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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Jose Luis Domingo While inorganic nanomaterials are copiously incorporated in food products, their impact on the allergenicity
food proteins is largely unknown. This study analyzed the effect of widely used food additive nanomaterials
(silica and titania) on the antigenicity and allergenicity of milk proteins (B-lactoglobulin and casein) and
skimmed milk. Changes in the antigenicity of milk proteins in the presence of dietary nanomaterials were

identified using an indirect-ELISA assay, while the change in allergenicity was studied using mast cell (LAD2)
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All ici fes . . : .. . .
ES;;gemmty sensitized using allergic human sera. Results showed an enhancement in the allergenicity of milk proteins/
F171 skimmed milk interacted with particles (both silica and titania). Similarly, mast cell degranulation (a proxy for

allergenicity) was higher when exposed to particle interacted skim milk where nanomaterials of titania showed
the highest effect, and this tendency was retained even after subjecting to simulated gut digestion. Particles
induced alterations in the structure of milk proteins, as evidenced by our studies, are reasoned to expose epitopes

that increase allergenicity of milk proteins.

1. Introduction

Food allergy is defined as ‘an adverse health effect arising from a
specific immune response that occurs reproducibly on exposure to a
given food” (Boyce et al., 2011). The increasing occurrence of
life-threatening episodes and lack of effective treatment options make
food allergies a growing public health concern worldwide. Bovine milk
is a major source of animal proteins for human nutrition. Unfortunately,
however, milk allergy is one of the most common food allergies in young
children, affecting 2-3% of the general population (Castillo and Cassola,
2017). Research has shown that most of the sensitive children overcome
food allergies by the age of 3; however, the reaction still can develop or
appear in adulthood (Pelto et al., 1999; Bengtsson et al., 1996). The
adverse outcome from milk allergy span from cutaneous reactions, res-
piratory episodes, gastrointestinal (GI) distress to life threatening
anaphylactic shock (Fiocchi et al., 2010; Castillo and Cassola, 2017;
Turnbull et al., 2015).

There are around 20 proteins reported to induce IgE-mediated al-
lergy in cow milk, and 10 of them are reported in the official Allergen
Nomenclature Database from the World Health Organization and In-
ternational Union of Immunological Societies (WHO/IUIS) (Madsen
et al., 2014). Structure of protein is a critical determinant of its
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allergenicity. Studies have shown that extremes of pH and temperature
conditions encountered during food processing could alter conforma-
tional and linear epitopes in allergenic proteins whereby changing their
antigenicity and allergenicity (Madsen et al., 2014; Mine and Zhang,
2002; Burks et al., 1992). For instance, Maleki et al. reported that the
allergenicity of peanut increased 90-fold higher after roasting which
they related with protein modifications caused by the Maillard reaction
(Maleki et al., 2000). Allergenicity to proteins could increase, decrease
or remain unchanged in response to food processing conditions given
the possibilities of destruction of epitope sequences, formation of new
epitopes, increased accessibility of epitopes facilitated by change in
structural conformational of proteins depending on the type and extent
of food processing conditions (Castillo and Cassola, 2017).

Inorganic food additives materials such as silicon dioxide (E551) and
titanium dioxide (E171) have been used by food industries as anticaking
agents and white pigment, respectively (Athinarayanan et al., 2015). As
reported earlier, 33% of E551 (food-grade SiOy) and 36% of E171
(food-grade TiO,) exist in nanometric size range (<100 nm in diameter)
(Dekkers et al., 2011; Weir et al., 2012). Recent studies from our group
have shown that proteins of relevance to milk allergy could be enriched
when particles are dispersed in milk (Phue et al., 2021) and the inter-
action of proteins with dietary particles could alter the structure and
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function of proteins (Phue et al. 2020, 2021). However, the consequence
of particle-milk protein interaction on antigenicity and allergenicity of
milk proteins have not been addressed. Since interactions of particles
with proteins altered protein structures, it was reasonable to hypothe-
size that interactions of dietary particles with prominent food proteins
could alter its antigenic and allergic properties. We tested this hypoth-
esis by studying the alterations of the IgG binding (using ELISA) and
allergenicity (using mast cell degranulation assay) of milk and individ-
ual milk proteins (p-lactoglobulin and casein) in the presence of
food-grade particles of silica and titania.

2. Materials and methods
2.1. Materials

Food-grade silicon dioxide particles (FG-SiO2-NP) in nano-size
(AEROSIL 200F) and food additives silicon dioxide particles, E551
(SIPERNAT 22) were obtained from Evonik Corporation (NJ, United
States). Food grade titanium dioxide nanoparticles (FG-TiO2-NP, cat #
A020-II) were purchased from CNMI industrial corporation, China, and
food additives titanium dioxide particles (E171, cat # 13463-67-7) were
obtained from Minerals-Water, UK. All particles were used as received.
Casein (cat # 5890) was purchased from Sigma Aldrich (St. Louis, MO,
USA), and f-lactoglobulin (cat #S0131) was obtained from Davisco
Foods International Inc. (Eden Prairie, MN, USA). Quebon skimmed milk
(Agropur Dairy Cooperative, QC, Canada) was purchased from a local
grocery store. For enzyme-linked immunosorbent assay (ELISA), pri-
mary antibody for casein (Anti-casein rabbit antibody-cat # ab166596),
primary antibody for p-lactoglobulin (Anti-LGB rabbit antibody-cat #
ab112893) and secondary anti-rabbit antibody (cat # 6721) were pur-
chased from Abcam (Cambridge, UK). Unless stated otherwise, all other
chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA). Stock
buffer of 0.1 M of phosphate buffer (pH 6.5) was prepared using
deionized water obtained from a Milli-Q water system (Millipore Sigma,
Massachusetts, USA) and was stored at 4 °C before making the working
concentration (20 mM) prior to each experiment.

2.2. Characterization of pristine dietary particles and milk interacted
dietary particles

Silica and titania particles obtained initially in powder form were
dispersed in distilled Milli-Q water (deionized water) at 10 mg mL~!
concentration (stock solution) for further studies. Skimmed milk with
minimal fat content was used as a model food matrix for studying the
transformation of milk allergenicity in the presence of dietary particles.
Skimmed milk stored at 4 °C was centrifuged (17,000 g for 10 min) to
remove any debris, and the supernatant was collected for further use.
Aliquots (100 pL) of dietary particles were added to 900 pL of milk (final
concentration 10 mg mL’l) and incubated for 1 h at 37 °C. Control
particle samples were prepared by adding the same proportions of 20
mM sodium phosphate buffer (pH 6.5) (no proteins) to the particle so-
lution. Particles were then pelleted out by centrifugation (20,000 g) for
15 min in a temperature-controlled centrifuge (Sigma 3-30 KS, Sigma
Zentrifugen, Germany) at 4 °C, unbound milk proteins in the superna-
tant were discarded. Particle pellets were resuspended in 1 mL of 20 mM
sodium phosphate buffer (pH 6.5) and the resulting suspension was
centrifuged at 20,000 g for 15 min, and the supernatant was discarded to
avoid loosely bound proteins forming the ‘soft corona’ on particle sur-
face (Phue et al., 2021). This step was repeated twice to retain hard
corona formed on the particles. Particles thus obtained were used freshly
for further studies.

Pristine and milk interacted particles suspended in 1 mL of 20 mM
sodium phosphate buffer (pH 6.5) to achieve 1 mg mL™! concentration
were characterized for their size (and shape), and surface charge using
transmittance electron microscopy (TEM), and dynamic light scattering
technique (DLS), respectively. For TEM, 5 pL of particles suspension
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(100 pg mL™Y) was dropped onto 200-mesh Cu TEM grids with carbon
film and was air-dried at room temperature for an hour. TEM images
were acquired at 120 kV accelerating voltage using Tecnai G2 F20 200
kV Cryo-STEM (Field Electron and Ion Company (FEI), Oregon, USA).
The hydrodynamic diameter and zeta potential of the particles were
determined using DLS (Nanobook OMNI Instrument, USA). For this,
working concentrations of particles were prepared at 50 pg mL ™! in PBS
buffer (pH 6.5). The scattering angle was kept at 90° with a holder
temperature of 25 °C, and monodispersion medium viscosity of 0.89
mPa s. The measurements were run at an applied voltage of 100 V.

2.3. Quantification of protein adsorption on dietary particles

After the final wash of milk interacted particles, 100 pL of 20 mM
sodium phosphate buffer was added to achieve a particles concentration
of 10 mg mL™. To quantify the protein in the hard corona, strongly
adsorbed protein layer that is retained after washing of milk interacted
dietary particles (Milani et al., 2012), 25 pL of washed particle sus-
pensions were mixed with 25 pL of protein eluting buffer (containing 2%
sodium dodecyl-sulfate (SDS) in 20 mM sodium phosphate buffer) and
was incubated for 1 h at room temperature (Srinivasan et al., 2020).
Particles were separated from the solution by centrifugation at 20,000 g
for 15 min, and the protein eluted to the supernatant was used for
protein quantification as detailed elsewhere (Srinivasan et al., 2020).
For this, 10 pL of supernatant were mixed with 100 pL of Pierce 660
(Thermo Fischer Scientific, MA, U.S.A) containing 50 mM ionic deter-
gent compatible reagent (IDCR) (Thermo Fischer Scientific, MA, U.S.A).
The resulting mix was incubated for 5 min at room temperature before
measuring the absorbance at 660 nm using a microplate reader (Spec-
traMax i3x, Multi-mode Microplate Reader, Molecular Devices, USA).
Protein concentration was calculated using a standard curve obtained
using bovine serum albumin.

SDS-PAGE of eluted proteins from milk interacted particles was
conducted to determine prominent proteins associated with surface
corona. Twenty microliters of the milk interacted particles samples were
mixed with sample buffer containing 62.5 mM Tris-HCl, pH 6.8, 2% SDS,
25% (v/v) glycerol, 0.01% bromophenol blue. Subsequently, 5%
B-mercaptoethanol was added to one set of particles pelleted, vortexed,
and boiled for 5 min. Particles were removed from sample buffer by
centrifugation at 20,000 g for 15 min; protein-containing sample solu-
tion was collected and transferred into a fresh tube. Fifteen microliters of
each sample were loaded to a sample well of a gradient (4-20%) SDS-
polyacrylamide gel. Proteins were separated in the gel using 100 V for
1.5 h in a running buffer containing 2.5 mM tris, 19.2 mM glycine and
0.01% SDS. The gel was then stained in standard Coomassie blue-
methanol-acetic acid solution for 30 min at room temperature. These
gels were subsequently washed with de-staining solution (40% meth-
anol, 10% acetic acid and 50% water) for 30 min at RT to visualize the
protein bands.

2.4. Analysis of alteration in protein secondary structure by attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy

The ATR-FTIR spectra of p-lactoglobulin and casein before and after
interacting with dietary particles were used to assess changes in the
secondary structure of proteins upon binding with dietary particles. For
this, equal volumes of the proteins (10 mg mL 1) and dietary particles
(10 mg mL 1) were mixed in a clean glass tube and were incubated at
37 °C for 1 h. Pure protein samples were prepared by adding the same
proportions of DI water to the protein solution. Two microliters of
sample were dropped on the ATR probe and left to dry for 15 min. FTIR
spectra were collected in the wavelength range of 4000-400 cm ™! at a
resolution of 4 cm™! and 128 scans in Nicolet Summit ATR-FTIR spec-
trometer (Thermo Fisher Scientific, MA, USA). Each spectrum was cor-
rected for background noise. FTIR peaks corresponding to particles were
subtracted from the spectrum of the protein-particle complex. Fourier



W.H. Phue et al.

self-deconvolution was used to resolve overlapping bands in the FTIR
spectrum in the range of amide I 1700-1600 em ™! (Yang et al., 2015) by
OMNIC software.

2.5. Quantitative analysis of free thiol group by Ellman’s assay

Disulphide bonds are determinants of protein structure, stability and
formation of conformational IgE epitopes (Pekar et al., 2018). Therefore,
we determined the disruption of disulfide bonds when proteins were
interacted with dietary particles as detailed previously (Riener et al.,
2002). Briefly, 200 pL of 1 mg mL™! proteins (pure or particle inter-
acted) and 50 pL of 2 mM 5,5'-dithio-bis-2-nitrobenzoic acid (DTNB)
were added to 100 pL of tris buffer (1M) in an Eppendorf tube. The
solution was topped up to 1 mL with DI water. The absorbance of the
resulting solution was measured using SpectraMax i3x multi-mode
microplate reader at 412 nm. Different concentrations of acetylcys-
teine were used for preparing the standard curve, and protein denatured
by 6 M guanidinium chloride was used as a positive control.

2.6. Assessing changes in the quaternary structure of proteins in presence
of dietary particles

The changes in the quaternary structure of proteins interacted with
particles were determined using changes in the intrinsic fluorescence of
tryptophan, tyrosine, and phenylalanine. The emission intensity of
protein suspension (0.1 mM in 20 mM phosphate buffer-pH 6.5) was
compared with those containing various concentration of dietary par-
ticles (0 mM-100 mM). The quenching studies were repeated at
different temperatures 20 °C, 25 °C, 30 °C and 35 °C to identify the type
of interaction between particles and proteins. The binding affinity of
each particle to proteins was calculated using the Stern-Volmer equation
as shown below,

F/F = 1 + Ky [Ql = 1 + K, 1 [Q]

Where F( and F represent the steady-state fluorescence intensities in the
absence and presence of silica particles, respectively, K is the biomol-
ecular quenching constant, and r° is the fluorescence lifetime in the
absence of particles. The value of r° is a constant: 1.28 ns for p-lacto-
globulin (Gorji et al., 2015) and 0.982 ns for casein (Panja et al., 2018).
Ky is the Stern-Volmer quenching constant, and [Q] is the concentration
of the particles.

2.7. Protein identification of in vitro digested milk samples by one-
dimension gel electrophoresis

Milk in the presence of different dietary particles was passed through
the in vitro digestion system. The simulated in vitro digestion was con-
ducted, and digestion fluid (SSF, SGF and SIF) were prepared as reported
earlier (Brodkorb et al., 2019). Briefly, 100 pL of the dietary particles
(SiO2 and TiOy) (10 mg mL’l) were mixed with milk and dilute with
simulated salivary fluid (SSF) in a 1:1 (v/v) ratio at pH 7 (oral phase).
The solutions were kept in this oral phase for 2 min at 37 °C in contin-
uous orbital shaking condition. Subsequently, the oral phase solution
was mixed with simulated gastric fluid (SGF), that contained gastric
enzymes, pepsin and gastric lipase in a 1:1 ratio (v/v) at pH3 (gastric
phase). The gastric phase solutions were incubated at 37 °C for 2 h under
agitation following which the resulting gastric chyme was mixed with
simulated intestinal fluid (SIF) which contained bile salts and pancre-
atin, in a 1:1 (v/v) ratio at pH7. The resulting suspension was incubated
at 37 °C for another 2 h under agitation. Activities of enzymes (amylase,
pepsin, gastric lipase and pancreatin) present in the resulting solution
were terminated by boiling the suspension for 10 min. The resulting
solutions were used for antigenicity and allergenicity testing (as detailed
below). Parallelly, particles-protein complex present in this mix were
separated by centrifugation at 20,000 g for 15 min. Particle pallet thus
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obtained was suspended in 50 pL of PBS buffer (pH 6.5) and was mixed
with 100 pL of SDS sample buffer containing 62.5 mM Tris-HCl, pH 6.8,
2% SDS, 25% (v/v) glycerol, 0.01% bromophenol blue and 5% p-mer-
captoethanol to elute proteins adsorbed onto particles. The suspension
was vortexed, boiled for 5 min and centrifuged (20,000 g for 15 min) to
remove particles. The resulting solution containing denatured protein
-was transferred to a fresh Eppendorf tube. Twenty microliters of each
sample were loaded to each sample well of a 4-20% SDS-polyacrylamide
gel for electrophoresis as detailed earlier.

2.8. Testing for alteration in the antigenicity of milk proteins interacted
with particles

Nine hundred microliters of skimmed milk and milk proteins (1 mg
mL ™! of p-lactoglobulin and casein) were mixed with 100 pL of dietary
particles (10 mg mL™Y). The control sample was prepared by adding the
same proportions of 20 mM sodium phosphate buffer (pH 6.5) (without
particle) to the protein solution.

Change in the antigenicity of milk proteins when interacted with
dietary particles were analyzed using ELISA assay. ELISA plate was
prepared by coating 100 pL milk proteins or milk proteins interacted
with particles (50 ng mL™!) onto the wells of microliter plate (Nunc
Maxisorp 96-well ELISA plate) in coating buffer (0.1 M Na;HPO4 (pH
9.5) in DI water) for overnight at 4 °C. The uncoated samples were
discarded, and free binding sites of the wells were blocked with blocking
buffer containing 2% BSA in 1 x TBS (50 mM Tris-HCl and 150 mM NaCl
in deionized (DI) water) for 1 h at 37 °C. These wells were then incu-
bated with primary antibody (pAb) at 1:5000 dilution for p-lactoglob-
ulin pAb and 1:2000 for casein pAb in blocking buffer for 1 h at room
temperature (RT). The wells were washed to remove unbinding anti-
bodies with washing buffer (IX TBS added with 0.05% tween-20) for
four times and the plate was further incubated for 1 h at RT with sec-
ondary antibody at a 1:10000 dilution in blocking buffer. Substrate so-
lution (5 mM of tetramethylbenzidine-TMB) was added after a final
washing step (4 x) with washing buffer and incubated for 5 min at RT for
the enzymatic color development. The reaction was stopped by adding
100 pL of 2 M sulphuric acid. The absorbance was measured at 450 nm
using the microplate reader, and IgG binding sites were calculated using
a standard curve of control p-lactoglobulin and casein proteins.

2.9. Human mast cell degranulation assay to assess allergenicity of milk
in presence and absence of dietary particles

Human Laboratory of Allergic Diseases 2 (LAD2) mast cells (kindly
supplied by Dr. A. S. Kirshenbaum, National Institutes of Health,
Bethesda, MD, USA) were cultured in StemPro-34 serum-free medium
(Gibco #10640) with STEM PRO-34 nutrient supplement (Gibco
#10641-025), 1% (v/v) penicillin-streptomycin (Cat # 450-201-EL,
Wisent, Quebec, Canada), 1% (v/v) L-glutamin-200 mM (Gibco #
25030-081), 0.2% (v/v) primocin-50 mg (cat # ant-pm-05, Invivogen,
Calfornia, USA), and 100 ng mL~! rhSCF (cat # 78062, STEMCELL
Technologies, Vancouver, Canada) at 37 °C and 5% COj. Hemi-
depletions were performed weekly as instructed by the supplier. The
release of p-hexosaminidase was detected according to a reported
method (Wang et al., 2020). Briefly, LAD2 cells (1 x 10° cells/well) were
seeded on a 96-well plate in a complete cell culture medium for over-
night and then cells were sensitized by diluted sera (1:50, v/v in com-
plete cell culture medium) obtained from milk allergy patients (supplied
by PlasmaLab International, Everett, WA, USA.). Specific IgE levels for
f2 allergen of patient’s sera were 20.886 kU/L, 19.267 kU/L, 55.582
kU/L, 74.7 kU/L, and 41.9 kU/L, respectively. After incubating for 24 h,
80 pL of cell supernatant were carefully removed by multichannel
pipette. Allergic activation was induced by incubating with 100 pL of
milk in the presence of dietary particles (milk protein concentra-
tion-100 ng mL 1Y) for 3hin Tyrode’s buffer (135 mM NaCl, 5 mM KCl,
1.8 mM CaClp, 1 mM MgCly, 5.6 mM glucose, and 20 mM HEPES at
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pH-7.4). Positive controls were prepared by adding 100 pL of 0.1%
Triton X-100 in Tyrode’s buffer to the sensitized cells. The supernatant
from the LAD2 cells incubated with particles interacted proteins/milk
(50 pL) was incubated with 50 pL of p-nitrophenyl-N-acetylB -D-gluco-
samide (substrate for p-hexosaminidase) dissolved in 0.1 M citrate buffer
(pH 4.5) for 90 min at 37 °C. The enzyme reaction was terminated by
adding 100 pL 0.1 M glycine-carbonate buffer (1 M glycine and 1 M
sodium carbonate, pH-10). The absorbance of the hydrolyzed substrate
was measured using SpectraMax i3x multi-mode microplate reader at
405 nm. The cell degranulation results are expressed as the percentage
of p-hexosaminidase released relative to the positive control (Triton
X-100) sample. These experiments were repeated with milk samples
subjected to in vitro digestion in the absence and presence of dietary
particles.

2.10. Statistical analysis

Experiments were performed in triplicates and replicated at least
three times. The data collected in this study are expressed as the mean
value + standard deviation (SD). Statistical comparisons were made by
Duncan (one-way ANOVA) and paired t-test, and p-value < 0.05 was
considered a significant difference.
3. Results

3.1. Characterization of the particles

The physicochemical properties of pristine dietary particles and
protein interacted particles were evaluated by TEM and DLS, and the

A %/‘\

Mi -_—
Milk protein
-
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results are shown in Fig. 1. TEM was carried out to verify the presence of
surface corona milk interacted particles and to determine the particles’
size, shape, and agglomeration status. The presence of a semi-
transparent layer, characterized by a lower electron density, sugges-
tive of surface corona formation on particles was evident on particles
interacted with milk (red arrow in Fig. 1B). FG-SiO2-NP was constituted
by spherically shaped particles of ~20 nm diameter and showed
agglomeration (Fig. 1B), while E551 showed aggregation (inter-
connected particles) (Fig. 1D). The overall hydrodynamic size of FG-
SiO2-NP and E551 were 539.62 (pdi 0.29) nm and 35635.85 (0.53) nm,
respectively (tabular data, Fig. 1J). Pristine titania nanoparticles (Fig
1F) and E171 (Fig. 1H) were pseudo-spherical in shape and their pri-
mary sizes were ~120 nm and 50-300 nm, respectively. The hydrody-
namic size of FG-TiO2-NP and E171 were 448.59 nm (pdi 0.19) and
335.98 nm (0.24), respectively (tabular data, Fig. 1J). Milk interacted
silica and titania particles showed surface corona on the outer surface of
the aggregated or agglomerated particles and in the interstitial spaces
between the particles (see arrow in Fig 1C, E, G and I). The thickness of
corona layers ranged from 200 to 700 pm (tabular data, Fig. 1J). Except
for FG-SiO2-NPs, the hydrodynamic sizes of particles generally reduced
after interacting with milk or milk proteins. Zeta potential measured
using DLS for all tested particles showed a net negative surface charge,
and generally, the surface charge of all tested particles increased after
acquiring surface corona.

3.2. Quantification of protein corona formation

Proteins adsorbed onto the particles were quantified with colori-
metric assay and SDS-PAGE, and the results are shown in Fig 2A, and B.

Pristine particles
e

3
-

Milk interacted particles

Dietary
particles corona particles
J
Hydrodynamic | Polydispersity | Zetapotential | Thickness of
size [nm = Std | index [PAI+Std | [mV+Std | coronalayer [n
dev] dev] dev] m & 5td dev]
FG-SiO,-NP 539.622 (£7.6) 0.292b (£0.07) -17.48b¢ (£2.06) -
E551 35635.85P (+1855) 0.53¢ (£0.32) -15.4b¢ (£1.79) -
FG-TiO,-NP 448.59* (+231.31) 0.192 (£0.04) -16.31°< (+4.08) -
E171 335.98 (£3.05) 0.242 (£0.04) -16.64¢ (+2.82) -
Milk-FG-Si0,-NP | 598.36 (270.4) 0.282 (+0.05) 22,65 (£1.2) | 238 (£47.87)
Milk-E551 375.32 (£33.79) 0.360 (£0.04) -13.53¢ (+£5.78) | 388" (+ 103.08)

Milk-FG-TiO,-NP | 285.07* (+2.7) 0.212 (+0.03)

33.66° (£7.31)

650° (+ 129.1)

Milk-E171 318.18* (+2.82) 0.232 (£0.05)

-33.39% (£1.9)

o

700¢ (+ 81.65)

Fig. 1. Characterization of pristine and milk interacted dietary particles by TEM and DLS. The images were obtained by dropping 5 pL of particles suspension
(100 pg mL~") onto 200-mesh Cu TEM grids with carbon film and using TEM (Tecnai G2 F20 200 kV Cryp-STEM). Scale bar: 50 nm.

(A) Schematic of the protein corona formation, (B) FG-SiO»-NP, (C) Milk-FG-SiO,-NP, (D) E551, (E) Milk-E551, (F) FG-TiO»-NP, (G) Milk-FG-TiO,-NP, (H) E171, (I)
Milk-E171, and (J) hydrodynamic diameter, polydispersity index and, surface charge of dietary particles in the presence and absence of milk in PBS are determined
using DLS, and thickness of corona layer onto the dietary particles. Means with different small letters in the same column are significantly different to each other

(Duncan, P < 0.05).
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0.9 - B B Fig. 2. Quantification of protein adsorption on

A H . a . ® a 6 dietary particles. (A) Particles suspended and incu-
< 0.8 - b pim 2 g3%4 55 bated in protein suspensions were retrieved using

- ? centrifugation. The protein corona concentration was

50.7 -
8 0.6 -
Fos -
o |

quantified by Pierce 660 containing 50 mM ionic
detergent compatible reagent (IDCR). Average values
are plotted in the graph with different small letters
indicate significant differences (Duncan, p < 0.05).
(B) SDS-PAGE pattern of proteins retrieved from milk
interacted particles. Lane (1) Marker, (2) milk-FG-
SiO2-NP, (3) milk-E551, (4) milk-FG-TiOo-NP, (5)
milk-E171, and (6) milk.

* a=

Polymeric immunoglobulin receptor, b = BSA, ¢ =
Casein Fraction (a-casein, B-casein, k-casein), d =
p-Lactoglobulin, e = a-Lactalbumin.
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FG-SiO2-NP had the highest amount of proteins adsorbed on its surface corresponding to p-lactoglobulin and casein (Fig. 2B, lane 6). Based on
followed by E551, FG-TiO,-NP and E171. Total protein estimation from this observation, we chose these proteins for antigenicity and allerge-
particle surface concurred with the gel electrophoresis results where nicity studies.

protein bands from FG-SiO,-NP were darker and thicker (Fig. 2B). Pre-
dominant milk proteins recovered from the hard-corona formed on
particles (both titania and silica), as revealed in SDS-PAGE, were bands
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B-lactoglobulin antigen response (ng/mg)
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Casein antigen response (ng/mg)
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FG-SiO2-NP
FG-SiO2-NP
FG-TiO2-NP

Fig. 3. Quantification of the antigen response in the presence of inorganic dietary particles by indirect enzyme-linked immunosorbent assay (ELISA). (A)
Schematics of the indirect-ELISA for quantifying antigenicity of the proteins. ELISA plates were coated with antigen (50 ng mL™") (B) the rabbit anti-p-lactoglobulin
in 1:5000 dilution was added to the plate, (C) the rabbit anti-casein in 1:2000 dilution was added to the plate, followed by adding the HRP linked anti-rabbit antibody
(1:10000) and HRP substrate 3,3’,5,5'-Tetramethylbenzidine (TMB). The colorimetric signal was measured at 450 nm by micro plate reader. Average values are
plotted in the graph with different small letters indicate significant differences (Duncan, p < 0.05).

*The dotted line represents the antigenicity of control protein.
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3.3. Antigenicity of milk proteins increased when interacted with dietary
particles

Fig. 3 A shows the workflow schematic for identifying the antige-
nicity of protein after interacting with dietary particles. Changes in
antigenicity of p-lactoglobulin and casein in the presence of dietary
particles are evident from Figs. 3B, C, SI 1A and B. Generally, antige-
nicity of p-lactoglobulin increased in the presence of dietary particles in
comparison of non-interacted protein (Fig. 3B). The antigenicity to-
wards p-lactoglobulin increased in milk samples interacted with FG-
SiO2-NP and E171 while it remained unchanged for E551 and decreased
in the case of FG-TiO2-NP (SI 1A). The effect of particles on the anti-
genicity of casein in the presence of dietary particles is shown in Fig. 3C.
Casein antigenicity increased in the presence of all tested dietary par-
ticles, and it was highest in the presence of FG-SiO2-NP (Fig. 3C). In
addition, the casein antigenicity was not significantly different form
milk sample containing FG-TiO5-NP (SI 1B).

3.4. Structural transformation of proteins after interacting with dietary
particles

The ATR-FTIR spectra of the proteins in the presence and absence of
the particles are presented in Fig. 4A and B. The amide I region of the
infrared spectra of proteins is sensitive to their secondary structure
(Dousseau and Pezolet, 1990). E551 interacted f-lactoglobulin showed
the highest level of secondary structure disruption followed by
FG-SiO5-NP, E171 and FG-TiO2-NP when compared with pure p-lacto-
globulin sample (Fig. 4A). Notably, the a-helix structure of FG-TiO5-NP
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interacted fB-lactoglobulin increased compared to the control. The sec-
ondary structure of E551 interacted casein also showed changes-the
severity of which followed E551> FG-SiOy-NP > FG-TiO-NP >
E171> pure casein protein (Fig. 4B).

3.5. Quantitative analysis of free thiol group in the presence of dietary
particles

Free thiol content was estimated using Ellman’s assay to study the
effect of unfolding of protein in the presence of dietary particles. As
shown in Fig 4 C and D, the presence of FG-TiO,-NP and E171 in both
proteins (B-lactoglobulin and casein) resulted in significantly higher free
thiol content compared to control proteins, while FG-SiO,-NP and E551
had similar free thiol concentrations as the native protein.

3.6. Binding affinity of f-lactoglobulin and casein to dietary particles

The fluorescence intensity measured at 25, 30, 35 and 40 °C sug-
gested changes in the stability of tertiary structure of proteins (p-lacto-
globulin and casein) when interacted with dietary particles (Fig. 4E).
The type of fluorescence quenching of when proteins bind to particles
was distinguished using Stern-Volmer diagrams. The Stern-Volmer plots
were not entirely linear when the quencher concentration was higher
(>15 mM), especially in the case of titania particles. This is due to the
inner filter effect or concentration quenching (Koka, 2011). However, as
determined from the linear response in lower particle concentrations,
titania particles induced dynamic quenching. Generally, the bimolecular
quenching rate (Kq) of p-lactoglobulin and casein were higher when they
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Fig. 4. Characterization of protein conformational changing by FTIR and fluorescence quenching. (A) FTIR analysis of the secondary structure of f-lacto-
globulin in the presence of inorganic dietary particles. (B) FTIR analysis of the secondary structure of casein in the presence of inorganic dietary particles. Samples
(protein + particle) suspended in water were dropped and dried on the ATR probe before taking the spectra for a wavenumber range of 4000-400 cm-1 using ATR-
FTIR. The spectra were generated by Fourier self-deconvolution of wavenumber of amide I band between 1700 and 1600 cm L. (C) Free thiol content of B-lacto-
globulin in the presence of dietary particles. (D) Free thiol content of casein in the presence of dietary particles. * Indicate statistical significance (t-test) in com-
parison to control protein, p < 0.05, N = 3. (E) Table summarizes binding affinity of B-lactoglobulin and casein: Stern-Volmer constant (Ks,) and bimolecular
quenching rate parameter (Kq) of f-lactoglobulin and casein in the presence of inorganic dietary particles calculated from Stern-Volmer plot. Means with different
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were interacted with titania particles compare to silica particles
(Fig. 4E). For instance, the K, values for f-lactoglobulin and casein when
interacted with silica particles (FG-SiOo-NP and E551) in comparison
with titania particles (FG-TiO2-NP and E171) were ~16 and 30 times
lower, respectively. In comparison to FG-SiO-NP and E551, the
quenching constant and quenching rate were higher in f-lactoglobulin
adsorbed onto E551 while higher in casein adsorbed onto FG-SiO2-NP.
The quenching constant and quenching rates were higher in FG-TiO-NP
compared to FG-TiO»-NP and E171 (Fig. 4E).

3.7. Quantitative analysis of mast cell degranulation

Food antigens bind to specific IgE on the surface of mast cells, trigger
degranulation leading to allergy symptoms. As shown in Fig. 5, dietary
particles interacted with milk samples caused a significant increase in
LAD2 degranulation, indicated by the release of f-hexosaminidase. The
presence of food additive titanium dioxide (E171) showed the highest
level of LAD2 degranulation, followed by FG-TiO2-NPs. In order to un-
derstand the protein stability during gastric digestion in the presence of
dietary particles, the allergenicity of milk in the presence of dietary
particles was tested after passing through the simulated gut digestion
system. Contrary to our expectations, the p-hexosaminidase release was
still higher for milk samples subjected to in vitro digestion in the

A
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presence of FG-TiO»-NP and E171 particles. Notably, however, the
degranulation was slightly decreased in the presence of FG-SiO3-NP and
E551 particles.

4. Discussion

E551 and E171 are common inorganic food additives materials used
in food products, including dairy products. Milk is one of the “big eight”
food allergens where casein and p-lactoglobulin are identified as major
food allergens in milk (Wang et al., 2020). Understanding the conse-
quence of particle interaction on allergenicity of milk is pivotal for un-
derstanding the relevance of food additive nanoparticles in shaping
health and disease outcomes of food components. Our studies demon-
strated that dietary nanoparticles alter the structure and increase the
allergenicity of milk proteins-an observation that has far-fetched im-
plications given the rising incidences of food allergy.

TEM examination of particles interacted with milk showed the
presence of surface corona as a translucent layer of thickness that varied
from 200 to 700 pm (Fig. 1J). As shown in our previous studies, the
surface corona of milk interacted particles is constituted by protein,
lipids and carbohydrates as major classes of biomolecules (Phue et al.,
2021). Generally, OH groups present on particle surfaces has high sur-
face energy and mediate agglomeration of particles in the absence of
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Fig. 5. Allergenicity of milk in the presence of dietary particles on mast cells. (A) Schematics of the degranulation assay to evaluate milk allergenicity in the
presence of dietary particles and in vitro digested samples. (B) The release of f-hexosaminidase was measured by LAD2 degranulation assay after triggering with milk.
Milk in the presence of dietary particles was diluted by Tyrode’s buffer (100 ng mL™!) and exposed to the sensitized LAD2 cell to trigger the cell degranulation. (C)
The release of p-hexosaminidase was measured by LAD2 degranulation assay after exposing to in vitro digested milk in the presence and absence of dietary particles.
* Indicate statistical significance (t-test) in comparison to control protein, p < 0.05, N = 3.
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matrix molecules. When suspended in complex media such as milk,
these OH groups interact with functional groups on biomolecules
through hydrogen bonding to mediate their binding onto surface (Bar-
houm et al., 2015; Kongsinlark et al., 2012). These biomolecule-particle
interactions facilitate the retention of biomolecules on the surface and
provide a net negative surface charge (Fig. 1, tabular data). The elec-
trostatic and steric hindrance (from adsorbed biomolecules) keeps par-
ticles separated when suspended in complex media (Chanteau et al.,
2009), which could explain the reduced hydrodynamic size of milk
interacted particles (Fig. 1, tabular data). As observed under TEM, the
primary size of E551 is similar to FG-SiO,-NP. However, E551 is more
agglomerated and had less interstitial space in comparison to
FG-SiOo-NP. Aggregation of primary particles that leads to reduced
interstitial space (that provide anchoring points for biomolecules) could
be the reason for the lower level of surface adsorbed proteins in E551 in
comparison to FG-SiO2-NPs (Fig. 2). However, both silica particles
(E551 and FG-SiO5-NPs) were much smaller than titania particles (E171
and FG-TiO2-NPs). Evidently, the lesser surface area to volume ratio
could explain the lower amount of surface corona proteins in titania
particles compared to silica particles (Fig. 2).

Previous studies from our group showed that the adsorption of pro-
teins onto the surface of particles could disrupt the structural confor-
mation of the protein (Phue et al. 2019, 2020). Particle mediated
alteration in the tertiary and secondary structure was found to reduce
the activity of enzymes relevant to human nutrition (Phue et al. 2019,
2020, 2021). Therefore, it was rational to hypothesize that
particle-protein interactions could alter allergenicity to proteins implied
in prevalent food allergy. Generally, the IgG-binding activity of
pB-lactoglobulin and casein increased after interacting with particles
suggesting that binding proteins to particle surface-enhanced antibody
accessibility to epitopes (Fig 3B and C). FG-SiO-NPs showed higher
antigenicity than E551 (food grade silica particles), which could be
explained by the higher level of protein adsorption by FG-SiO2-NPs, as
discussed above. However, the antigenicity of f-lactoglobulin and casein
in the milk sample presented of E551 and FG-TiO2-NP did not have the
same impact as pure proteins. Presence of other biomolecules such as
lipids, carbohydrates, and metabolites in the surface corona of milk
interacted particles might have also influenced the antigenicity of
B-lactoglobulin, and casein adsorbed on particles interacted with milk.

Alterations in protein conformation during unfolding can affect the
IgE reactivity and influence the allergenicity of the proteins (Besler
et al., 2001). Therefore, we analyzed the changes in proteins’ secondary
and tertiary structure through FTIR, fluorescence quenching, and free
thiol content. Fluorescence quenching suggestive of changes in tertiary
structure was more evident when proteins were interacted with titania
particles in comparison silica particles. Similarly, the availabilities of
free thiol groups in p-lactoglobulin and casein were also relatively
higher when these proteins were interacted with titania. Interestingly,
however, the secondary structures of proteins were not affected
noticeably by interacting with titania as much as with silica particles.
These data suggest that interactions of proteins with titania particles
induce changes in tertiary or quaternary structure but silica-induced
changes at secondary structure of proteins. Notably, however, the in-
crease in antigenicity of proteins was higher when interacted with silica
particles than with titania particles. This discrepancy might be due to
the lower amount of proteins adsorbed onto titania particles in com-
parison to silica particles (on an equal mass basis of particles used)
which might offset any enhancement in the antigenicity of proteins
adsorbed on titania particles.

Mast cell degranulation assay is primarily used as a proxy to measure
the ability of an antigen to trigger the release of inflammatory mediators
such as histamine and p-hexosaminidase when primed mast cell
encounter antigen (Thomas et al., 2007). Although histamine is the
major mediator for allergenic responses, it is less desirable for in vitro
investigations as its half-life in the extracellular fluid is short (1 min)
(Huang et al., 2016). For this reason, the release of f-hexosaminidase is
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widely used to perform the cell degranulation assay, which constitutes
late-phase activation and a longer half-life (8-24 h). The mast cell
stimulated by human milk allergy patient sera activates the FceRI sig-
nalling (the high-affinity IgE receptor) and triggers the cell degranula-
tion and allergic mediators by antigen (Hussain et al., 2012). Our results
showed that the level of p-hexosaminidase release increased in the
presence of dietary particles (Fig. 5B). As observed for antigenicity, the
increase in allergenicity could also be ascribed to the increasing avail-
ability of linear epitope as a result of conformational changes induced by
protein-particle interactions. While these studies showed the implica-
tions of dietary nanoparticles in exacerbating the adverse allergic
response towards milk proteins, we also questioned the relevance of this
observation when subjected to digestive enzymes. As such, the immu-
nogenic potential of protein is very much dependent on its stability
when exposed to digestive environment (Thomas et al., 2007). There-
fore, we examined the allergenicity of particle-interacted proteins that
were subjected to in vitro digestion system simulating protein digestion
in human gastro-intestinal system (Thomas et al., 2007). Notably, the
allergenicity of titania interacted milk increased compared to milk alone
after subjecting to in vitro digestion. As evident from protein binding
affinity studies, titania particles strongly interact with milk proteins, and
that strong interaction is envisaged as the reason for increased the sta-
bility of the proteins during the digestion steps. In addition, the digestive
enzymes adsorbed on the particles, and incomplete digestion of milk
protein in the presence of dietary particles, as evident from SDS-PAGE
(Fig SI2) could have triggered stronger allergen response in sensitized
cells when exposed to in vitro digested mix of particles and milk.

Our studies demonstrated that particle mediated alterations in pro-
tein structure could enhance allergenicity of milk proteins. Although,
many studies have addressed the influence of different food processing
conditions on the food allergies, the role of nanoparticles present in
widely used food additives in shaping immunogenic potential of food
proteins have been overlooked. Apart from inducing alterations in
protein structure, interaction of allergenic proteins could also enhance
the bioavailability of allergenic epitopes. The increased bioavailability
result from the resistance of proteins adsorbed onto particles to complete
digestion and possible particle enabled trespass of intact allergen surface
adsorbed proteins across epithelial layer (as revealed by recent studies
from our group). Thus, while these studies suggest the role of dietary
particle in enhancing allergenicity of food proteins more studies using
animal models are warranted for gaining deeper understanding how
dietary nanoparticles could alter the biology of food allergy. Nonethe-
less, our findings have far-fetched implications for managing severity of
food allergy and in making dietary choices given the rising incidences of
food allergies globally and its association with consumption of highly
processed food often containing inorganic nanoparticles of silica and
titania.
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