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Abstract

A preliminary investigation of the potential binding interaction of isolated whey proteins and casein
proteins with aflatoxin M; (AFM;) using a surface plasmon resonance optical biosensor is described. The
experimental conditions were restricted to facilitate a qualitative analysis that, for the first time, has
demonstrated that AFM; differentially binds to a-casein and k-casein; it has negligible interaction with
B-casein and the individual whey proteins. These observations with individual casein proteins can be
extrapolated to infer that such differential binding occurs in intact milk and explains the many previous
reports of the heterogeneous distribution of AFM; in milk and milk products that have only indirectly

proposed its affinity for casein.
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1. Introduction

While developing an analytical method to estimate the aflatoxin M; (AFM3) content in bovine milk
products, it was observed that the recoveries of spiked AFM; from milk protein concentrate and cheese
were considerably lower than those from whey protein products (Wood et al., 2020). Prior literature on
the apparent enrichment of AFM; in cheese, as well as ultrafiltration studies on caprine, ovine and bovine
milk protein fractions, gave indirect evidence that the casein fraction binds to AFM; (Barbiroli et al., 2007;

Brackett & Marth,1982; Chavarria et al., 2017; Pecorelli et al., 2020).

Several analytical techniques have been used to investigate putative protein-ligand interactions (Poor et
al., 2017). Recently, optical biosensors utilising surface plasmon resonance (SPR) detection have become
an important evanescent field technique for the label-free and real-time detection and characterisation of
biomolecular interactions at an interface functionalised by the immobilisation of a biological recognition
molecule (Homola, 2008). SPR can uniquely reveal weak binding interactions and, in pure model systems,
can also determine the kinetics and thermodynamics of complex formation, albeit without necessarily

identifying the binding sites.

Because of the potential for biomolecular binding interactions within complex food systems such as milk,
SPR has been applied to provide information on the specificity and affinity of such interactions. SPR-based
biosensors have been applied to casein (Ashley et al., 2017; Marchesseau et al., 2002; Muller-Renaud,
Dupont, & Dulieu, 2005), although relatively few SPR studies have evaluated the interactions between
casein and hydrophobic low molecular mass bioactive compounds (Bahri, Henriquet, Pugniére,
Marchesseau, & Chevalier-Lucia, 2019; De Gobba, Mgller, Rauh, Svensson, & Lund, 2020; Pacheco et al.,
2020).

Many reports have proposed an affinity of AFM; for the caseins in milk and milk products, based indirectly
on the observation of low AFM; recovery during quantitative analysis and the common observation of its
selective concentration in cheese. However, only one study utilising equilibrium dialysis has investigated

this putative interaction (Brackett & Marth, 1982).

We have therefore applied the SPR biosensor platform to directly, but qualitatively, screen for evidence of
possible binding of AFM; with a panel of individual isolated milk proteins. The experimental conditions
were designed specifically to determine the ligand binding partners in a dose-response manner; kinetic
analysis of any binding would require different experimental conditions and was beyond the scope of this

study.
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2. Materials and methods

2.1. Instrumentation, reagents and biosensor surface preparation

The SPR instrument (Biacore Q), operating and data processing software and CM5 sensor chips were from
GE Healthcare (Uppsala, Sweden). Reagents and surface preparation were as reported previously (Indyk,
Chetikam, Gill, Wood, & Woollard, 2019). Briefly, ligand immobilisation, with either bovine serum albumin
(BSA) or BSA-AFM; conjugate, was achieved by standard amine-coupling chemistry at 25 °C in sodium

acetate buffer (10 mM, pH 4.4) with HBS-EP running buffer (pH 7.4).

Bovine serum albumin, BSA-AFM; conjugate, a-casein, B-casein, k-casein, a-lactalbumin, B-lactoglobulin,
and immunoglobulin G (IgG) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The individual caseins
(as1-, as2-, B- and k-) were also isolated from skim milk, after acid precipitation of casein, using cation-
exchange chromatography (S-Sepharose), dialysis and freeze drying. From initial aqueous stock solutions

(10 mg mL™?), each protein was individually prepared at 0-100 mg mL by serial dilution in HBS-EP buffer.

2.2. Biosensor assay

The functionalised sensor chip was equilibrated at ambient temperature, and protein standards (100 mL)
were dispensed in a 96-well microtitre plate and sealed with adhesive foil. Automated analysis was
accomplished with the sequential single flow-cell addressable instrument at 25 °C, with HBS-EP as the
running buffer. Individual protein standards were injected over separately designated flow cells for 120 s
at 10 mL min?, followed by a dissociation period of 90 s. Regeneration of the sensor surface was achieved

by a 5 mL injection of sodium hydroxide (5 mM) at 50 mL min™.

Initially, to evaluate the binding specificity qualitatively, the high-level standard (100 mg mL™) of each
protein was sequentially injected over all three functionalised surfaces (flow cell 1, control; flow cell 2, BSA;
flow cell 3, BSA-AFM1). A subsequent trial was designed to characterise the quantitative dose-response

relationship, by injecting a concentration series of each protein over the BSA-AFM; surface.

The entire association, dissociation and regeneration phases of each interaction were monitored,
facilitating reference sensorgram subtraction to evaluate the binding specificity. Report points acquired at
the end of the association phase relative to the baseline enabled quantitation of the binding response

(resonance unit, RU, where 1 RU is a change in refractive index of 107, equivalent to 1 pg mm™ protein).

3. Results and discussion
Optical biosensors based on SPR detection are ideally suited to revealing real-time information regarding

the potential interaction of low molecular mass bioactive compounds with both the individual globular
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whey proteins and the less structured caseins of milk and can monitor not only the endpoint but also the
entire association and dissociation process. A direct assay format based on the interaction of immobilised
AFM; with the high molecular mass proteins in solution is preferable to immobilising multiple individual
proteins, and also with regard to relative molecular mass. Since a formal kinetic analysis was beyond the
scope of this study, high ligand immobilisation levels (R.= 12,000 RU) were targeted to reveal possible
binding responses and thereby facilitate a qualitative evaluation of the binding of individual milk proteins

to surface-tethered AFM;.

To qualitatively evaluate binding specificity, sensorgrams for each high-level individual protein were initially
acquired over all three surfaces. No reference subtraction over the nonfunctionalized control surface (flow
cell 1) was required for any protein as the relative binding responses were consistently <1 RU, an
observation that confirmed the absence of non-specific binding of any milk protein to the
carboxymethyldextran hydrophilic support surface. The whey proteins (a-lactalbumin, b-lactoglobulin, BSA,
and 1gG) were found not to bind to either the BSA-tethered surface (flow cell 2) or the active BSA-AFM1
immobilised surface (flow cell 3), with responses consistently <2 RU. In contrast, certain caseins were
found to bind with varying affinities to both BSA- and BSA-AFM;-immobilised surfaces, with responses for
the latter surface consistently greater than those for the former. To reveal the specific binding isotherm to
AFM;, sensorgrams for the three individual casein proteins (100 mg mL™) after subtraction of background

non-specific binding from the BSA-immobilised surface (flow cell 2) are illustrated in Fig. 1.

The dose-response relationship was subsequently investigated by injecting each individual whey protein
and casein protein at different concentrations (0—100 mg mL™) over the BSA-AFM; surface (flow cell 3),

further confirming the absence of binding by the whey proteins, as illustrated in Fig. 2.

Both commercially available and in-house isolated caseins were included to provide confirmation of binding
properties, and it was further demonstrated that as;-casein and as;-casein bound AFM; with equivalent
responses. It is apparent from these observations that, of the caseins, a-casein and k-casein each formed
a complex through interaction with immobilised AFM; in a dose—response manner, whereas the binding
response of b-casein was negligible. It is also apparent that both caseins interacted with AFM; with the
rapid association and dissociation characteristics typical of low affinity interactions of low molecular mass
analytes with proteins. Under high ligand immobilisation levels, the isotherms for both a-casein and

K-casein were qualitatively indicative of biphasic binding to both BSA and AFM;.

Whey and casein milk proteins have received attention for their ability to function as nanocarriers for low
molecular mass bioactive compounds. Because of its greater hydrophobicity amongst the caseins
(B> k> a), such binding involving B-casein has recently been investigated by SPR techniques, yielding

kinetic and thermodynamic information (Bahri et al., 2019; Pacheco et al., 2020). It is significant that, in




this pre-print manuscript downloaded from http://brendongill.com/unsecure/manuscript2021d.htmi

Indyk et al. (2021) Int. Dairy J. 121, 104886. doi.org/10.1016/j.idairyj.2021.105119

contrast to a- and k-casein, B-casein did not bind to immobilised AFM; under the conditions of SPR analysis
described in this study, an observation that indicates that forces other than hydrophobic were involved in

the non-covalent interaction of the caseins with AFM.

Previous studies utilising spectroscopic and molecular modelling have reported a putative affinity between
aflatoxins and both whey proteins and casein proteins, to rationalise the AFM; distribution in milk systems
and its concentration in cheese products (Blanco et al., 1988; Chavarria et al., 2017), and an early study
using equilibrium dialysis confirmed that AFM; associated noncovalently with casein, albeit without
differentiating between the casein isoforms (Brackett & Marth, 1982). The SPR-based technique directly
and unambiguously confirms the affinity of AFM; for a- and k-casein in the model system investigated

without, however, identifying the non-covalent binding site(s) involved.

4. Conclusions

This study has exploited an SPR-based biosensor to directly investigate the putative binding of AFM; to milk
caseins that has been speculated in multiple previous studies to rationalise the heterogeneous distribution
of this mycotoxin in milk and milk products. The experimental conditions facilitated a qualitative analysis
confirming, for the first time, that AFM; binds specifically with a-casein and k-casein, but that any
interaction with B-casein or the whey proteins is negligible. These observations can be extrapolated to
predict that such binding occurs in raw milk; future quantitative kinetic and affinity analysis may assist in
characterising the interaction and provide insight into the concentration of AFM; in various milk-derived

protein products.

CRediT author statement
Harvey Indyk: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources,
Writing original draft, Writing, review & editing. Jackie Wood: Conceptualization, Writing original draft,

Writing, review & editing. Brendon Gill: Visualization, Writing, review & editing.

Declaration of competing interest
The authors declare that they have no known competing financial interests or personal relationships that

could have appeared to influence the work reported in this paper.

Acknowledgements
The authors thank Christina Coker for providing casein isolates, Rob Crawford (Fonterra Co-operative Group
Ltd) for support of this study and Claire Woodhall for proofreading the manuscript. This research did not

receive any specific grant from funding agencies in the public, commercial or not-for-profit sectors.




this pre-print manuscript downloaded from http://brendongill.com/unsecure/manuscript2021d.htmi

Indyk et al. (2021) Int. Dairy J. 121, 104886. doi.org/10.1016/j.idairyj.2021.105119

References
Ashley, J., Piekarska, M., Segers, C., Trinh, L., Rodgers, T., Willey, R., et al. (2017). An SPR based sensor for
allergens detection. Biosensors and Bioelectronics, 88, 109-113. doi.org/10.1016/j.bios.2016.07.101

Bahri, A., Henriquet, C., Pugniere, M., Marchesseau, S., & Chevalier-Lucia, D. (2019). Binding analysis
between monomeric B-casein and hydrophobic bioactive compounds investigated by surface plasmon
resonance and fluorescence spectroscopy. Food Chemistry, 286, 289-296.

doi.org/10.1016/j.foodchem.2019.01.176

Barbiroli, A., Bonomi, F., Benedetti, S., Mannino, S., Monti, L., Cattaneo, T., et al. (2007). Binding of aflatoxin
M1 to different protein fractions in ovine and caprine milk. Journal of Dairy Science, 90, 532-540.

doi.org/10.3168/jds.50022-0302(07)71536-9

Blanco, J. L., Dominguez, L., Gdmez-Lucia, E., Garayzabal, J. F. F., Goyache, J., & Sudrez, G. (1988). Behavior
of aflatoxin during the manufacture, ripening and storage of Manchego-type cheese. Journal of Food

Science, 53, 1373-1388. doi.org/10.1111/j.1365-2621.1988.tb09280.x

Brackett, R. E., & Marth, E. H. (1982). Association of aflatoxin M1 with casein. Zeitschrift fiir Lebensmittel-
Untersuchung und-Forschung, 174, 439-441. doi.org/10.1007/BF01042721

Chavarria, G., Molina, A., Leiva, A.,, Méndez, G., Wong-Gonzalez, E., Cortés-Mufioz, M., et al. (2017).
Distribution, stability, and protein interactions of aflatoxin M1 in fresh cheese. Food Control, 73, 581—

586. doi.org/10.1016/j.foodcont.2016.09.005

De Gobba, C., Mgller, M. S., Rauh, V., Svensson, B., & Lund, M. N. (2020). Casein—casein interactions in the
presence of dairy associated carbohydrates analysed using surface plasmon resonance. International

Dairy Journal, 105. 104686. doi.org/10.1016/j.idairyj.2020.104686

Homola, J. (2008). Surface plasmon resonance sensors for detection of chemical and biological species.

Chemical Reviews, 108, 462—493. doi.org/10.1021/cr068107d

Indyk, H. E., Chetikam, S., Gill, B. D., Wood, J. E., & Woollard, D. C. (2019). Development and application of
an optical biosensor immunoassay for aflatoxin M1 in bovine milk. Food Analytical Methods, 12, 2630—

2637. doi.org/10.1007/s12161-019-01621-5

Marchesseau, S., Mani, J.-C., Martineau, P., Roquet, F., Cuq, J.-L., & Pugniére, M. (2002). Casein interactions
studied by the surface plasmon resonance technique. Journal of Dairy Science, 85, 2711-2721.

doi.org/10.3168/jds.50022-0302(02)74358-0




this pre-print manuscript downloaded from http://brendongill.com/unsecure/manuscript2021d.htmi

Indyk et al. (2021) Int. Dairy J. 121, 104886. doi.org/10.1016/j.idairyj.2021.105119

Muller-Renaud, S., Dupont, D., & Dulieu, P. (2005). Development of a biosensor immunoassay for the
quantification of as;-casein  in  milk. Journal of Dairy Research, 72, 57-64.

doi.org/10.1017/50022029904000664

Pacheco, A. F. C., Nunes, N. M., Campos de Paula, H. M., Coelho, Y. L., Mendes da Silva, L. H., Pinto, M. S,,
et al. (2020). B-Casein monomers as potential flavonoids nanocarriers: Thermodynamics and kinetics
of B-casein-naringin binding by fluorescence spectroscopy and surface plasmon resonance.

International Dairy Journal, 108. 104728. doi.org/10.1016/].idairyj.2020.104728

Pecorelli, I., Branciari, R., Roila, R., Ranucci, D., Bibi, R., van Asselt, M., et al. (2020). Evaluation of aflatoxin
M1 enrichment factor in different cow milk cheese hardness category. Italian Journal of Food Safety,

9. 8419. doi.org/10.4081/ijfs.2020.8419

Poér, M., Balint, M., Hetényi, C., Godér, B., Kunsagi-Mata, S., Készegi, T., et al. (2017). Investigation of non-
covalent interactions of aflatoxins (B1, B2, G1, and M1) with serum albumin. Toxins, 9. 339.

doi.org/10.3390/toxins9110339

Wood, J. E., Gill, B. D., Indyk, H. E., Rhemrev, R., Pazdanska, M., Mackay, N., et al. (2020). Determination of
aflatoxin M1 in liquid milk, cheese, and selected milk proteins by automated online immunoaffinity
clean-up with liquid chromatography- fluorescence detection. Journal of AOAC International 104,

719-724. doi.org/10.1093/jaoacint/qsaal64




this pre-print manuscript downloaded from http://brendongill.com/unsecure/manuscript2021d.htmi

Indyk et al. (2021) Int. Dairy J. 121, 104886. doi.org/10.1016/j.idairyj.2021.105119

o )
e
]
-
Q
o
wn
[+4]
o

-1 0.

_20.

0 50 100 150 200 250
Time (s)

Fig 1. Overlaid reference subtracted sensorgrams of individual caseins (100 mg mL™) injected over sensor
surface immobilised with BSA-AFM1 (regeneration phase removed for clarity): a, a-casein; b, k-casein;
¢, B-casein
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Fig 2. Dose-response curves of individual milk proteins (0-100 mg mL™) injected over sensor surface
immobilised with BSA-AFML1.: a, a-lactalbumin; b, bovine serum albumin; c, B-casein; d, B-lactoglobulin;
e, immunoglobulin G; f, k-casein; g, a-casein




