 

the reduction of the amount of pAb required in the immunoassay procedure by 541 

two orders of magnitude regarding CIA and CBIA strategies, thus decreasing 542 

immunoassay costs. Nevertheless, this cost reduction is counterbalanced by 543 

the need of a secondary Ab. The main benefit of using CIA and CBIA methods 544 

is the higher sample throughput since the whole immunoassay procedure takes 545 
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a shorter time. Finally, no significant differences were noticed on the 546 

immunoassay dynamic range. 547 

 548 

3.3. Method validation for AFM1 analysis in milk 549 

Both ABIA and CBIA methods were validated for AFM1 analysis in milk 550 

samples according to European Conformity guidelines for analytical methods of 551 

food contaminants and mycotoxins [25,26]. Capture inhibition assay strategy 552 

was discarded due to its limited capability to control AFM1 levels according to 553 

EU policy. Streptavidin-80 nm Au nanoparticle conjugates were used for AFM1 554 

determination by means of ABIA method due to its higher detection capabilities. 555 

As regards CBIA strategy, though the metal nanoparticle characteristics were 556 

not critical, 80 nm Au nanoparticles were employed for the sake of comparison. 557 

To evaluate the accuracy and precision of the methods, they were applied to 558 

the determination of AFM1 in the ERM-BD283 milk powder reference material 559 

and recovery studies were carried out by spiking milk samples with AFM1 560 

standard at concentration levels over (80 ng kg-1) and below (30 ng kg-1) the 561 

limits established by the EU policy. 562 

Initially, irrespective of the immunoassay procedure employed, all milk 563 

samples were analyzed after an extraction pretreatment with acetonitrile to 564 

mitigate the effects of matrix components (i.e., proteins, fats, etc.). This 565 

procedure was selected due to its simplicity and the good results afforded in our 566 

previous work using streptavidin-40 nm Au nanoparticle conjugates in the ABIA 567 

strategy [13]. However, AFM1 recoveries were systematically higher than 100% 568 

for both ABIA and CBIA procedures using streptavidin-80 nm Au nanoparticle 569 

conjugates (Table S8). From these results, it can be derived that both types of 570 
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immunoassays suffer from strong matrix effects caused by the milk components 571 

that are still present in the acetonitrile extract phase. In the case of ABIA 572 

strategy, these results could be attributed to the lower pAb concentration 573 

employed since it makes the immunoassay more sensitive to lower AFM1 574 

concentrations but also to matrix components. Taking into account the LoD 575 

afforded by the ABIA method, milk samples could be diluted to mitigate matrix 576 

effects without compromising analyte quantification [12]. To this end, before the 577 

extraction pretreatment, milk samples were diluted with the appropriate volume 578 

of ultrapure water. It was observed that matrix effects disappeared after a 4-fold 579 

milk dilution (Table S8). Table 3 shows the recovery values obtained for AFM1 580 

determination in the certified reference material and in the spiked milk samples 581 

by means of ABIA strategy after 4-fold dilution. As can be observed, good 582 

recoveries in the ranged of 93-102% were obtained. These values were within 583 

the limits established by the EU for analyte concentrations below 1 µg kg-1 (-584 

40%/+20%). Taking into account the sample preparation procedure applied, 585 

LoD for AFM1 determination by means of ABIA strategy was experimentally 586 

determined as 0.4 ng kg-1. The repeatability or intra-day precision was 587 

evaluated by analyzing five replicates of each sample in the same day. The 588 

reproducibility (inter-assay precision) was determined by analyzing five 589 

replicated samples, which were spiked with the same amount of AFM1, in five 590 

consecutive days. The intra- and inter-day precisions were expressed as the 591 

percentage relative standard deviation (RSD%). The RSDs were ranged from 592 

2–10% and 5–15% for intra-day and inter- day variations respectively, which 593 

indicates good precision of the ABIA method. 594 
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As regards the CBIA strategy, the poor recoveries obtained for milk analysis 595 

after the extraction pretreatment could be attributed to the influence of matrix 596 

components on the biotinylated AFM1-BSA-pAb immunocomplex formation and 597 

its retention on the microtiter plate. Unlike ABIA method, dilution could not be 598 

employed in this case since LoD would compromise AFM1 analysis according to 599 

EU policy. Consequently, dilution was discarded, and an extraction procedure 600 

based on the use of immunocolumns was selected. This approach made 601 

feasible AFM1 analysis but at the expense of a precision decrease (Table 3). 602 

The RSD for intra-assay and inter-assay determination of AFM1 was over 10%. 603 

Due to the extraction-preconcentration pretreatment, LoD for CBIA strategy was 604 

approximately improved 50-fold (i.e. 0.1 ng kg-1) and, consequently, detection 605 

capabilities for CBIA strategy were similar to those shown by ABIA method.  606 

Finally, both methods were applied to the analysis of commercial products 607 

(i.e. raw, pasteurized and ultra-high temperature pasteurized milk) obtained 608 

from retail markets and supermarkets. However, as expected, none of them 609 

showed detectable levels of AFM1. 610 

 611 

3.4. Comparison of different methodologies for AFM1 determination. 612 

Analytical figures of merit of ABIA and CBIA procedures were compared 613 

with those previously reported in the literature for AFM1 determination in milk 614 

(Table 4). Comparing to other competitive immunoassays and sensors, the LoD 615 

and the dynamic range are clearly improved by the immunoassays with ICP-MS 616 

detection. For instance, LoD improvement afforded by ABIA and CBIA range 617 

from 3 to 100-fold regarding ELISA procedures. Nevertheless, sample 618 

throughput is slightly reduced due to the sequential nature of the mass 619 
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spectrometer. Antibody binding inhibition assay affords similar LoD than 620 

chromatographic methods but avoiding complex sample pretreatments based 621 

on solid phase extraction (such as immunocolumns) to preconcentrate and 622 

purify the AFM1. In this regard, CBIA strategy is clearly less attractive since 623 

immunocolumns are mandatory for AFM1 analysis. The main benefit of 624 

chromatographic methods is the feasibility to analyze several aflatoxins 625 

simultaneously. 626 

 627 

4. Conclusions 628 

This work demonstrates the critical role that plays the tracer species (i.e. 629 

antibody or antigen-protein conjugate) used in the competitive immunoassay for 630 

the aflatoxin M1 determination by ICP-MS. Using the antibody as tracer species 631 

(as in the ABIA strategy), the nanoparticle-label exerts a great influence on the 632 

immunoassay experimental conditions and, consequently, on the analytical 633 

figures of merit. This type of immunoassay affords better analytical figures of 634 

merit and lower matrix effects than those based on the use of antigen-protein 635 

conjugate as tracer species (CIA and CBIA strategies). The immunocomplex 636 

formation in the latter approach is severely hampered by steric effects caused 637 

by the protein moiety in the antigen-protein conjugate. According to these 638 

results, competitive immunoassays based on the use of antibodies as tracer 639 

species seem to be more suitable for hapten analysis by means of ICP-MS 640 

detection since this strategy exploits better the detection capabilities afforded by 641 

this technique. On this regard, it is important to highlight that the use of ICP-MS 642 

detection is especially advantageous for ultra-trace determination of AFM1 in 643 

milk samples regarding other detection approaches. 644 
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Figure captions 785 

Fig. 1. Scheme of the different competitive immunoassays tested in this work. 786 

 787 

Fig. 2. Influence of the pAb concentration on the limits of detection for AFM1 788 

determination by means of ABIA procedure using different streptavidin- metal 789 

nanoparticles conjugates. (x) Ag-40 nm; (�) Ag-80 nm; (�) Au-40 nm; (�) Au-790 

80 nm. Aflatoxin M1-BSA conjugate concentration: 0.35 µg mL-1; secondary Ab 791 

concentration: 0.5 µg mL-1; streptavidin-metal nanoparticle conjugates 792 

concentration: 0.08 µg mL-1. Each bar represents the mean ± t·s·n-1/2 for three 793 

determinations (P = 95%). 794 

 795 

Fig. 3. Aflatoxin M1 calibration curve using different streptavidin-metal 796 

nanoparticle conjugates for the ABIA procedure. (x) Ag-40 nm; (�) Ag-80 nm; 797 

(�) Au-40 nm; (�) Au-80 nm. Aflatoxin M1-BSA conjugate concentration: 0.35 798 

µg mL-1; pAb concentration: 0.25 µg mL-1 (Ag-40 nm), 0.24 µg mL-1 (Au-40 nm), 799 

and 0.015 µg mL-1 (Au-80 nm and Ag-80 nm); secondary Ab concentration: 0.5 800 

µg mL-1; streptavidin-metal nanoparticle conjugates concentration: 0.08 µg mL-1. 801 

Each bar represents the mean ± t·s·n-1/2 for three determinations (P = 95%). 802 

 803 

Fig. 4. Aflatoxin M1 calibration curve using different streptavidin-metal 804 

nanoparticle conjugates for the CIA procedure. (x) Ag-40 nm; (�) Ag-80 nm; 805 

(�) Au-40 nm; (�) Au-80 nm. Primary antibody concentration: 2.5 µg mL-1; 806 

biotinylated AFM1-BSA conjugate: 0.05 µg mL-1 and streptavidin-metal 807 

nanoparticle conjugates concentration: 0.08 µg mL-1. Each bar represents the 808 

mean ± t·s·n-1/2 from three determinations (P = 95%). 809 
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Fig. 5. Aflatoxin M1 calibration curve using different streptavidin-metal 810 

nanoparticle conjugates for the CBIA procedure. (x) Ag-40 nm; (�) Ag-80 nm; 811 

(�) Au-40 nm; (�) Au-80 nm. Aflatoxin M1-BSA conjugate: 1 µg mL-1; pAb 812 

concentration: 2.0 µg mL-1; biotinylated AFM1-BSA conjugate: 0.04 µg mL-1 and 813 

streptavidin-metal nanoparticle conjugates concentration: 0.08 µg mL-1. Each 814 

bar represents the mean ± t·s·n-1/2 from three determinations (P = 95%). 815 

 816 

 817 

 818 

 819 

 820 
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Table 1.  Operating conditions employed in ICP-MS. 

Agilent 7700x ICP -MS 

Plasma forward power (W)  1550 

Argon flow rate (L min -1):  

Plasma  15 

Auxiliary  0.9 

Nebulizer  1.01 

Sample introduction system   

Nebulizer  OneNeb micronebulizer® 

Spray chamber  Double pass  

Carrier flow rate (mL min −1) 0.6 

Integration time (s)  0.5 

Number of sweeps  100 

Replicates  90 

Signal nature  Area 
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Table 2. Optimum experimental conditions, limit of detection and dynamic range for the different immunoassay strategies.  

Parameter  ABIA  CIA CBIA 

Nanoparticle 
Ag  Au  

Ag/Au (40/80 nm)  Ag/Au (40/80 nm)  
40 nm 80 nm 40 nm# 80 nm 

AFM1-BSA conjugate (µg mL -1) 0.35 0.35 0.35 0.35 - 1 

pAb ( µg mL -1) 0.25 0.015 0.24 0.015 2.5 2.0 

Biotinylated secondary -Ab (µg mL -1) 0.5 - - 

Biotinylated AFM 1-BSA conjugate (µg mL -1) - 0.05 0.04 

Streptavidin -metal nanoparticle conjugate  

(µg mL -1) 
0.08 

IC50 (ng kg -1) 310 30 42 3 1250 78 

LoD (ng kg -1) 12 2 5 0.1 100 5 

lLoQ -uLoQ (ng kg -1) 30-5000 6-1250 10-2500 0.3-100 300-5000 15-1250 

# Data taken from reference [13] 
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Table 3. Recovery analysis of AFM1 by ABIA and CBIA methods. Sample pretreatment: ABIA: 4-fold dilution + acetonitrile 

extraction; CBIA: immunocolumns. 

Immuoassay  Sample 
AFM1 concentration (ng kg -1) 

Recovery (%)* 
Certified / expected Experimental*  

ABIA 

ERM®-BD283  11.1 ± 1.8 11 ± 1 99 ± 7 

Commercial whole milk 80 81 ± 9 101 ± 8 

Commercial whole milk 30 29 ± 3 96 ± 8 

Commercial fresh milk 80 81 ± 4 101 ± 7 

Commercial fresh milk 30 31.5 ± 1.3 105 ± 4 

CBIA 

ERM®-BD283  11.1 ± 1.8 11.3 ± 1.2 102 ± 11 

Commercial whole milk 80 77 ± 8 95 ± 11 

Commercial whole milk 32 33 ± 4 102 ± 12 

Commercial fresh milk 80 75 ± 10 93 ± 13 

Commercial fresh milk 32 31 ± 2 97 ± 8 

*mean ± t·s·n-1/2, n = 5, P = 95%. 
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Table 4.  Comparison of different analytical methods proposed in the literature for AFM1 determination in milk samples.  

 Method  Recovery  

(%) 

Precision  

(%) 

LOD 

(ng kg -1) 

Dynamic range  

(ng kg -1) 

Reference  

Im
m

un
oa

ss
ay

s 

ABIA - ICPMS  98-107 < 9 0.4 1.2-1200 This work 

CBIA-ICPMS 93-102 < 10 0.1 0.3-50 This work 

Direct competitive ELISA (UV -Vis detection)  90-110 < 10 3 - [28] 

Direct competitive ELISA  

(chemiluminiscente detection) 

80-120 < 10 1 2-7.5 [29] 

Indirect competitive ELISA (UV -Vis detection)  80-102 5-17 40 40-500 [30] 

Li
qu

id
 c

hr
om

at
og

ra
ph

y
 Highly -sensitive time -resolved fluorescent 

immunochromatographic assay  

80-110 5-12 0.3 0.1-200 [31] 

UHPLC-MS/MS 79 < 15 0.18 50-500000 [32] 

Solid phase extraction -UPLC-MS/MS  89-120 2-9 0.3 1-300 [33] 

Liquid -liquid extraction HPLC -Fluorescence detection  73-99 2-7 50 - [34] 

Magnetic solid phase extraction -HPLC- Fluorescence 

detection  

91-102 5 5 15-10000 [35] 

S
en

so
rs

 Electrochemical immunosensor  - - 12 15-1000 [36] 

Flow injection immunoassay  80-120 8 11 20 - 500 [37] 
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Highlights 
 

• Different competitive immunoassays for AFM1 determination by ICP-MS 

are developed  

• Figures of merit depend on the immunoassay tracer species and the 

nanoparticle used 

• Developed immunoassays allow monitoring AFM1 below the maximum 

levels set by EU 

• Limits of detection for AFM1 in milk are improved 10-fold regarding 

ELISA. 

 


