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1
METHODS OF PROCESSING
B-LACTOGLOBULIN-CONTAINING
COMPOSITIONS WITH THERMOLYSIN AND
TRANSGLUTAMINASE

CROSS-REFERENCE TO RELATED
APPLICATIONS

Priority is claimed to U.S. Application 62/674,186, filed
May 21, 2018, which is incorporated herein by reference in
its entirety.

FEDERAL FUNDING STATEMENT

This invention was made with government support under
2012-67017-30153 and 14-CRHF-0-6055 awarded by the
USDA/NIFA. The government has certain rights in the
invention.

BACKGROUND

Food allergies continue to be a growing problem. Food
allergies are highly prevalent in children. Many children
outgrow the allergies, but for some, the milk allergies
continue into adulthood.

Most people who suffer from food allergies have immune
reactions to certain proteins in the food. Strategies for
reducing the allergenicity of such proteins include process-
ing the protein with certain proteases to destroy the aller-
genic epitopes on the proteins. In order to ensure that these
epitopes are disrupted enough to escape recognition from the
immune system, however, the proteins are very heavily
processed, leaving small peptides that can only be incorpo-
rated in formulas and protein drinks. These very small
peptides also possess off flavors and smells.

Strategies for reducing the allergenicity of proteins that
avoid the aforementioned problems are needed.

SUMMARY OF THE INVENTION

The invention is directed to methods of processing pro-
teins. The invention comprises methods of hydrolyzing the
protein with a proteolytic agent to generate hydrolyzed
peptides and, optionally, crosslinking the hydrolyzed pep-
tides with a transglutaminase to generate crosslinked pep-
tides. A preferred proteolytic agent is thermolysin, which is
unexpectedly effective at reducing the allergenicity of pro-
teins, even with only partial hydrolysis of the protein.
Crosslinking the hydrolyzed peptides further reduces aller-
genicity while generating polymerized structures suitable
for incorporating into food products. The combination of
hydrolyzing protein with thermolysin and crosslinking with
transglutaminase can synergistically reduce allergenicity
with respect to the either step used alone. The thermolysin-
hydrolyzed and crosslinked peptides can be used to generate
emulsions that are more stable than other protein- or pep-
tide-based emulsions. The thermolysin-hydrolyzed and
crosslinked peptides can also be used to generate foams. The
resulting emulsions and foams are hypoallergenic. It is
predicted that the crosslinked peptides of the invention, and
the food products made therewith, have reduced off-flavors,
smells, and allergenicity with respect to the non-crosslinked
peptides.

The invention is also directed to products comprising the
hydrolyzed peptides and/or the crosslinked peptides made
using the methods described herein. The products include
food products that comprise the hydrolyzed peptides and/or
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the crosslinked peptides, emulsions that comprise the hydro-
lyzed peptides and/or the crosslinked peptides, foams that
comprise the hydrolyzed peptides and/or the crosslinked
peptides, and/or food products that comprise the emulsions
and/or foams.

The objects and advantages of the invention will appear
more fully from the following detailed description of the
preferred embodiment of the invention made in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A. Tricine-SDS-PAGE of WPI (whey protein iso-
late) and WPI hydrolysates produced under various sub-
strate-to-enzyme ratios and hydrolysis times: Lane 1, WPI
control; Lane 2, WPI+thermolysin, 2000:1, 5 min; Lane 3,
WPI+thermolysin, 1500:1, 5 min; Lane 4, WPI+thermoly-
sin, 400:1, 5 min; Lane 5, WPI+trypsin, 200:1, 30 min; Lane
6, WPI+trypsin, 100:1, 30 min; Lane 7, WPI+trypsin, 100:1,
60 min; Lane 8, WPI+chymotrypsin, 200:1, 30 min; Lane 9,
WPI+chymotrypsin, 100:1, 30 min; Lane 10, WPI+chy-
motrypsin, 100:1, 60 min.

FIG. 1B. SDS-PAGE of WPI, WPI hydrolysates produced
under specified optimum substrate-to-enzyme ratios and
hydrolysis times, and WPI hydrolysates repolymerized
using transglutaminase (TGase). Lane 1, WPI control; Lane
2, WPI+TGase; Lane 3, WPI+thermolysin, 1500:1, 5 min;
Lane 4, WPI+trypsin, 100:1, 30 min; Lane 5, WPI+chy-
motrypsin, 100:1, 30 min; Lane 6, WPI+thermolysin+
TGase; Lane 7, WPI+trypsin+TGase; Lane 8 WPI+chy-
motrypsin+TGase.

FIG. 1C. IgE reactivity of various enzyme-treated WPI
products expressed on the basis of the immune-reactivity of
WPI control. Statistical analysis was performed using Tukey
HSD test. a-e: Mean values of columns with different letters
imply that they are significantly different (p>0.05).

FIG. 2A. SDS-PAGE profiles of peptides released from
native WPI during time course of in vitro digestion under
simulated gastric and duodenal digestion conditions. The
gastric digestion was performed for 60 min, followed by 180
min of duodenal phase digestion.

FIG. 2B. SDS-PAGE profiles of peptides released from
thermolysin-WPIH-TG polymers during time course of in
vitro digestion under simulated gastric and duodenal diges-
tion conditions.

FIG. 2C. Immunoreactivity of peptides released during
time course of simulated gastric and duodenal phase diges-
tion of thermolysin-WPIH-TG polymers.

FIG. 3A. SDS-PAGE of casein and casein hydrolysates
produced under various substrate-to-enzyme ratios and
hydrolysis times: Lane 1, Casein control; Lane 2, casein+
thermolysin, 2000:1, 5 min; Lane 3, casein+thermolysin,
1500:1, 5 min; Lane 4, casein+thermolysin, 800:1, 5 min;
Lane 5, casein+trypsin, 400:1, 10 min; Lane 6, casein+
trypsin, 200:1, 10 min; Lane 7, casein+chymotrypsin, 200:1,
10 min; Lane 8, casein+chymotrypsin, 100:1, 10 min.

FIG. 3B. SDS-PAGE of casein, casein hydrolysates pro-
duced under specified optimum substrate-to-enzyme ratios
and hydrolysis times, and casein hydrolysates repolymerized
using TGase. Lanes 1, casein control; Lane 2, casein+
TGase; Lane 3, casein+thermolysin, 1500:1, 5 min; Lane 4,
casein+trypsin, 400:1, 10 min; Lane 5, 5% casein+chyo-
motrypsin, 200:1, 10 min; Lane 6, casein+thermolysin+
TGase; Lane 7, casein+trypsin+TGase; Lane 8, casein+
chyomotrypsin+TGase.

FIG. 3C. Immunoreactivity of enzyme-treated caseinate
products. Statistical analysis was performed using Tukey
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HSD test. a-c: Mean values of columns with different letters
imply that they are statistically significantly different
(p>0.05).

FIG. 4A. SDS-PAGE of peptides released from native
casein during time course of in vitro digestion under simu-
lated gastric and duodenal digestion conditions. The gastric
digestion was performed for 60 min, followed by 180 min of
duodenal phase digestion.

FIG. 4B. SDS-PAGE of peptides released from thermo-
lysin-CNH-TG polymers during time course of in vitro
digestion under simulated gastric and duodenal digestion
conditions.

FIG. 4C. Immunoreactivity of peptides released during
time course of simulated gastric and duodenal phase diges-
tion of thermolysin-CNH-TG polymers.

FIG. 5. SDS-PAGE of enzyme-treated soy protein prod-
ucts: Lane 1, soy protein isolate (SPI); Lane 2. SPI/TG; Lane
3, 10% SPI/thermolysin 200:1, 30 min; Lane 4, 5% dena-
tured SPI/trypsin, 100:1, 30 min; Lane 5, 5% denatured
SPI/chymotrypsin, 100:1, 30 min; Lane 6, 20% thermolysin
hydrolysate/TG; Lane 7, 5% trypsin hydrolysate/TG; Lane
8, 5% chymotrypsin hydrolysate/TG.

FIG. 6. Immunoreactivity of enzyme-treated soy protein
products. Statistical analysis was performed using Tukey
HSD. p<0.05 was considered statistically significant. Dif-
ferent letters on top of the columns depict statistical differ-
ence.

FIG. 7. SDS-PAGE of in vitro digested TG polymers of
thermolysin hydrolysate of SPI.

FIG. 8. IgE reactivity of in vitro digested TG polymers of
thermolysin hydrolysate of SPI.

FIGS. 9A and 9B. SDS-PAGE of enzyme-modified WPI
under reducing (FIG. 9A) and non-reducing (FIG. 9B)
conditions: FIG. 9A: Lane 1, MW standard; Lane 2, WPI;
Lane 3, WPI-TG; Lane 4, WPIH; Lane 5, WPIH-TG. FIG.
9B: Lane 1, MW standard; Lane 2, WPI; Lane 3, WPI-TG;
Lane 4, WPIH; Lane 5, WPIH-TG.

FIGS. 10A-10C2. Topographical AFM images of (FIG.
10A) native WPI, (FIGS. 10B1 and 10B2), WPI-TG, and
(FIGS. 10C1 and 10C2) WPIH-TG at pH 7. FIGS. 10B2 and
10C2 show expanded portions of FIGS. 10B1 and 10C1,
respectively.

FIG. 11. pH-turbidity profile of native WPI (square, H),
WPI-TG (triangle, A), and WPIH-TG (diamond, 4) samples
in deionized water. The protein concentration was 0.1%
(Wiv).

FIG. 12. Visual appearance of WPI-TG and WPIH-TG
solutions (5% w/w) at pH 7.0 after centrifugation at 5000 g
for 10 min.

FIG. 13A. Interfacial area decay of foams of native WPI
(diamond, 4), WPI-TG (circle, A), WPIH (triangle, A), and
WPIH-TG (square, B) samples. The protein solutions (5%
w/w) were made in 20 mM phosphate buffer, pH 7.0. The
error bars represent standard deviation of replicates.

FIG. 13B. Kinetics of adsorption of native WPI (diamond,
4), WPI-TG (circle, A), WPIH (triangle, A), and WPIH-TG
(square, M) at the air-water interface from a bulk phase (10
mM phosphate buffer, I=0.1M, pH 7.0) containing 107%%
(w/v) protein concentration.

FIG. 14. Change in interfacial area of WPI (diamond, ¢),
WPI-TG (circle, @), WPIH (triangle, A), and WPIH-TG
(square, M) emulsions over one-month storage at room
temperature. The emulsions were prepared using 1% (w/w)
protein solution in 20 mM phosphate buffer, pH 7.0 and an
oil volume fraction of 20% (v/v).

FIGS. 15A-15H. Multimodal size distribution charts dis-
playing change in particle size distribution of emulsions of
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WPI (FIGS. 15A and 15B), WPI-TG (FIGS. 15C and 15D),
WPIH (FIGS. 15E and 15F), and WPIH-TG (FIGS. 15G and
15H) on day 1 (FIGS. 15A, 15C, 15E, and 15G) and on day
27 (FIGS. 15B, 15D, 15F, and 15H).

DETAILED DESCRIPTION OF THE
INVENTION

The invention, in part, is directed methods of processing
proteins. The proteins processed in the method can comprise
any polypeptide, whether purified, semi-purified, or unpu-
rified. The protein can comprise any wholly intact natural,
recombinant, or synthetic polypeptide; any processed forms
thereof, including any denatured, cleaved, partially digested,
or partially hydrolyzed forms; and/or any compositions
comprising same.

In some versions, the protein comprises an allergenic
protein. “Allergenic protein” refers to any polypeptide
capable of eliciting an immune response, such as an IgE
response, in an animal. Allergenic proteins include any
protein approved and officially recognized as an allergen by
the Allergen Nomenclature Sub-Committee of the World
Health Organization and International Union of Immuno-
logical Societies (WHO/IUIS), or any processed form
thereof. See, e.g., Marsh et al. (Marsh D G, Goodfriend L,
King T P, Lowenstein H, Platts-Mills T A. Allergen nomen-
clature. Bull World Health Organ 1986; 64:767-74), King et
al. (King T P, Hoffman D, Lowenstein H, Marsh D G,
Platt-Mills T A, Thomas W R. Allergen Nomenclature. 1994,
72:797-800. Bulletin World Health Organization), King et
al. (King T P, Hoffman D, Lowenstein H, Marsh D G,
Platts-Mills T A, Thomas W. Allergen nomenclature. WHO/
IUIS Allergen Nomenclature Subcommittee. Int Arch
Allergy Immunol 1994; 105:224-33), King et al. (King T P,
Hoffman D, Lowenstein H, Marsh D G, Platts-Mills T A,
Thomas W. Allergen nomenclature. Allergy 1995; 50:765-
74), Larsen et al. (Larsen J N, Lowenstein H. Allergen
nomenclature. J Allergy Clin Immunol 1996; 97:577-8),
Chapman et al. (Chapman M D. dllergen Nomenclature. In
“Allergens and Allergen Immunotherapy” 3rd Edition. Edi-
tors, R F Lockey, S C Bukantz & J Bousquet, pp 51-64,
2004. Marcel Decker), Chapman (Chapman M D. Allergen
Nomenclature. In “Allergens and Allergen Immunotherapy”
4th Edition. Editors, Richard F. Lockey, Dennis K. Ledford,
pp 47-58. 2008. Informa Healthcare, New York), Larsen
(Larsen J N. Allergen nomenclature: a need for the scientific
community. Arb Paul Ehrlich Inst Bundesamt Sera Impfst-
offe Frankf A M 2006; 95:5-9), Chapman et al. (Chapman M
D, Pomés A, Breiteneder H, Ferreira F. Nomenclature and
structural biology of allergens. J Allergy Clin Immunol 2007,
119:414-20), Breiteneder H, Chapman M D. Allergen
Nomenclature. In Allergens and Allergen Immunotherapy:
Subcutaneous, sublingual and oral. Sth Edition. Edited by
Richard F. Lockey and Dennis K. Ledford. CRC Press,
Taylor and Francis Group, Boca Raton, Fla., USA, 2014, pp
37-49), Radauver et al. (Radauer C, Nandy A, Ferreira F,
Goodman R E, Larsen J N, Lidholm J, Pomés A, Raulf-
Heimsoth M, Rozynek P, Thomas W R, Breiteneder H.
Update of the WHO/IUIS Allergen Nomenclature Database
based on analysis of allergen sequences. Allergy, 2014,
69(4):413-419). Such allergenic proteins can be found in the
WHO/IUIS database, accessible via www.allergen.org.

Examples of allergenic protein include milk protein,
legume protein, tree nut protein, and grain protein. “Milk
protein,” “legume protein,” “tree nut protein,” and “grain
protein” refer to protein purified from, extracted from,
obtained from, or contained in milk, legume, and grain,
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respectively. Examples of milk protein include whey protein
isolate, which includes f-lactoglobulin, and casein, which
includes f-casein. Examples of legume protein include soy
protein and peanut protein, which include allergenic cupins
(Ara h 1), prolamins (Ara h 2, 6, 7, 9), profilins (Ara h 5),
and Bet v-1-related proteins (Ara h 8). Commercially rel-
evant forms of soy protein include soy protein isolate and
soy protein concentrate. Examples of tree nut protein
include Brazil nut protein, almond protein, chestnut protein,
hazelnut protein, pine nut protein, and walnut protein, which
comprise allergenic seed storage proteins (vicilins, legu-
mins, albumins), plant defense-related proteins, and profil-
ins. Examples of grain protein include wheat protein, barley
protein, rye protein, triticale protein, and oat protein, which
comprise gluten (variously also referred to as gliadin in
wheat, hordein in barley, secalin in rye, and avenin in oats).

The methods of processing proteins comprise a step of
hydrolyzing the protein with a proteolytic agent to generate
hydrolyzed peptides. As used herein, “hydrolyzing” broadly
refers to any mechanism of cleaving a given protein (poly-
peptide) into smaller polypeptides, regardless of whether or
not water is consumed in the reaction. “Polypeptide” and
“peptide” are used interchangeably herein.

In some versions, the protein comprises an allergenic
protein, and the hydrolyzing is performed under conditions
effective for the hydrolyzed peptides to have reduced aller-
genicity with respect to the protein. Such conditions include
suitable enzyme concentrations, reaction time, reaction tem-
perature, and solvent conditions (pH, salt concentration,
etc.) all of which are ascertainable from a practitioner in the
art in view of the following examples. “Reduced allergenic-
ity” as used herein refers to a reduction in the ability to
induce an immune response and can occur through a reduc-
tion in IgE reactivity among other mechanisms.

The proteolytic agent may comprise any agent capable of
cleaving a given protein into smaller polypeptides. Suitable
proteolytic agents include non-enzymatic proteolytic agents
and enzymatic proteolytic agents. Non-enzymatic prote-
olytic agents include mineral acids such as hydrochloric
acid, cyanogen bromide, BNPS-skatole, formic acid,
hydroxylamine (NH,OH), iodosobenzoic acid, trifluoro-
acetic acid, NTCB (2-nitro-5-thiocyanobenzoic acid), and
others. Enzymatic proteolytic agents include proteases. Suit-
able proteases include any serine proteases, cysteine pro-
teases, threonine proteases, aspartic proteases, glutamic pro-
teases, metalloproteases, and asparagine peptide lyases.
Exemplary suitable proteases include aeromonolysin, arg-C
proteinase, asp-N endopeptidase, aureolysin, caspases (e.g.,
caspase 1, caspase 2, caspase 3, caspase 4, caspase 5,
caspase 6, caspase 7, caspase 8, caspase 9, caspase 10),
chymotrypsin, clostripain (clostridiopeptidase B), enteroki-
nase, factor Xa, glutamyl endopeptidase, granzyme B, lysC
lysyl endopeptidase (Achromobacter proteinase I), lysN
peptidyl-lys metalloendopeptidase, mycolysin, neutrophil
elastase, pepsin, proline-endopeptidase, proteinase K,
pseudolysin, Staphylococcal peptidase I, tobacco etch virus
protease, thrombin, and trypsin.

Particularly preferred proteases include thermolysins.
“Thermolysin” refers to enzymes falling under Enzyme
Commission (EC) number 3.4.24.27. Various thermolysins
include the neutral proteinases from Bacillus thermoprote-
olyticus and Geobacillus stearothermophilus, and recombi-
nant versions thereof. The terms “thermoase,” “thermoase
Y10,” and “TLN” are also used to refer to thermolysins.
Thermolysins specifically catalyze the hydrolysis of peptide
bonds containing hydrophobic amino acids. An exemplary
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thermolysin is commercially available from Sigma-Adrich
(St. Louis, Mo.) under catalog number P1512.

Thermolysins are particularly effective in reducing the
allergenicity of protein such as whey protein and other types
of protein, both when used alone and when used in combi-
nation with a translglutaminase. In certain versions of the
invention, for example, thermolysins are capable of hydro-
lyzing the protein into hydrolyzed peptides having an IgE
immunoreactivity less than 29% of the IgE immunoreactiv-
ity of the protein, such as less than 28% of the IgE immu-
noreactivity of the protein, less than 27% of the IgE immu-
noreactivity of the protein, less than 26% of the IgE
immunoreactivity of the protein, less than 25% of the IgE
immunoreactivity of the protein, less than 24% of the IgE
immunoreactivity of the protein, less than 23% of the IgE
immunoreactivity of the protein, less than 22% of the IgE
immunoreactivity of the protein, less than 21% of the IgE
immunoreactivity of the protein, less than 20% of the IgE
immunoreactivity of the protein, or less than 19% of the IgE
immunoreactivity of the protein.

In some versions of the invention, the hydrolyzing com-
prises only partially hydrolyzing the protein such that the
resulting hydrolyzed peptides are partially hydrolyzed pep-
tides. “Partially hydrolyzing” refers to hydrolysis of protein
with a given proteolytic agent to a degree of hydrolysis (DH)
of less than 95% of the maximal degree of hydrolysis
obtainable with the given proteolytic agent. In various
versions of the invention, the protein is hydrolyzed to a
degree of hydrolysis of less than 90%, less than 80%, less
than 70%, less than 60% less than 50%, less than 40%, less
than 30%, less than 20%, less than 10%, less than 1% of the
maximal degree of hydrolysis obtainable with the prote-
olytic agent used in the hydrolysis step. “Degree of hydro-
lysis” as used herein refers to the proportion of cleaved
peptide bonds in a protein hydrolysate and is determined
according to the pH-Stat method (Adler-Nissen, J. (1986).
Enzymatic hydrolysis of food proteins. New York; Elsevier
Applied Science Publishers).

In various versions of the invention, the hydrolyzing
comprises partially hydrolyzing the protein to a degree of
hydrolysis of from about 0.001%, 0.01%, 0.1%, 1%, 2%,
5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
95% or more to less than about 1%, 2%, 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95% or more.
Exemplary ranges include a degree of hydrolysis of from
about 0.1% to about 10%, such as from about 0.5% to about
5%, or from about 1% to about 3%.

In various versions of the invention, the hydrolyzing
comprises partially hydrolyzing the protein to generate
partially hydrolyzed peptides wherein a proportion of the
total mass of the hydrolyzed peptides comprise peptides
having a particular size. For example, at least about 5%,
10%, 15%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%,
65%, 70%, 75%, 80%, 90%, 95%, or more of the total mass
of the partially hydrolyzed peptides may comprises peptides
having a size of from about 0.5 kDa, 1 kDa, 2 kDa, 3 kDa,
4 kDa, 5 kDa, 10 kDa, 15 kDa, or 20 kDa to about 5 kDa,
10 kDa, 25 kDa, 50 kDa, 75 kDa, or 100 kDa. In some
versions, about 5%, 10%, 15%, 25%, 30%, 35%, 40%, 45%.,
50%, 55%, 60%, 65%, 70%, 75%, 80%, 90%, 95%, or more
of the total mass of the partially hydrolyzed peptides com-
prises of from about 3 kDa to about 10 kDa. The proportion
of the total mass of the hydrolyzed peptides comprising
peptides having a particular size is determined for the
purposes herein according to the size exclusion chromatog-
raphy method of Adjonu et al. (Adjonu R, Doran G, Torley
P, Agboola S. Screening of whey protein isolate hydrolysates
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for their dual functionality: influence of heat pre-treatment
and enzyme specificity. Food Chem. 2013 Feb. 15; 136(3-
4):1435-43).

An optional but preferred step in the methods described
herein include crosslinking the hydrolyzed peptides with a
transglutaminase to generate crosslinked peptides. A trans-
glutaminase is an enzyme that catalyzes the formation of an
isopeptide bond between a free amine group (e.g., protein-
or peptide-bound lysine) and the acyl group at the end of the
side chain of protein- or peptide-bound glutamine. Such
enzymes are classified as EC 2.3.2.13. Transglutaminases
are commercially available from Sigma-Aldrich (St. Louis,
Mo.) under catalog number T5398 and Ajinomoto Food
Ingredients (Eddyville, Iowa, USA).

In some versions, the protein originally hydrolyzed com-
prises an allergenic protein, the hydrolyzed peptides retain at
least some allergenicity, and the crosslinking of the hydro-
lyzed peptides is performed under conditions effective for
the crosslinked peptides to have reduced allergenicity with
respect to the hydrolyzed peptides. Such conditions include
suitable enzyme concentrations, substrates, reaction time,
reaction temperature, and solvent conditions (pH, salt con-
centration, etc.) all of which are ascertainable from a prac-
titioner in the art in view of the following examples.

Crosslinking with a transglutaminase is particularly effec-
tive in reducing the allergenicity of hydrolyzed peptides
generated from hydrolyzing whey protein and other types of
protein with a thermolysin. In certain versions of the inven-
tion, for example, transglutaminases are capable of cross-
linking hydrolyzed peptides to generate crosslinked peptides
having an IgE immunoreactivity less than 53% of the IgE
immunoreactivity of the hydrolyzed peptides, such as less
than 50% of the IgE immunoreactivity of the hydrolyzed
peptides, less than 45% of the IgE immunoreactivity of the
hydrolyzed peptides, less than 45% of the IgE immunore-
activity of the hydrolyzed peptides, less than 40% of the IgE
immunoreactivity of the hydrolyzed peptides, less than 35%
of the IgE immunoreactivity of the hydrolyzed peptides, or
less than 30% of the IgE immunoreactivity of the hydro-
lyzed peptides.

In some versions of the invention, the protein comprises
an allergenic protein, and the hydrolyzing and the crosslink-
ing are performed under conditions effective for the cross-
linked peptides to have reduced allergenicity with respect to
the protein. Such conditions include suitable enzyme con-
centrations, substrates, reaction time, reaction temperature,
and solvent conditions (pH, salt concentration, etc.) all of
which are ascertainable from a practitioner in the art in view
of the following examples.

The combination of hydrolyzing with a thermolysin and
crosslinking with a transglutaminase is particularly effective
in reducing the allergenicity of whey protein and other types
of protein. In various versions of the invention, for example,
the combination of hydrolyzing with a thermolysin and
crosslinking with a transglutaminase, is capable of generat-
ing crosslinked peptides having an IgE immunoreactivity
less than 31% of the IgE immunoreactivity of the protein,
such as less than 30% of the IgE immunoreactivity of the
protein, less than 25% of the IgE immunoreactivity of the
protein, less than 20% of the IgE immunoreactivity of the
protein, less than 15% of the IgE immunoreactivity of the
protein, less than 10% of the IgE immunoreactivity of the
protein, or less than 7% of the IgE immunoreactivity of the
protein.

Hydrolyzing with a thermolysin and crosslinking with a
transglutaminase in some versions is synergistically effec-
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tive in reducing allergenicity compared to the additive
effects of each step taken individually.

The hydrolyzed and crosslinked peptides can be used in
further steps to generate certain products, such as food
products, emulsions, and/or emulsions included in food
products. The hydrolyzed and/or crosslinked peptides, for
example, can be used to make emulsions by mixing the
hydrolyzed peptides and/or the crosslinked peptides in an
aqueous phase with an oil phase to generate the emulsion.
The emulsion can be an oil-in-water emulsion or a water-
in-oil emulsion. As shown in the examples, emulsions made
with the hydrolyzed and/or crosslinked peptides of the
present invention have better storage stability then emul-
sions made with other types of polypeptides.

Various examples of food products that can include the
hydrolyzed and/or crosslinked peptides of the invention
(either directly or in the form of an emulsion) comprise
protein shakes, infant formulas, soymilk, bread, and solid
meat substitutes, such as tofu, tempeh, seitan, textured
vegetable protein, etc. It is predicted that the food products
of the invention will be less allergenic than corresponding
food products made with other protein sources. It is pre-
dicted that the food products of the invention will possess
less potent or off flavors and smells than corresponding food
products made with other protein sources or will avoid them
altogether. It is predicted that the structure of the crosslinked
peptides of the invention will permit the generation of more
highly structured food products (such as solid food products)
than hydrolyzed peptides.

The elements and method steps described herein can be
used in any combination whether explicitly described or not.

All combinations of method steps as used herein can be
performed in any order, unless otherwise specified or clearly
implied to the contrary by the context in which the refer-
enced combination is made.

As used herein, the singular forms “a,” “an,” and “the”
include plural referents unless the content clearly dictates
otherwise.

Numerical ranges as used herein are intended to include
every number and subset of numbers contained within that
range, whether specifically disclosed or not. Further, these
numerical ranges should be construed as providing support
for a claim directed to any number or subset of numbers in
that range. For example, a disclosure of from 1 to 10 should
be construed as supporting a range of from 2 to 8, from 3 to
7, from 5 to 6, from 1 to 9, from 3.6 to 4.6, from 3.5 to 9.9,
and so forth.

All patents, patent publications, and peer-reviewed pub-
lications (i.e., “references”) cited herein are expressly incor-
porated by reference to the same extent as if each individual
reference were specifically and individually indicated as
being incorporated by reference. In case of conflict between
the present disclosure and the incorporated references, the
present disclosure controls. The incorporation by reference
specifically includes but is not limited to U.S. Application
62/674,186, filed May 21, 2018; Damodaran et al. 2017
(Damodaran S, Li Y. A two-step enzymatic modification
method to reduce immuno-reactivity of milk proteins. Food
Chem. 2017 Dec. 15; 237:724-732); and Chen et al. 2018
(Chen A, Tanidjaja I, Damodaran S. Nanostructure and
functionality of enzymatically repolymerized whey protein
hydrolysate. Food Chem. 2018 Aug. 1; 256:405-412).

It is understood that the invention is not confined to the
particular construction and arrangement of parts herein
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illustrated and described, but embraces such modified forms
thereof as come within the scope of the claims.

EXAMPLES
Example 1

A Two-Step Enzymatic Modification Method to
Reduce Immunoreactivity of Milk Proteins

Summary

A two-step enzymatic approach to reduce immunoreac-
tivity of whey protein isolate and casein has been studied.
The method involves partial hydrolysis of proteins with
proteases, followed by repolymerization with microbial
transglutaminase. Whey protein isolate partially hydrolyzed
with chymotrypsin, trypsin, or thermolysin retained about
80%, 30%, and 20% of the original immunoreactivity,
respectively. After repolymerization the immunoreactivity
was about 45%, 35%, and 5% of the original immunoreac-
tivity, respectively. The immunoreactivity of hydrolyzed and
repolymerized casein was negligible compared to native
casein. The repolymerized products were partially resistant
to in vitro digestion. Peptides released during digestion of
repolymerized thermolysin-whey protein hydrolysate had
less than 5% immunoreactivity, whereas those of whey
protein control exhibited a sinusoidal immunoreactivity
ranging from 5-20%. Peptides released during digestion of
repolymerized thermolysin-casein hydrolysates had no
immunoreactivity. These results indicated that it is possible
to produce hypoallergenic milk protein products using the
two-step enzymatic modification method involving thermo-
lysin and transglutaminase.

Introduction

Cow’s milk allergy is very prevalent among children
under the age of three. A significant number of infants
allergic to cow’s milk protein also develop allergy to other
food proteins (Zeiger et al., 1999; Ahn et al 2003; Burks et
al., 1994). Protein allergy in children is mainly attributed to
IgE-mediated hypersensitivity (Exl & Fritsche 2001). Elici-
tation of allergenic response of a protein could be either due
to a sequence-specific epitope or conformational epitope.
Studies have shown that partial enzymatic hydrolysis sig-
nificantly reduced the allergenicity of proteins (Pahud et al.,
1985; Businco et al., 1993; Bindels & Boerma, 1994;
Oldaeus et al., 1997, Halken et al., 2000; Rosendal &
Barkholt, 2000). However, the definition of ‘partial” hydro-
lysis is quite arbitrary in terms of the peptide length profile.
As a consequence, some partially hydrolyzed protein prod-
ucts have been shown to cause severe allergic reactions in
some children (Rosendal & Barkholt, 2000; Ragno et al.,
1993) due to presence of intact linear epitopes in hydroly-
sates. Furthermore, protein hydrolysates generally taste bit-
ter (Wroblewska et al., 2004; Matoba & Hata, 1972; Ney,
1971) and lack desirable functional properties, particularly
gelation and texturization, essential for improving sensorial
properties of hypoallergenic food products.

A promising enzymatic approach to reduce the allerge-
nicity of proteins is enzymatic crosslinking using enzymes
such as transglutaminase (Pedersen et al., 2004; Malandain
2005; Buchert et al., 2008; O’Sullivan & FitzGerald, 2012;
Li & Damodaran, 2016). Transglutaminase (TGase) cata-
lyzes a crosslinking reaction between glutamine and lysine
residues in proteins. (Han & Damodaran, 1996; Delong &
Kippelman, 2002; Agyare & Damodaran, 2010). This cross-
linking reaction could be inter-molecular and intra-molecu-
lar. When inter-molecular crosslinking occurs, which is the
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predominant route, the reaction produces branched-chain
protein polymers (Han & Damodaran, 1996). It is likely that
this crosslinking reaction might alter both conformational
and linear epitopes and thus render the modified protein to
be less responsive to IgE binding. However, studies have
shown that polymerization of milk proteins, viz., f-casein
and f-lactoglobulin using microbial transglutaminase
resulted only in marginal decrease in their immunoreactivity
(Stanic et al., 2010; Olivier et al., 2012; Li & Damodaran,
2016). On the other hand, transglutaminase crosslinking of
wheat flour caused a 70% reduction in glutenin immune
reactivity, whereas that of w-gliadin actually increased in
non-competitive ELISA (Leszczynska et al 2006; Palosuo et
al 2003). In a recent study, Li and Damodaran (2016)
reported that immunoreactivity of protein components in
heterologous crosslinked protein polymers was significantly
lower than in homologous crosslinked protein polymers.
However, a significant fraction of conformational and linear
epitopes were still intact and were readily accessible to
antibody binding in some heterologous protein conjugates,
such as crosslinked whey protein-casein, soy protein-casein,
and soy protein-whey protein polymers.

The hypothesis of the present study is that a combination
of initial partial hydrolysis of protein using a suitable
protease followed by TGase-catalyzed repolymerization of
the hydrolysate could produce hypo-immune-reactive pro-
tein polymers. This two-step enzymatic approach would
completely disrupt both the integrity and accessibility of
allergenic epitopes to IgE in proteins. This is predicted also
to eliminate the bitter flavor often associated with protein
hydrolysates. To test this hypothesis, we used trypsin, chy-
motrypsin, and thermolysin to partially hydrolyze whey
protein isolate (WPI) and sodium caseinate (CN) under
controlled conditions and repolymerized the resulting
hydrolysate using TGase to produce branched chain poly-
mers. The immunoreactivity of these hydrolysates and poly-
mers were investigated using protein specific ELISA. The
digestibility of these branched chain polymers under simu-
lated gastric-duodenal conditions and the immunoreactivity
of the digests were also studied.

Materials and Methods
Materials

Commercial sodium caseinate was from Agroupur Ingre-
dients (Product No. SR:9710; La Crosse, Wis., USA) and
whey protein isolate (WPI) was from Davisco Foods Inter-
national Inc., (BiPRO, Lot No. JE045-5-420, Eden Prairie,
Minn., USA). Thermolysin (Type X, 30-175 units/mg pro-
tein), trypsin (from porcine pancreas, type 2, 1600 BAEE
units/mg solid; 1800 ATEE units/mg solid), a.-chymotrypsin
(from bovine pancreas, 83.9 units/mg solid; 96 units/mg
protein), porcine stomach mucosa pepsin (EC 3.4.23.1,
activity: 2100 units/mg solid, 2600 units/mg protein), and
porcine pancreatin (P7545) were from Sigma-Aldrich (St.
Louis, Mo., USA). Microbial TGase (Activa-T1, 99% malto-
dextrin and 1% TGase; 100 units/g of solid) was from
Ajinomoto Food Ingredients (Eddyville, Iowa, USA). The
enzyme was used without further purification.

AgraQuant® F.A.S.T Casein ELISA test kit was pur-
chased from Romer Labs Inc. (Union, Mo., USA).
RIDASCREEN® f-lactoglobulin test kit was purchased
from R-Biopharm AG (Darmstadt, Germany).

WPI Hydrolysis and Repolymerization

For digestion with thermolysin, a 10% (w/w) solution of
WPI at pH 7.0 was treated with thermolysin at enzyme-to-
substrate weight ratios of 1/400, 1/1500 and 1/2000 and
incubated at 37° C. for 5 min. The hydrolysis was stopped
by heating in a boiling water bath for 8 min.
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It is known that whey proteins are partly resistant to
proteolysis by trypsin and chymotrypsin. Therefore, to
facilitate proteolysis with chymotrypsin and trypsin, first a
1% (w/w) solution of WPI was heat denatured in a boiling
water bath for 30 min, cooled and lyophilized. A 5% (w/w)
solution of this denatured WPI in water at pH 7.0 was treated
with trypsin or chymotrypsin at various enzyme-to-substrate
ratios and incubation time combinations, i.e., 1:200 for 30
min; 1:100 for 30 min, and 1:100 for 1 h at 37° C. The
hydrolysis reaction was stopped by heating in boiling water
bath for 8 min and then lyophilized.

Repolymerization of the WPI hydrolysates using TGase
was performed as follows: A 10% thermolysin hydrolysate,
and 5% trypsin and chymotrypsin hydrolysates were incu-
bated separately with TGase (100 units/g of substrate) in the
presence of 5 mM [-mercaptoethanol for 24 h at 37° C.
Heating the mixture in a boiling water bath for 8 min
stopped the reaction.

Casein Hydrolysis and Repolymerization

Aliquots of a 5% w/w solution of sodium caseinate in
deionized water at pH 7.0 were incubated with thermolysin
at an enzyme to substrate weight ratio of 1:1500 for 5 min,
10 min, and 15 min at 37° C. and hydrolysis was terminated
by heating in a boiling water bath for 8 min and then
lyophilized. Casein was hydrolyzed with chymotrypsin and
trypsin at an enzyme-to-substrate weight ratio of 1:200
under conditions similar to thermolysin hydrolysis. Time-
point samples were taken after 5 min, 10 min, and 15 min
followed by heat inactivation of the enzyme in boiling water
for 8 min and then the samples were lyophilized. TGase-
catalyzed repolymerization of the above hydrolysates was
performed as described for WPI hydrolysate.

Soy Protein Isolate (SPI) Hydrolysis and Repolymerization

Thermolysin hydrolysis: 1:200 enzyme to SPI weight
ratio, 37 C for 30 min, hydrolysis terminated by boiling at
100° C. for 8 min.

Trypsin and chymotrypsin hydrolysis: A 5% SPI solution
was first heat denatured in boiling water for 30 min, cooled
down to 37° C. and then treated with trypsin or chy-
motrypsin at an enzyme to SPI ratio (w/w) of 1:100 for 30
min. Hydrolysis was stopped by incubating in boiling water
bath for 8 min.

Transglutaminase reaction: The hydrolysate was treated
with transglutaminase at an enzyme to substrate weight ratio
of 100 Units/g substrate at 37° C. for 24 h, followed by
inactivation of the enzyme in boiling water for 8 min.

In Vitro Digestion of Repolymerized Protein Polymers

In vitro digestion of repolymerized-protein polymers
under simulated gastro-intestinal conditions was performed
as described elsewhere (Dupont et al, 2010; Fu, Abbott, &
Hatzos, 2002; Li & Damodaran, 2016). Briefly, protein
samples were dissolved (2%) in 0.15 M NaCl and the pH
was adjusted to 2.5 with 1N HCl to simulate the gastric fluid
conditions. Porcine stomach mucosa pepsin was added at a
1:20 enzyme-to-protein weight ratio and the mixtures were
incubated at 37° C. for 1 h. To create the intestinal condition,
the pH of the gastric digest was raised to 6.5 using 1N NaOH
and bile salt and bile-Tris were added so that the final
concentrations of these components were 1.85 mM and 26.1
mM, respectively. To this mixture was added porcine pan-
creatin at a 1:20 enzyme-to-protein ratio and the mixture
was incubated at 37° C. Samples withdrawn at various time
intervals during the intestinal phase of digestion were placed
in a boiling water bath for 10 min to terminate digestion. The
immunoreactivity of the digests was analyzed using protein-
specific ELISA Kkits.
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Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) of protein samples under reducing con-
ditions was carried out as described previously (Agyare &
Damodaran, 2010) using a 12.5% acrylamide separating and
a 4.5% acrylamide stacking slab gel in a Mini-PROTEAN 3
apparatus (Bio-Rad Laboratories, Hercules, Calif., USA). A
mixture of molecular weight standards (11-170 kDa)
(Sigma-Aldrich Co., St. Louis, Mo., USA) was also run
along with the samples.

To better resolve low molecular weight peptides in some
cases, tris/tricine polyacrylamide gel electrophoresis was
also performed according to Schagger & Von Jalow (1987)
using a 16.5% acrylamide separating and a 4% acrylamide
stacking slab gel. A mixture of molecular weight standards
(6-180 kDa) (NOVEX, Life technologies, CA, USA) was
also run along with the samples.

ELISA

Immunoreactivity of control and treated protein samples
were studied using commercially available protein-specific
ELISA kits. The experiments were performed as described
elsewhere (Li & Damodaran, 2016). In the case of WPI,
which is a mixture of -lactoglobulin and a-lactalbumin, the
immune-reactivity of WPI was determined using a -lacto-
globulin-specific competitive ELISA kit. In all ELISA
experiments, the intensity of color products released in the
titer wells was measured at 450 nm in an automated Spectra
MAX plus ELISA plate reader (Molecular Devices Inc.,
Sunnyvale, Calif., USA). These experiments were done in
duplicate and statistical analyses (analysis of variance) of
the results were performed using Excel.

Results and Discussion
WPI Hydrolysis

B-LG is known to be very resistant to digestive enzymes,
especially trypsin and chymotrypsin, but its susceptibility
improves upon thermal denaturation (Reddy et al., 1988;
O’Loughlin et al., 2012). Therefore, a pre-heat treatment
(see methods) was employed to improve the susceptibility of
WPI to proteolysis. Hydrolysis of WPI by trypsin, chy-
motrypsin, and thermolysin under various conditions is
shown in FIGS. 1A-1C. It should be noted that even after
thermal denaturation in a boiling water bath for 30 min,
B-LG in WPI was not completely hydrolyzed by trypsin and
chymotrypsin even when hydrolyzed at an enzyme-to-sub-
strate ratio of 1:100 for 1 h, whereas a-LA was completely
hydrolyzed to smaller peptides (FIG. 1A, lanes 7 and 10).
On the other hand, thermolysin was very effective in hydro-
lyzing both $-LG and a-LA in native WPI to about 3-12 kDa
peptides even at an enzyme-to-substrate ratio of 1:2000 for
5 min (FIG. 1A, lane 2). WPI was completely hydrolyzed to
small peptides at a thermolysin-to-substrate weight ratio of
1:400, as is evident from faint staining of bands in the
SDS-PAGE profile (FIG. 1A, lane 4). Extensive hydrolysis
of WPI may release significant amounts of short peptides
with no glutamine residue. Such peptides would not partici-
pate in TGase-mediated repolymerization reaction. Thus,
limited proteolysis that results in release of peptides in the
MW range of 3-10 kDa is desirable to increase the yield of
crosslinked polymers during TGase-catalyzed repolymeriza-
tion of hydrolysates. Accordingly, the following hydrolysis
conditions were selected for the three proteases: An enzyme-
to-substrate ratio of 1:1500 and 5 min was used for ther-
molysin and an enzyme-to-substrate ratio of 1:100 and 30
min was used for trypsin and chymotrypsin.
Immunoreactivity of WPI Hydrolysates and Their Repo-
lymerized Products

The native WPI and hydrolyzed WPI formed large poly-
mers when treated with TGase (FIG. 1B). The polymerized
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native WPI showed new smeared bands in the molecular
weight range of ~30 to ~400 kDa (FIG. 1B, lane 2).
However, some (~10%) monomeric -LG and a-LA were
present in the polymerized sample even after 24 h of
treatment with TGase. A similar observation had been made
in previous studies (Han & Damodaran, 1996; Li & Damo-
daran, 2016). In the case of hydrolysates, thermolysin was
very effective in hydrolyzing -G and a-LA (FIG. 1B, lane
3), whereas a small amount of intact $-LG and a-LA was
left unhydrolyzed in tryptic and chymotryptic hydrolysates
(FIG. 1B, lanes 4 and 5). When these hydrolysates were
treated with TGase, the intensities of residual $-LG and
a-LA bands were greatly reduced, indicating that they along
with other peptides in the hydrolysates were copolymerized
to high molecular weight polymers by TGase (FIG. 1B,
lanes 7 and 8); however, it has to be noted that some residual
amount of B-LG was still present along with appearance of
a B-LG dimer band (FIG. 1B, lanes 7 and 8). The molecular
weight of the heterogeneous crosslinked polymers ranged
from approximately 6 kDa to well over 400 kDa as evident
from the continuous smeared bands in SDS-PAGE. This
wide molecular size distribution might be the result of
limited availability of glutamine and lysine residues in
peptides of the hydrolysates. Whey proteins contain a low
glutamine-to-lysine ratio. For instance, §-LG contains 10
glutamine and 15 lysine residues, whereas a-L A contains 5
glutamine and 12 lysine residues. As a result, depending on
their distribution in the primary sequence and the sites of
cleavage by the proteases, it is theoretically possible that
some of the peptides released in the hydrolysates might be
devoid of glutamine residues. It would not be possible for
such peptides to take part in the TGase-catalyzed polymer-
ization reaction. The low molecular weight polymers in FIG.
1B, Lanes 6-8 might be such polypeptides.

The immunoreactivity of f-LG in WPI and its fragments
containing allergenic epitopes in various enzyme treated
WPI samples is shown in FIG. 1C. TGase polymerization of
native WPI (WPI-TG) decreased its immunoreactivity to
78% of that of native WPI control. Since according to the
SDS-PAGE profile only a small amount (~10%) of intact
B-LG was present in the WPI-TG sample (FIG. 1B, lane 2),
only a 22% reduction in immunoreactivity of the WPI-TG
polymers suggests that most of the antigenic epitopes of
native §-LG were not disrupted during the polymerization
reaction and they were still easily accessible to antibody
binding. Among the WPI hydrolysates, the immunoreactiv-
ity of the chymotryptic hydrolysate (chymotryptic-WPIH)
was 83% and that of the tryptic-WPIH was about 29% of the
WPI control.

The high immune-reactivity of chymotryptic-WPIH can-
not be totally due to residual B-LG in the sample, because
this residual amount was less than 10% of the control WPI
whereas the immune reactivity of the sample was 83% (FIG.
1B, lanes 1 and 5). This is also true of the tryptic-WPIH.
Therefore, these greater than expected immunoreactivity of
tryptic and chymotryptic hydrolysates might be due to
presence of intact linear epitopes in the peptide fragments,
especially in chymotryptic-WPIH. On the other hand, the
thermolysin hydrolysate (thermolysin-WPIH) exhibited the
lowest (18%) immunoreactivity, suggesting that among the
three proteases thermolysin was more effective in disrupting
allergenic epitopes in WPI. Miller et al (1999) reported that
the IgE binding epitopes of B-LG are found in segments
21-40, 41-60, 107-117, and 148-162 of the protein. The
amino acid sequences of these segments are SLAMA-
ASDISLLDAQSAPLR (SEQ ID NO:1), VYVEELKPT-
PEGDLEILLQK (SEQ ID NO:2), MENSAEPEQS (SEQ ID
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NO:3), and RLSFNPTQLEEQCHI (SEQ ID NO:4), respec-
tively. It should be noted that the interior parts of segments
21-40, 107-117, and 148-162 do not contain lysine, arginine,
tyrosine, tryptophan, and phenylalanine residues and there-
fore it is more likely that these IgE binding epitopes might
remain intact in a partially hydrolyzed tryptic-WPIH and
chymotryptic-WPIH hydrolysates. On the other hand, how-
ever, since thermolysin cleaves on the N-side of peptide
bonds of hydrophobic residues, the segments 21-40, 41-60,
and 148-162, which contain several hydrophobic residues,
would be disrupted by thermolysin hydrolysis and thus
peptides containing these allergenic epitopes would not be
present in the thermolysin-WPIH hydrolysate. The low
immunoreactivity of thermolysin-WPIH compared to tryp-
tic-WPIH and chymotryptic-WPIH hydrolysates (FIG. 1C)
substantiates these arguments.

Upon repolymerization using TGase, the immunoreactiv-
ity of the TG polymers of thermolysin WPI hydrolysate
(thermolysin-WPIH-TG) decreased from 18% to 6%, and
that of the TG polymers of chymotryptic WPI hydrolysate
(chymotryptic-WPIH-TG) decreased from 83% to 44%,
indicating that the immunoreactive epitopes were further
disrupted and/or have become masked by the crosslinking
reaction. In contrast, repolymerization of tryptic hydrolysate
(tryptic-WPIH-TG) did not significantly change its immu-
noreactivity, which remained at 29-31%. (FIG. 1C), sug-
gesting that the configuration of the branched-chain poly-
mers in tryptic-WPIH-TG was different from those of the
thermolysin-WPIH-TG and chymotryptic-WPIH-TG poly-
mers and the epitopes were as easily accessible in the
repolymerized sample as in the hydrolysate to antibody
binding. Since trypsin cleaves proteins at the C-end of lysine
(and arginine) residues, lysine would be at the C-terminal of
the peptides in the hydrolysate. As a result, when treated
with TGase, the crosslinking would occur between the
amine group of C-terminal (exo) lysine residues (or the
N-terminal amino group of peptides) and the amide group of
endo-glutamine residues, resulting in an exo-endo type only
crosslinking between peptides. In contrast, in the cases of
chymotryptic and thermolysin hydrolysates, which do not
cleave at lysine and glutamine residues, endo-endo type
would be major crosslinking between endo-lysine and endo-
glutamine residues along with some exo-endo crosslinking
between exo N-terminal amine and endo glutamine residues
of peptides. These differences in the mode of crosslinking
might create branched-chain polymer structures in which
accessibility of allergenic epitopes to IgE binding may vary.
Nevertheless, the data in FIG. 1C clearly indicate that initial
hydrolysis of WPI with thermolysin, followed by repolymer-
ization of the hydrolysate with TGase drastically reduces the
immunoreactivity of the neo-protein polymers.
Immunoreactivity of In Vitro Digested TG-Polymers of WPI
Hydrolysate

Since trypsin is site specific for lysine and arginine
residues, and chymotrypsin is specific for tryptophan, tyro-
sine, and phenylalanine, the repolymerized tryptic-WPIH-
TG and chymotryptic-WPIH-TG samples would not contain
cleavage sites for trypsin and chymotrypsin, respectively,
during the duodenal phase of digestion. Therefore, we
limited our studies only to examining the immunoreactivity
of the thermolysin-WPIH-TG polymers.

The extent of hydrolysis as a function of time of native
WPI and thermolysin-WPIH-TG polymers under simulated
gastric and duodenal conditions is shown in FIGS. 2A-C.
The native WPI was rapidly hydrolyzed to small peptides
with only a small amount of $-LG left undigested after the
first 60 min of gastric phase digestion. The digest contained
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a ~10 kDa polypeptide as the major component (FIG. 2A).
Digestion of polypeptides continued during the duodenal
phase digestion, however this ~10 kDa polypeptide
appeared to be resistant to digestion, as evidenced from its
very slow disappearance during 180 min of duodenal phase
digestion. In contrast, although most of the thermolysin-
WPIH-TG polymers were digested during 60 min of gastric
phase digestion, the digest still contained some high molecu-
lar weight polymers, as evidenced from a smeared band in
the molecular weight range of 5-100 kDa after 60 min of
gastric digestion (FIG. 2B). During the duodenal phase of
digestion, these remaining high molecular weight polymers
were very slowly digested down to lower molecular weight
polymers. However, a smeared band in the range of 5-10
kDa molecular weight was still present even after 180 min
of hydrolysis (FIG. 2B). These seemingly un-digestible
peptides might be remnants of branched-chain polymers that
could not be further digested because of blocked lysine
residues and/or inaccessibility of the remaining peptide
bonds to proteases and peptidases of pancreatin due to steric
constraints imposed by branched chains.

The immunoreactivity of peptides released during the
time course of in vitro digestion is shown in FIG. 2C. While
the immunoreactivity of the native WPI digests exhibited a
sinusoidal pattern, i.e., rising and falling with digestion time,
within the range of 5% to 20% reactivity, the immunoreac-
tivity of the thermolysin-WPIH-TG polymer digest was
constant at ~5% throughout the 240 min digestion period,
indicating that gastro-duodenal digestion of thermolysin-
WPIH-TG polymers did not release any IgE reactive pep-
tides. Previously, it has been shown that when WPI-TG
polymers (i.e., intact WPI polymerized with TGase) were
subjected to simulated gastro-duodenal digestion, its digest
also exhibited a sinusoidal immunoreactivity pattern similar
to native WPI ranging from 5% to 20% as a function of
digestion time (Li & Damodaran, 2016). The absence of this
pattern with the thermolysin-WPIH-TG polymers indicates
that all potential linear antigenic epitopes were effectively
eliminated/disrupted in this two-step enzymatically modi-
fied WPL. The allergenicity of WPI and partially hydrolyzed
WPI often observed in patients might be due to this residual
20% immunoreactivity of the digested products, and this
level of immunoreactivity might be sufficient enough to
trigger a strong gut immune response. However, it is pos-
sible that the low (<5%) immunoreactivity of thermolysin-
WPIH-TG polymers digests is predicted not to elicit a strong
response from the gut immune system of patients allergic to
milk proteins.

Casein Hydrolysate and its Repolymerized Products

Caseins are highly flexible proteins and, as a result, are
readily digested by proteases. Therefore, optimization of
partial hydrolysis conditions to produce peptide fragments in
the MW range of3-10 kDa was necessary for the subsequent
TGase-catalyzed repolymerization reaction. FIG. 3A shows
the SDS-PAGE profile of casein digested with thermolysin,
trypsin, and chymotrypsin at various enzyme-to-substrate
ratios and hydrolysis times. Among the three thermolysin
hydrolysates, those corresponding to 1:2000 and 1:1500
enzyme-to-substrate ratios showed no noticeable difference
in the SDS-PAGE profile, while the 1:800 sample was over
hydrolyzed as seen from the reduced intensity of the
coomassie blue staining. To choose between 1:2000 and
1:1500 enzyme-to-substrate ratios, the immunoreactivity of
both these hydrolysates were tested using casein-specific
ELISA. The result showed that both these samples had very
low immunoreactivity (data not shown). However, the one
hydrolyzed at 1:1500 enzyme-to-substrate ratio had lower
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activity than the one at 1:2000 enzyme-to-substrate ratio.
Therefore, the 1:1500 enzyme-to-substrate ratio was chosen
for subsequent steps. Similarly, the 1:400 enzyme-to-sub-
strate ratio/10 min and the 1:200 enzyme-to-substrate ratio/
10 min hydrolysis conditions were chosen as optimum
conditions for tryptic and chymotryptic digestions, respec-
tively.

The SDS-PAGE profiles of thermolysin, tryptic, and chy-
motryptic hydrolysates of casein (CNH) and their repo-
lymerized polymers (CNH-TG) are shown in FIG. 3B.
Under the hydrolysis condition used, the molecular weights
of peptides in all the three hydrolysates were in the range of
about 10 to 20 kDa (FIG. 3B, lanes 3-5). Upon treatment
with TGase, casein and its hydrolysates were able to form
large MW polymers (FIG. 3B, lanes 2, 6-8). Some of these
polymers could not pass through the stacking and separating
gels. In the cases of repolymerized hydrolysates, the
smeared bands from 10 kDa to top of the separating and
stacking gels (FIG. 3B, lanes 6-8) indicated that they con-
tained a heterogeneous mixture of crosslinked polymer with
wide ranging molecular weights. As in the case of WPIH-TG
polymers (FIG. 1B, lanes 6-8), this wide molecular size
distribution might be the result of limited availability of
glutamine and lysine residues in peptides of the hydroly-
sates. Caseins contain approximately equal amount of glu-
tamine and lysine residues. However, depending on their
distribution in the primary structure and the sites of cleavage
by the proteases, it is likely that some of the peptides in the
hydrolysate might not contain or contain only a limited
number of glutamine residues, which would limit their
participation in the polymerization reaction. The wide
molecular size distribution of CN-TG polymers (FIG. 3B,
lanes 6-8) might be a reflection of this phenomenon.
Immunoreactivity of Casein Hydrolysates and their TG-
Polymers

Polymerization of intact casein (CN) using TGase
decreased its immunoreactivity to about 70% of the control
(FIG. 3C), indicating that a majority of antigenic epitopes
(both conformational and linear epitopes) was still acces-
sible to IgE binding in CN-TG polymers. On the other hand,
the thermolysin, tryptic, and chymotryptic hydrolysates of
CN showed no immunoreactivity. In addition, the TG-
polymers of these CN hydrolysates (CNH-TG) also showed
no immunoreactivity, indicating that almost all antigenic
epitopes in casein were disrupted by hydrolysis; repolymer-
ization of the peptides in the hydrolysate to large MW
polymers did not result in reformation of any conformational
epitopes.

FIGS. 4A and 4B show the digestibility of native CN and
thermolysin-CNH-TG polymers, respectively, in the two-
step simulated gastric and duodenal phase digestion system.
Native CN was readily digested to 10-15 kDa peptides
during the gastric phase digestion and these peptides disap-
peared during the duodenal phase digestion. In the case of
thermolysin-CNH-TG polymers, all the high MW polymers
that could not enter the stacking and separating gels were
digested completely to <60 kDa polypeptides during the 60
min gastric phase digestion. These polypeptides were further
digested to <15 kDa peptides during the 180 min duodenal
phase digestion. However, as in the case of WPI, these <15
kDa polypeptides appeared to be resistant to further break
down to dipeptides and amino acids even after 180 min of
duodenal phase digestion, indicating that these were the
remnants of branched-chain polymers that no site-specific
enzyme and endo- and exo-peptidases in pancreatin could
digest. It is possible that a longer than 180 min incubation
time with pancreatin could have further digested these limit
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polypeptides. However, since the gastro-intestinal transit

time of food after intake is typically 3-4 h, it is unlikely that

these limit polypeptides would be digested under normal in
vivo conditions.

The immunoreactivity of peptides released during the
time course of in vitro digestion of thermolysin-CNH-TG
polymers is shown in FIG. 4C. The immunoreactivity of
digested native casein and the thermolysin-CNH-TG poly-
mers was almost zero throughout the 240 min digestion
period, indicating that gastro-duodenal digestion of thermo-
lysin-CNH-TG polymers did not release any antigenic pep-
tides.

SPI Experiments
The experiments outlined above conducted on WPI and

CN were conducted on SPI. The results of the experiments

conducted on SPI were similar to those for the WPI and CN

experiments (FIGS. 5-8).

Conclusion
Both caseins and whey proteins are known to be strongly

allergenic (Baudon, Mougenot, & Didry, 1987; Docena et

al., 1996). Casein hydrolysate has been found to be safe in

infants allergic to cow’s milk (Sampson, et al., 1991).

However, partially hydrolyzed whey protein has been shown

to trigger allergic symptoms in children with cow’s milk

allergy (Ragno et al.,, 1993). Those findings tentatively
suggested that allergenicity of hydrolyzed milk proteins
essentially stemmed from partially hydrolyzed whey protein
components. The results of the current study, which is based
on ELISA, agree with results of those earlier in vivo studies.

The results of the present study also strongly indicate that
the immunoreactivity of hydrolyzed milk proteins, viz.,
whey proteins and casein, can be significantly reduced
and/or eliminated using a two-step enzymatic process,
namely initial partial hydrolysis using thermolysin, trypsin,
or chymotrypsin, followed by repolymerization of the
hydrolysate using TGase. Among the proteases, thermolysin
is the most effective in disrupting allergenic epitopes in
whey proteins. Upon repolymerization, the immunoreactiv-
ity of thermolysin-WPIH-TG polymers was the lowest (~5%
of the control WPI), whereas the immunoreactivity of tryp-
tic-WPIH-TG and chymotryptic-WPIH-TG polymers were
at unacceptable levels of 35% and 45%, respectively. Like-
wise, the thermolysin-CN-TG polymers also did not have
any immunoreactivity. In addition, digestion of the repo-
lymerized CN and WPI hydrolysates under simulated gas-
tro-duodenal conditions did not release IgE reactive peptides
during the 240 min time course of digestion. This two-step
enzymatic modification method is predicted not only to
produce hypoallergenic protein polymers, but also to help in
alleviating undesirable sensory properties, e.g., bitter flavor,
associated with protein hydrolysates.

Findings for SPI were similar to those found for CN and
WPI.
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Example 2

Nanostructure and Functionality of Enzymatically
Repolymerized Whey Protein Hydrolysate

Summary

Whey proteins (WPI) were polymerized with transgluta-
minase (TGase) before and after partially hydrolyzing the
protein with thermolysin to produce protein nanoparticles/
polymers. Electrophoresis and atomic force microscopy
(AFM) were used to determine the size and structural
characteristics of the polymers. The foaming and emulsify-
ing properties of these nanoparticles were studied. The
polymerized WPI (WPI-TG) produced more stable foams
than the repolymerized WPI hydrolysate (WPIH-TG). In
contrast, WPIH-TG produced better emulsions with better
storage stability than WPI-TG emulsions. These differences
were due to their structure and electrostatic properties: The
WPI-TG particles were linear, less than 100 nm in size with
lower net negative charge, whereas the WPIH-TG polymers
were much larger and were highly negatively charged as
judged from zeta potential. This suggested that while protein
nanoparticles may provide Pickering stability to both emul-
sions and foams, strong lateral electrostatic repulsion
between nanoparticles within the adsorbed film destabilizes
foams but not emulsions.

Introduction

Dispersed systems, such as foams and emulsions, can be
stabilized using soluble surfactants and by using hydrophilic
nano- and micro-particles. While soluble surfactants, such as
proteins and small molecule amphiphiles, stabilize dispersed
systems by adsorbing to the air-water or oil-water interface
and reducing the interfacial tension, nano- and micro-par-
ticles stabilize emulsions and foams through a phenomenon
known as Pickering stabilization (Binks, 2002; Hunter,
Pugh, Franks, & Jameson, 2008; Kalashnikova, Bizot,
Cathala, & Capron, 2011). Studies have shown that chitin
and cellulose nanocrystals, silica nanoparticles, hydropho-
bically modified starch particles, and spore particles were
able to impart Pickering stabilization to oil-in-water emul-
sions (Tzoumaki, Moschakis, Kiosseoglou, & Biliaderis,
2011; Yusoff, & Murray, 2011; Kalashnikova, Bizot,
Cathala, & Capron, 2011; Binks et al, 2011; Pichot, Spyro-
poulos, & Norton, 2009). This stabilizing effect of nanopar-
ticles is simply related to binding of the particles to the oil
droplet surface and forming a physical barrier against
coalescence of the dispersed phase.

Soluble globular proteins are highly surface-active due to
their amphiphilic nature, but they do not stabilize dispersed
systems by the Pickering mechanism. Instead, they readily
adsorb to fluid-fluid interfaces, reduce the interfacial ten-
sion, form a viscoelastic film at interfaces, and stabilize
emulsions and foams against coalescence through a combi-
nation of electrostatic and steric repulsive forces (Damo-
daran, 2005). However, stable protein and protein-polysac-
charide nanoparticles fabricated by using different methods
(Dickinson, 2010; Turgeon, Smith, & Sanchez, 2007; San-
tipanichwong, Suphantharika, Weiss, & McClements, 2008)
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might have the potential to impart Pickering stability, in
addition to their surface activity and film forming ability, to
foams and emulsions.

Protein nanoparticles are generally produced by thermal
aggregation of proteins under controlled conditions (Lee et
al, 2016; Matalanis, Jones, & McClements, 2011; Zhu and
Damodaran, 1994). Such aggregates are formed via nonco-
valent interactions as well as via sulthydryl-disulfide inter-
change interaction between denatured protein molecules. In
these types of nano-aggregates, the charge characteristics of
the primary protein molecules are not greatly altered as there
is no net loss of amino and carboxyl groups. Protein nan-
oparticles or nano-structures also can be produced via enzy-
matic crosslinking of native and/or partially denatured pro-
teins using enzymes such as transglutaminase (TGase)
(Agyare & Damodaran, 2010). Since primary amino groups
and glutamine residues are consumed in this crosslinking
reaction, the protein nanoparticles produced by this method
have greater negative charge density than the uncrosslinked
protein molecule in the neutral pH range. Another appealing
approach is to first enzymatically hydrolyze the protein and
then enzymatically repolymerize the hydrolysate using
TGase to produce a branched chain protein polymer/nan-
oparticle. Although peptide bond hydrolysis produces new
a-amino and a-carboxyl groups, the positive charge on the
a-amino group (pKa=7.8) is less than the negative charge on
the a-carboxyl group (pKa=4.6) at pH 7.0. As a result,
nanoparticles obtained with repolymerized protein hydroly-
sate would be more negatively charged than the nanopar-
ticles obtained with polymerized intact protein. Even though
the protein origin is same, the nanoparticles obtained by
these two different routes might possess different function-
ality.

The major objective of the present study was to investi-
gate the interfacial properties of enzymatically crosslinked
whey protein nanoparticles. The hypothesis of this study was
that polymerizing native and partially hydrolyzed whey
proteins using TGase would produce highly negatively
charged polydispersed nanoparticles. In addition to reducing
interfacial tension, these nanoparticles could impart Picker-
ing stabilization to foams and emulsions.

Materials and Methods
Materials

Whey protein isolate (WPI) was obtained from Davisco
Foods International Inc., (Eden Prairie, Minn., USA). Ther-
molysin (Type X, 30-175 units/mg protein) was purchased
from Sigma-Aldrich (St. Louis, Mo., USA). Microbial trans-
glutaminase (TGase) used in this study (Activa-TI, 99%
maltodextrin and 1% TGase, 100 units/g solid) was from
Ajinomoto Food Ingredients (Eddyville, lowa, USA). The
enzyme was used without further purification.

Preparation of Branched-Chain WPI Polymers

To prepare crosslinked native WPI polymers, a 5% (w/w)
WPI solution in deionized water containing 5 mM [-mer-
captoethanol at pH 7.0 was treated with TGase at an enzyme
to substrate ratio of 100 units/gram substrate. The polym-
erization reaction was carried out for 4 h at 37° C. and
terminated by heating in boiling water for 8 min. The sample
was then dialyzed using 6-8 kDa molecular weight cutoff
membrane against water at pH 7.0 for 24 h to remove
maltodextrin, followed by centrifugation at 7100 g for 10
min to remove any insoluble polymers. The solution was
then lyophilized and stored at -20° C.

To prepare protein nanoparticles from WPI hydrolysate,
first a 5% (w/w) WPI solution in deionized water, adjusted
to pH 7.0, was preheated to 70° C. in a water bath for 30 min.
Thermolysin was then added at an enzyme-to-substrate ratio
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0f 1:6000 (w/w), and hydrolysis was carried out at 70° C. for
1 min. Hydrolysis was terminated by incubating in a boiling
water bath for 8 min. The sample was lyophilized and stored
at =20° C. To repolymerize the hydrolysate, a 5% w/w
solution of the hydrolysate in water at pH 7.0 containing 5
mM 3-mercaptoethanol was treated with 100 units of TGase/
gram substrate and incubated at 37° C. for 4 h. Subsequent
heating in boiling water for 8 min terminated the polymer-
ization reaction. The solution was then dialyzed using 6-8
kDa molecular weight cutoff membranes against water at pH
7.0 for 24 h to remove maltodextrin, salts, and any low
molecular weight peptides. The dialyzed sample was then
centrifuged at 7100 g for 10 min to remove any insoluble
polymers. The solution was lyophilized and stored at -20°
C. Several batches of the polymers were produced under
identical experimental conditions; these samples showed
similar molecular mass profiles in SDS-PAGE electropho-
resis.

Determination of Degree of Hydrolysis (DH)

The degree of hydrolysis (DH) of thermolysin-digested
WPI was determined by the pH-Stat method (Adler-Nissen,
1986) using a Mettler Toledo DL50 Autotritrator (Mettler
Toledo, Greifensee, Switzerland). DH was calculated using
the following equation:

DH=[VnaomXNnaom)/ (Oxmxh,,)]x100%

where o was the degree of dissociation of c.-amino groups,
m was the mass of protein (g), and h,,, was the total number
of peptide bonds in the protein (meq/g protein). The con-
centration of NaOH used was 0.05N. The a value depended
on temperature and pH, which were maintained at 70° C. and
7.0, respectively. The corresponding o value and h,,, for
WPI were 0.6 and 8.8, respectively (Adler-Nissen, 1986). In
these experiments, the hydrolysis conditions were chosen
such that the DH of the hydrolysate was only about ~1%.
Electrophoresis

SDS-PAGE of protein samples under reducing and non-
reducing conditions was performed as described previously
(Agyare & Damodaran, 2010) using a 12.5% acrylamide
separating and a 4.5% acrylamide stacking slab gel.
Apparatus for Measuring Foaming Properties

Evaluation of foaming capacity and foam stability was
carried out in a Laplace pressure apparatus. The apparatus
used for this purpose is described in detail elsewhere (Yu &
Damodaran (1991a). The physical principle behind this
method is the Laplace pressure: According to Laplace, the
pressure inside a foam bubble is greater than the pressure
outside and this difference is given by

AP=2y/r )

where v is the surface tension and r is the radius of the
bubble. On the basis of this, the equation of state of foam in
a closed environment can be shown to be,

3VAP+2yA4=0 )

where AP and AA are the change in pressure and interfacial
area, respectively, and V is the volume of the apparatus.
According to equation 2, any change in the interfacial area
of the foam, i.e. as a result of breakage of foam with time,
will cause a corresponding increase in the pressure inside the
closed vessel. The total initial interfacial area (A,) at time
t=0 can be obtained from total change in pressure inside the
closed vessel at infinite time when the entire foam has
collapsed. Thus, at t=t,,

Ag=3VAP,/2y 3)
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The interfacial area of the foam at any time t during foam
decay (A, is given by

A=3V(AP,~P)/2y. )

Since foam decay is assumed to follow first order kinetics,
and since two distinct macroscopic processes, viz., liquid
drainage and disproportionation (Oswald ripening), are
involved in foam decay, the kinetics of foam decay can be
expressed as a biphasic first order process,

A/ Ao=0g exp(-kg)+Qy exp(-k ), ®

where k, and k, are first-order rate constants for the gravi-
tational drainage and disproportionation processes, respec-
tively (Yu & Damodaran, 1991a). While A provides infor-
mation on the ability of a protein to create foam, i.e.
foamability, the kinetics of foam decay provides information
on foam stability. The rate constants are determined from
nonlinear curve fitting of the foam decay data to equation 5.

The foaming properties of native WPI and enzyme modi-
fied WPI were studied using the Laplace pressure apparatus
exactly as described elsewhere (Yu & Damodaran, 1991a,
b). Briefly, 20 mL of protein solution (5% w/w) in 20 mM
phosphate buffer was preequilibrated in a water bath at 25°
C. for one hour before being loaded into the fritted glass tube
of the apparatus housed in an environmental incubator
maintained at 25° C. Nitrogen gas was bubbled through the
protein solution at a rate of 20 m[/min until the foam rose
to a premarked point at the top of the foam column. Closing
all valves then closed the system. An in-built pressure
transducer in the apparatus monitored the time-dependent
increase of pressure inside the foam column. The pressure
was then converted to interfacial area of the foam using
equation 4. The surface tension y of the protein solution was
determined using the Whilhelmy plate method Xu &
Damodaran, 1992).
Emulsion Preparation and Analysis

Emulsions were prepared with 1% (w/w) protein solution
in 20 mM phosphate buffer (pH 7.0) and 20% (v/v) soybean
oil for a total volume of 3.5 mL. Coarse emulsions were
prepared by sonication using a Branson Sonifier 450
(BRANSON Ultrasonics Corp., CT, USA). The coarse
emulsions were then homogenized in a high-pressure
homogenizer (EmulsiFlex-B3, Avestin, Inc., Ottawa,
Canada) at an operating hydraulic pressure of 152 MPa with
three passes. Emulsions were stored at room temperature in
the dark and the particle size distribution was determined
over the course of one month.

Emulsion droplet size distributions were measured using
a 90Plus/BI-MAS particle sizer (Brookhaven Instruments
Corp., NY, USA). Emulsions were diluted 1500-fold using
deionized water prior to the measurement. The rate of
change of emulsion interfacial area, as calculated from
Multimodal Size Distribution (MSD) charts for diameter-
by-volume (d32) data, was used to determine emulsion
stability during storage over one month. Zeta potential of
emulsion droplets in deionized water and in 0.1 M NaCl was
measured using the same instrument.
Surface Tension

Surface pressure of the protein solution was measured by
the Wilhelmy plate method using an LB trough (KSV 2000,
KSV Instruments Ltd., Finland) as described elsewhere (Xu
& Damodaran, 1992). In a typical experiment, 100 mL of
10~*% (w/v) protein solution in 10 mM phosphate buffered
saline solution (I=0.1M), pH 7.0, was poured into a Teflon
trough. The surface was vacuum aspirated with a clean fine
glass capillary to create a clean new aqueous surface. The
surface pressure development was recorded over a 24 h
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period without stirring the bulk phase. Preliminary experi-
ments indicated that a 107*% (w/v) bulk concentration of
WPI was sufficient to form a saturated monolayer at the
air-water interface at equilibrium.
pH-Turbidity Measurement

The pH versus apparent solubility profiles of native and
enzyme modified WPI samples were determined by mea-
suring the turbidity of 0.1% protein dispersion in the pH
range 2 to 10 (Liu, Elmer, Low, & Nickerson, 2010; Nath,
Patrickios, & Hatton, 1995). The turbidity of the solutions
was measured as absorbance at 500 nm using a UV-visible
spectrophotometer (Shimadzu UV-P1601 PC, Shimadzu
Corp., Kyoto, Japan).
Atomic Force Microscopy

Topographical images of native and polymerized WPI
samples were obtained using a BioScope Catalyst atomic
force microscope (Bruker Corporation, Santa Barbara,
Calif.) operated in peak force tapping (PFT) mode. Protein
solutions were diluted to 10 ppb in water at pH 7.0. Two pL
of the solution was drop-deposited onto a freshly cleaved
mica surface that had been fixed with 0.01% w/v poly-L-
lysine solution and washed to remove any salts. The slides
were air dried until no liquid was visible on the mica. The
topographical image data were analyzed using NanoScope
Analysis software (version 1.40, Bruker Corporation, Santa
Barbara, Calif.).
Statistical Analysis

Analytical replicates were performed at least two times to
report means and standard deviations where appropriate.
Statistical analysis was conducted using JMP Statistical
Discovery™ from SAS. P-values less than 0.05 were con-
sidered statistically significant.
Results and Discussion

The rationale for selecting thermolysin as opposed to
other proteases for making WPI hydrolysate (WPIH) was
that this enzyme hydrolyzes peptide bonds at the N-side of
hydrophobic amino acid residues. This mode of cleavage is
expected to disrupt the hydrophobic sequences/segments in
the protein as well as release peptides with lysine and
glutamine residues mostly in the inner parts of released
peptides. The degree of hydrolysis (DH) was intentionally
limited to ~1%, as extensive digestion of WPI would have
produced considerable amount of short peptides with no Lys
and/or Gln residues available for the TGase-catalyzed repo-
lymerization reaction.
SDS-PAGE Analysis of Crosslinked Proteins

The SDS-PAGE profiles of untreated WPI, WPIH, TGase-
treated WPI (WPI-TG), and TGase-treated WPIH (WPIH-
TG) under reducing and non-reducing conditions are shown
in FIGS. 9A and 9B. Bands of -LG with molecular weight
(MW) of 18.3 kDa and a-LA with MW of 14.4 kDa were
visible in the control WPI (FIG. 9A, lane 2). The WPI-TG
sample contained high MW polymers that were unable to
penetrate the stacking and separating gels under reducing
conditions (FIG. 9A, lane 3). It has been previously shown
that a-LA was a better substrate for TGase than $-LG
(Damodaran & Agyare, 2013), and therefore it is reasonable
that a considerable amount of -LG remained in the mono-
meric state after 4 h of polymerization (FIG. 9A, lane 3). The
WPIH sample produced a smeared band with polypeptides
below the size of 3-LG (FIG. 9A, lane 4). As shown in FIG.
9A, lane 5, the WPIH-TG sample contained high MW
polymers that were unable to penetrate the stacking and
separating gels in addition to a broad size distribution of
polymers in the separating gel. Since enzyme-treated WPI
samples were subsequently heat treated to inactivate the
enzymes, it is very likely that some of the polymers in these



US 11,634,462 B2

25

samples might be S-S crosslinked polymers in addition to
TGase crosslinked polymers (Zhu & Damodaran, 1994). To
assess this possibility, SDS-PAGE of these samples was run
under non-reducing conditions and the results are shown in
FIG. 9B. A comparison of lanes 3 in FIGS. 9A and 9B
indicates that a majority of polymers in the WPI-TG sample
were TGase crosslinked polymers. Comparison of lanes 4
and 5 in FIGS. 9A and 9B suggest that S-S crosslinked
polymers were also present in the WPIH and WPIH-TG
samples, as revealed from increased intensity of bands in the
>20 kDa region in the non-reducing SDS-PAGE gel. Nev-
ertheless, the amount of TGase crosslinked polymers that
could not pass through the stacking and separating gels was
high in both WPI-TG and WPIH-TG samples. Furthermore,
since functionality tests on these samples were done under
non-reducing conditions, the MW profiles shown in FIG.
9B, lanes 3-5 better represent the actual size distribution of
these crosslinked protein polymers.

Atomic Force Microscopy

The topographical images of native and crosslinked WPI
are shown in FIGS. 10A-10C2. Native WPI existed as tiny
spherical particles (FIG. 10A), which were about 2-3 nm in
diameter expected for $-LG and o-LA at pH 7.0. Few large
aggregates were also seen, but those might be disulfide
crosslinked and/or hydrophobically aggregated particles
formed during isolation and spray drying of commercial
WPI.

The WPI-TG sample contained a heterogeneous mixture
of mostly linear strands of crosslinked WPI with about 4 nm
in height and less than 100 nm in length (FIGS. 10B1 and
10B2). The overall shape of these particles in solution
cannot be surmised from AFM images, as it is possible that
protein nanoparticles may deform or flatten when dried for
AFM (Saricay, Dhayal, Wierenga, & de Vries, 2012). A
close-up view revealed distinct linear polymers both in
individual and in aggregated states. On the other hand, the
WPIH-TG particles were much larger than the WPI-TG
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tions in the hydrophobic-to-hydrophilic balance of the pro-
tein surface due to crosslinking per se, which caused pre-
cipitation of §-LG at around pH 4.0 to 5.0 (Damodaran &
Agyare, 2013). The WPIH-TG solution remained as a trans-
lucent colloidal solution at pH>7.0 even after centrifugation
at 5000 g for 10 min (FIG. 12), which indicated that the large
molecular weight WPIH-TG polymers were truly in a stable
colloidal state. The WPI-TG solutions were also translucent,
but more transparent than WPIH-TG in the pH range
3.0>pH>7.0. The slight turbidity seen in the WPI-TG solu-
tion at pH 7.0 might be due to ~100 nm size crosslinked
polymers. The difference in the appearances of WPI-TG and
WPIH-TG solutions essentially reflects differences in the
size distribution of the crosslinked polymers in these
samples (see FIGS. 10B1, 10B2, 10C1, and 10C2).
Foaming Properties

Preliminary experiments indicated that sufficient foam to
fill the foam column (92 mL) of the Laplace pressure
apparatus was not possible with a 1% (w/w) solution of
native WPI. Thus, a 5% (w/w) protein concentration was
used in all experiments. The kinetics of surface area decay
of native WPI, WPI-TG, WPIH and WPIH-TG foams are
presented in FIG. 13A. The decay of these foams generally
followed nonlinear first order kinetics, which suggested
apparent involvement of at least two kinetic phases as
described by equation 5. These two processes represent
gravitational drainage of liquid from the lamella and dis-
proportionation of gas bubbles due to inter-bubble gas
diffusion, which are fundamental processes in foam decay
(Yu & Damodaran, 1991a). Therefore, regardless of biphasic
or monophasic first order kinetics, it is reasonable to assume
that both events occur during foam decay. Since inter-bubble
gas diffusion would be significant only below a critical film
thickness, the first kinetic phase can be attributed mostly to
gravitational drainage (Yu & Damodaran, 1991a, b). The
rate constants of drainage and disproportionation were cal-
culated as described by Yu and Damodaran (1991, a, b).
These values are given in Table 1.

TABLE 1

Foaming properties of native and various enzyme-modified WPI samples.

Sample k. (min™")

Foaming
time(s)

Equilibrium surface

k,; (min™!) Agx 1073 (cm?) pressure (mN/m)!

NativeWPI 0.0075 = 0.0007%

WPI-TG 0.0045 = 0

WPI-H

0.009 = 0.00114
WPI-H-TG 0.0101 * 0.00144

18.8 = 0.33714
23.5 = 0.35367
16.4 = 0.5132¢
14.6 = 0.7095°

0.0064 + 0.0010% 44.7 = 5.0 19.7 = 5.34
0.0116 + 0.00684 32 = 0% 19.5 + 0.064
0.0249 = 0.00254 28.3 = 4.7% 17.4 = 0.4
0.0187 + 0.00474 25.0 = 3.0% 18.1 = 2.24

4PDjifferent letters denote statistical difference within each column,

IThe equilibrium surface pressure of a 1079% solution after 24 h.

kg and ky are gravitational drainage and disproportionation rate constants, respectively.
Ay is the total initial surface area of the foam.

particles, and they contained both spherical clusters as well
as linear polymers with about 10 nm in height/diameter and
the length ranging from 50 nm to more than 100 nm (FIGS.
10C1 and 10C2).
pH-Turbidity

The native WPI showed excellent solubility in the pH
range 2.0-10.0 (FIG. 11). In contrast, both WPI-TG and
WPIH-TG polymers exhibited typical pH-turbidity profiles
with minimum solubility (or maximum turbidity) at about
pH 5.0 to 5.3. This loss of solubility near the isoelectric point
of whey proteins was likely the result of denaturation during
the heating step to inactivate the protease. However, it has
been previously reported that even in the absence of the
heating step, incubation of §-LG with TGase caused altera-
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Native WPI followed a monophasic first order kinetics,
suggesting that the macroscopic events of liquid drainage
and disproportionation were happening simultaneously and
the rate constants of each were equal in magnitude. In
contrast, the foam of WPI-TG, which had crosslinked poly-
mer particles in the size range of <100 nm (FIGS. 10B1 and
10B2), exhibited a convex-type biphasic first order decay.
The WPI-TG foam was more stable than the native WPI
foam for a period of 100 min and then collapsed thereafter,
indicating that liquid drainage was the rate-limiting step in
this foam. The gravitational drainage rate constant k, of WPI
foam was almost twice that of WPI-TG foam (Table 1),
indicating that the large linear polymer particles in WPI-TG
(FIGS. 10B1 and 10B2) were responsible for retarding the
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gravitational drainage rate. The transformation from a linear
(native WPI) to convex-type first order decay behavior
(WPI-TG) reflects that the crosslinked protein nanoparticles
impart a fundamental change to physical properties of the
WPI-TG interfacial film. This might be related to the Pick-
ering effect of large polymers/nanoparticles in addition to
their inherent surface activity.

In contrast, in the case of WPIH and WPIH-TG foams
while they also exhibited convex-type biphasic first order
decay, they collapsed rapidly from the start (FIG. 13A). It
should be noted that while the particle size of crosslinked
polymers in WPI-TG was <100 nm, it was >100 nm in
WPIH-TG polymers (FIGS. 10B1, 10B2, 10C1, and 10C2).
Therefore, one would expect a greater Pickering effect in
WPIH-TG-stabilized foam. One of the possible reasons for
this dichotomy could be that, as discussed below (Emulsion
stability section), the WPIH and WPIH-TG particles are
more highly negatively charged than the WPI-TG polymers
owing to newly created (as a result of partial hydrolysis of
WPI) C-terminal carboxyl groups of the peptide fragments
in these polymers. As a result, strong lateral electrostatic
repulsive interactions between adsorbed WPIH-TG (and
WPIH) particles within the interfacial film might rupture/
destabilize the foam film, resulting in a faster rate of
collapse. This charge-related destabilizing effect might be
far more detrimental than any Pickering stabilization
imparted by these particles. Thus, it appears that it is not just
the size, but also the electrostatic properties of the particles
also play a role in Pickering-stabilized foams.

The foaming time and initial interfacial area (A,) of
foams are presented in Table 1. Foamability is defined here
as the initial total surface area A, of the foam, as calculated
from AP, using equation 3. In general, longer foaming time
corresponded with larger interfacial area. Bubbling of native
WPI solution produced the finest and most uniform distri-
bution of bubbles, giving the appearance of denser foam
with larger A,. On the other hand, WPI-TG, WPIH, and
WPIH-TG foams visually appeared to be polydispersed
bubbles of varying sizes. The large bubbles visually
observed in the WPIH and WPIH-TG foams also appeared
more polyhedral in shape than the native WPI and WPI-TG
foams. Even though native WPI and WPI-TG appeared to
have produced higher initial interfacial areas, no statistically
significant difference in A, was found between any of the
samples despite qualitative differences (Table 1). Compared
to native WPI, foaming times were shorter for WPI-TG,
WPIH, and WPIH-TG samples. It should be noted that even
though the stability of WPI-TG foam was better than native
WPI (FIG. 13A), the foamability (i.e. A, value) of WPI was
about the same as that of WPI-TG (Table 1). This suggests
that the molecular properties that govern these two aspects
of foam are quite different: While foamability does not
greatly depend on the molecular size, high molecular weight
polymers seem to possess the molecular characteristics
needed for foam stability. However, among high molecular
weight polymers, highly negatively charged polymers, e.g.,
WPIH and WPIH-TG polymers (see Emulsion stability
section), appear to destabilize foams (FIG. 13A).

Highly surface-active proteins produce smaller mean
bubble size and thus large A, (Yu & Damodaran, 1991a, b;
Zhu and Damodaran, 1994). The surface activities of native
and enzyme-modified WPI were determined by studying the
kinetics of adsorption at the air-water interface. FIG. 13B
shows time-dependent increase of surface pressure at the
air-water interface during adsorption of these proteins from
a quiescent bulk solution containing 1.5 pg/ml protein
concentration. The relative rates of surface pressure devel-
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opment as well as the final surface pressure after 24 h of
adsorption  followed the order  WPI-TG>native
WPI>WPIH>WPIH-TG. Surface pressure development was
fastest for WPI-TG even though the size of polymers in this
sample was larger than the native WPI (FIG. 13B), which
should have decreased its rate of diffusion. This suggests
that properties other than molecular mass, potentially its
conformational rearrangement at the interface, might con-
tribute its high surface activity. The relative order of surface
activity of native WPI and enzyme-modified WPI samples
correlated well with relative rates of foam decay, especially
liquid drainage rates of these foams (Table 1).

The differences among the foaming properties of the
treated WPI samples are inherently related to differences in
their structural complexities, molecular/particle surface
characteristics, and film-forming ability at the air/water
interface (Damodaran, 2005). For instance, the better inter-
facial adsorption and foaming properties of WPI-TG might
be related to its mostly linear crosslinked polymer structure
observed in the AFM image (FIGS. 10B1 and 10B2). Such
a structure might allow it to more effectively adsorb and
reduce the interfacial tension than native WPI and WPIH-
TG. On the other hand, the highly crosslinked state, the large
particle size (FIGS. 10C1 and 10C2), and high negative
charge of WPIH-TG particles (see Emulsion stability sec-
tion) may restrict its adsorption and film-forming ability at
the air-water interface.

Emulsion Stability

Native WPI produced the most stable emulsion with the
highest interfacial area (FIG. 14). In contrast, WPI-TG
exhibited poor emulsifying ability as judged from much
lower emulsion interfacial area. It seems that native WPI
most efficiently adsorbed to the oil-water interface and
created the smallest droplet size distribution, whereas WPI-
TG created the largest droplet size distribution, and the
WPIH and WPIH-TG samples were intermediate with no
significant difference between them. All these emulsions
displayed bimodal and trimodal droplet size distributions
immediately after formation as well as after 27 days of
storage at room temperature (FIGS. 15A-15H). The larger
droplet size distribution and lower interfacial area of emul-
sions made using enzyme-modified WPI might be due to
their large polymer size, which might reduce the effective
concentration of protein available for adsorbing to or coating
of oil droplets during homogenization. In other words,
unlike in native WPI-stabilized emulsion, only a small
percentage of the protein mass of polymerized WPI might be
physically at the oil-water interface and the rest might be
suspended into the aqueous phase due their large size.

Visual appearances of these emulsions were different:
Native WPI and WPIH emulsions appeared smooth and did
not stick to the sides of the storage vial. Both WPI-TG and
WPIH-TG emulsions appeared to have undergone aggrega-
tion/flocculation during high-pressure homogenization.
With the exception of WPI-TG emulsion, regardless of their
initial interfacial area, all other emulsions were essentially
stable over a period 0f 27 days (FIG. 14). The interfacial area
of the WPI-TG emulsion however decreased from 16000
cm?mL on day one to about 6200 cm*/mL on day 27, which
represented a 60% reduction of interfacial area. It is likely
that the large colloidal-sized WPIH-TG polymers might
impart Pickering stabilization of the emulsion. However, it
is not clear why this Pickering stabilization was not very
effective in the case of WPI-TG emulsions. It is likely that
the magnitude of the Pickering effect might not be great
enough to overcome potentially weak mechanical and elec-
trostatic properties of the WPI-TG film.
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Since the TGase-catalyzed crosslinking reaction con-
sumes positively charged lysine residues and other primary
amine groups, the TGase treated WPI samples would be
more negatively charged than native WPI at pH 7.0. How-
ever, as shown in Table 2, the zeta potential of WPI
stabilized emulsion was more negative than the WPI-TG
stabilized emulsion. This suggests that the amount of WPI-
TG adsorbed per unit area of the emulsion droplet was lesser
than the amount of WPI adsorbed on the emulsion droplet.
On the other hand, the zeta potential of emulsions stabilized
by WPIH and WPIH-TG was more negative than the native
WPI and WPI-TG stabilized emulsions in deionized water at
pH 7.0 (Table 2), but the difference was very low in 0.1 M
NaCl solution. This is quite reasonable because even though
hydrolysis of a peptide bond releases one a-carboxyl and
one a-amine group, the net charge on the a-amine group
(pKa=7.8) at pH 7.0 would be less than the net charge on the
carboxyl group (pKa=4.6). Furthermore, some of the newly
released oi-amino groups might have participated in the

10

15

crosslinking reaction and therefore the overall charge of 20

WPIH (which is in the S-S crosslinked state) and WPIH-TG
polymers would be much higher than the native WPI and
WPI-TG samples. After 27 days of storage, the negative zeta
potential of all samples increased slightly with the exception
of native WPI, which decreased (Table 2). This might be due
to some compositional changes, i.e. the ratio of low molecu-
lar weight and high molecular wright polymers, in the
interfacial film with time.

TABLE 2

25

30
greater than 100 nm in size. The results of foaming and
emulsification studies showed that while highly branched
and highly negatively charged WPIH-TG polymers pos-
sessed reasonably good emulsifying properties, their foam-
ing properties were poor. On the other hand, the WPI-TG
polymers with comparatively lower negative charge density
possessed excellent foaming properties, but poor emulsify-
ing properties compared to native WPI and WPIH-TG.
These results suggested that while protein nanoparticles
impart Pickering stabilization to foam, high zeta potential of
the particles destabilize foams. On the other hand, both high
zeta potential and Pickering effect of highly branched poly-
mers promote emulsion stability. The results demonstrated
that highly stable and non-gelling emulsions could be made
with WPIH-TG polymers; on the other hand, the foaming
properties of WPI could be improved by polymerizing
native WPI using TGase. Since TGase treated WPI hydro-
lysate exhibits no immunoreactivity (Damodaran and Li,
2017), emulsions and foams produced using WPIH-TG are
predicted to be hypoallergenic.
References
Adler-Nissen, J. (1986). Enzymatic hydrolysis of food pro-
teins. New York; Elsevier Applied Science Publishers.
Agyare, K. K., & Damodaran, S. (2010). pH-stability and
thermal properties of microbial transglutaminase-treated
whey protein isolate. Journal of Agricultural and Food
Chemistry, 58, 1946-1953.

Zeta Potential of emulsion droplets made with native WPI and enzyme-modified WPI samples at day 1
and after storage for 27 days at room temperature.

Zeta potential (mV) in
Deionized water pH 7

Zeta potential (mV) in Deionized
water, pH 7, I = 0.1M

Sample Day 1 Day 27 Day 1 Day 27
Native WPI  -34.01 + 3.944 -27.48 = 7.854 -26.76 = 3.034 -23.89 = 7.894
WPLTG ~ -32.98 = 1.084 -36.7 £ 9.524 -19.92 = 1.722 2572 £ 1.234
WPIH 49.96 = 6.748 -59.86 = 3.51¢ -28.19 = 1.944 -30.45 = 1.73%
WPIH-TG ~ -58.4 = 5.185€ -62.26 = 3.08¢ -30.44 = 2.21%2 -31.65 = 1.44%

ACDifferent letters denote statistical difference within each column,

After two-months of storage, the WPI and WPI-TG
emulsions, which had much lower zeta potential than WPTH
and WPIH-TG emulsions (Table 2), became a gel, indicating
that protein-protein interactions between adsorbed protein
films of emulsion particles in these emulsions created an
extended network structure over a period of time. This
inter-particle interaction might also involve sulthydryl-dis-
ulfide interchange reaction between protein films of emul-
sion particles (Damodaran & Anand, 1997). In contrast, the
WPIH and WPIH-TG emulsions, which had high zeta poten-
tial, remained fluid, indicating that the large highly nega-
tively charged WPIH and WPIH-TG polymers/particles
imparted strong electrostatic and steric repulsion (possibly
via the Pickering mechanism) between emulsion droplets
over long period of time and prevented formation of any
three dimensional network structure between the droplets.
Conclusions

In the present study, nanoparticles of WPI were prepared
by enzymatic (TGase) crosslinking of native protein, and
also by repolymerizing partially hydrolyzed WPI using
TGase. As judged from AFM images, the shape of WPI-TG
particles was mostly linear and less than 100 nm in length,
whereas WPIH-TG particles were mostly spherical and

45

60

65

Binks, B. P. (2002). Particles as surfactants—similarities and
differences. Current Opinion in Colloid and Interface
Science, 7, 21-41.

Binks, B. P., Boa, A. N., Kibble, M. A., Mackenzie, G., &
Rocher, A. (2011). Sporopollenin capsules at fluid inter-
faces: particle-stabilized emulsions and liquid marbles.
Soft Matter, 7, 4017-4024.

Damodaran, S. (2005). Protein Stabilization of Emulsions
and Foams. Journal of Food Science, 70, 54-65.

Damodaran, S., & Agyare, K. K. (2013). Effect of microbial
transglutaminase treatment on thermal stability and pH-
solubility of heat-shocked whey protein isolate. Food
Hydrocolloids, 30, 12-18.

Damodaran, S., & Anand, K. (1997) Sulthydryl-disulfide
interchange-induced interparticle polymerization in whey
protein-stabilized emulsions and its relation to emulsion
stability. Journal of Agricultural and Food Chemistry, 45,
3813-3820.

Damodaran, S. and Li, Y. (2017) A Two-step Enzymatic
Modification Method to Reduce IgE Reactivity of Milk
Proteins. Food Chemistry, 237, 724-732.

Dickinson, E. (2010). Food emulsions and foams: stabiliza-
tion by particles. Current Opinion in Colloid and Inter-
face Science, 15, 40-49.



US 11,634,462 B2

31

Hunter, T. N., Pugh, R. J., Franks, G. V. & Jemeson, G. J.
(2008). The role of particles in stabilizing foams and
emulsions. Advances in Colloid and Interface Science,
137, 57-81.

Kalashnikova, 1., Bizot, H., Cathala, B., & Capron, 1. (2011).
New Pickering emulsions stabilized by bacterial cellulose
nanocrystals. Langmuir, 27, 7471-7479.

Lee, H., Yildiz, G., dos Santos, L. C., Jiang, S., Andrade, J.
E., Engeseth, N. J., & Feng, H. (2016). Soy protein
nano-aggregates with improved functional properties pre-
pared by sequential pH treatment and ultrasonication.
Food Hydrocolloids, 55, 200-209.

Liu, S., Elmer, C., Low, N. H., & Nickerson, M. T. (2010)
Effect of pH on the functional behavior of pea protein
isolate-gum Arabic complexes. Food Research Interna-
tional, 43, 489-495.

Matalanis, A., Jones, O. G., & McClements, D. J. (2011).
Structures biopolymer-based delivery systems for encap-
sulation, protection, and release of lipophilic compounds.
Food Hydrocolloids, 25, 1865-1880.

Nath, S., Patrickios, C. S., & Hatton, T. A. (1995) Turbidi-
metric titration study of the interaction of proteins with
acrylic polyampholytes. Biotechnol Progress, 11, 99-103

Pichot, R., Spyropoulos, F., & Norton, I. T. (2009). Mixed
emulsifier stabilized emulsions: investigation of the effect
of monoolein and hydrophilic silica particle mixtures on
the stability against coalescence. Journal of Colloid and
Interface Science, 329, 284-291.

Santipanichwong, R., Suphantharika, M., Weiss, J., &
McClements, D. J. (2008) Core-shell biopolymer nan-
oparticles produced by electrostatic deposition of beet
pectin onto heat-denatured f-lactoglobulin aggregates.
Journal of Food Science, 73, N23-N30.

Saricay, Y., Dhayal, S. K., Wierenga, P. A., & de Vries, R.
(2012). Protein cluster formation during enzymatic cross-
linking of globular proteins. Fraraday Discussions, 158,
51-63.

Tatsumi, R., & Hattori, A. (1995). Detection of giant myo-
fibrillar proteins connectin and nebulin by electrophoresis
in 2% polyacrylamide slab gels strengthened with aga-
rose. Analytical Biochemistry, 224, 28-31.

Turgeon, S. L., Schmitt, C., & Sanchez, C. (2007). Protein-
polysaccharide complexes and conjugates. Current Opin-
ion in Colloid and Interface Science, 12, 166-178.

Tzoumaki, M. V., Moschakis, T., Kiosseoglou, V., & Bili-
aderis, C. G. (2011). Oil-in-w2ater emulsions stabilized
by chitin nanocrystal particles. Food Hydrocolloids, 25,
1521-1529.

Xu, S., & Damodaran, S. (1992) The Role of Chemical
Potential in the Adsorption of Lysozyme at the Air-Water
Interface. Langmuir, 8, 2021-2027.

Yu, M-A., & Damodaran, S. (1991a). Kinetics of protein
foam destabilization: evaluation of a method using bovine
serum albumin. Journal of Agricultural and Food Chem-
istry, 39, 1555-1562.

Yu, M-A., & Damodaran, S. (1991b). Kinetics of destabili-
zation of soy protein foams. Journal of Agricultural and
Food Chemistry, 39, 1563-1567.

Yusoff, A., & Murray, B. S. (2011). Modified starch granules
as particle-stabilizers of oil-in-water emulsions. Food
Hydrocolloids, 25, 42-55.

Zhu, H.; Damodaran, S. (1994). Heat-induced conforma-
tional changes in whey protein isolate and its relation to
foaming properties. Journal of Agricultural and Food
Chemistry, 42, 846-855.

20

25

30

35

40

45

50

60

65

32

Zhu, H. and Damodaran, S. (1994) Proteose peptones and
physical factors affect foaming properties of whey protein
isolate. Journal of Food Science, 59, 554-560.

EXEMPLARY EMBODIMENTS OF THE
INVENTION

Embodiment 1. A method of processing protein compris-
ing: hydrolyzing the protein with a proteolytic agent to
generate hydrolyzed peptides; and, optionally, crosslinking
the hydrolyzed peptides with a transglutaminase to generate
crosslinked peptides.

Embodiment 2. The method of embodiment 1, comprising
the crosslinking.

Embodiment 3. The method of any one of embodiments
1-2, wherein the proteolytic agent comprises a thermolysin.

Embodiment 4. The method of any one of embodiments
1-3, wherein the hydrolyzing comprises partially hydrolyz-
ing the protein and wherein the hydrolyzed peptides are
partially hydrolyzed peptides.

Embodiment 5. The method of embodiment 4, wherein
the partially hydrolyzing comprises hydrolyzing the protein
to a degree of hydrolysis of from about 0.1% to about 10%.

Embodiment 6. The method of any one of embodiments
4-5, wherein at least about 30% of total mass of the partially
hydrolyzed peptides comprises peptides having a size of
from about 3-10 kDa.

Embodiment 7. The method of any one of embodiments
1-6, wherein the protein comprises an allergenic protein.

Embodiment 8. The method of any one of embodiments
1-7, wherein the protein comprises at least one of milk
protein, soy protein, peanut protein, and grain protein.

Embodiment 9. The method of any one of embodiments
1-8, wherein the protein comprises at least one of whey
protein isolate and casein.

Embodiment 10. The method of any one of embodiments
1-9, wherein the protein comprises at least one of -lacto-
globulin and f-casein.

Embodiment 11. The method of any one of embodiments
1-10, wherein the protein comprises at least one of soy
protein isolate and soy protein concentrate.

Embodiment 12. The method of any one of embodiments
1-11, wherein the protein comprises gluten.

Embodiment 13. The method of any one of embodiments
1-12, wherein the protein comprises an allergenic protein,
and wherein the hydrolyzing is performed under conditions
effective for the hydrolyzed peptides to have reduced aller-
genicity with respect to the protein.

Embodiment 14. The method of any one of embodiments
1-13, wherein the protein comprises an allergenic protein,
and wherein the crosslinking is performed under conditions
effective for the crosslinked peptides to have reduced aller-
genicity with respect to the hydrolyzed peptides.

Embodiment 15. The method of any one of embodiments
1-14, wherein the protein comprises an allergenic protein,
and wherein the hydrolyzing and the crosslinking are per-
formed under conditions effective for the crosslinked pep-
tides to have reduced allergenicity with respect to the
protein.

Embodiment 16. The method of any one of embodiments
13-15, wherein the reduced allergenicity comprises reduced
IgE immunoreactivity.
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Embodiment 17. The method of any one of embodiments
1-16, wherein the protein comprises whey protein, and
wherein the hydrolyzing is performed under conditions
effective for the hydrolyzed peptides to have IgE immunore-
activity less than 25% of IgE immunoreactivity of the
protein.

Embodiment 18. The method of any one of embodiments
1-17, wherein the protein comprises whey protein, and
wherein the crosslinking is performed under conditions
effective for the crosslinked peptides to have IgE immu-
noreactivity less than 50% of IgE immunoreactivity of the
hydrolyzed peptides.

Embodiment 19. The method of any one of embodiments
1-18, wherein the protein comprises whey protein, and
wherein the hydrolyzing and the crosslinking are performed

34

under conditions effective for the crosslinked peptides to
have IgE immunoreactivity less than 10% of IgE immunore-
activity of the protein.

Embodiment 20. The method of any one of embodiments
1-19, further comprising generating an emulsion with the
hydrolyzed peptides and/or the crosslinked peptides.

Embodiment 21. A product made by the method of any
one of embodiments 1-20.

Embodiment 22. The product of embodiment 21, wherein
the product comprises an emulsion.

Embodiment 23. The product of embodiment 21, wherein
the product comprises a foam.

Embodiment 24. The product of any one of embodiments
21-23, wherein the product comprises a food product.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 4
<210>
<211>
<212>
<213>

SEQ ID NO 1

LENGTH: 20

TYPE: PRT

ORGANISM: Bos taurus

<400> SEQUENCE: 1

Ser Leu Ala Met Ala Ala Ser Asp Ile Ser Leu Leu Asp Ala Gln Ser

1 5 10
Ala Pro Leu Arg
20

<210>
<211>
<212>
<213>

SEQ ID NO 2

LENGTH: 20

TYPE: PRT

ORGANISM: Bos taurus

<400> SEQUENCE: 2

15

Val Tyr Val Glu Glu Leu Lys Pro Thr Pro Glu Gly Asp Leu Glu Ile

1 5 10
Leu Leu Gln Lys
20

<210>
<211>
<212>
<213>

SEQ ID NO 3
LENGTH: 10
TYPE: PRT
ORGANISM: Bos taurus

<400> SEQUENCE: 3

Met Glu Asn Ser Ala
1 5

Glu Pro Glu Gln Ser
10

<210>
<211>
<212>
<213>

SEQ ID NO 4
LENGTH: 15
TYPE: PRT
ORGANISM: Bos taurus

<400> SEQUENCE: 4
Arg Leu Ser Phe Asn

1 5 10

15

Pro Thr Gln Leu Glu Glu Gln Cys His Ile

15
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What is claimed is:
1. A method of processing a composition comprising
protein, the method comprising:
hydrolyzing at least some of the protein in the composi-
tion with a thermolysin to generate a hydrolysate
comprising hydrolyzed peptides with a size of 3-10
kDa, wherein the protein in the composition comprises
B-lactoglobulin; and

crosslinking at least some of the hydrolyzed peptides in
the hydrolysate with a transglutaminase to generate a
crosslinked peptide composition comprising cross-
linked peptides.
2. The method of claim 1, wherein the hydrolysate has a
degree of hydrolysis of from 0.1% to 10%.
3. The method of claim 1, wherein at least 30% of total
mass of peptides in the hydrolysate consists of peptides
having a size of 3-10 kDa.
4. The method of claim 1, wherein the protein in the
composition further comprises (3-lactalbumin.
5. The method of claim 1, wherein the crosslinked peptide
composition has reduced [-lactoglobulin-specific IgE
immunoreactivity with respect to the composition.
6. The method of claim 1, wherein the crosslinked peptide
composition has reduced f-lactoglobulin-specific IgE
immunoreactivity with respect to the hydrolysate.
7. The method of claim 1, wherein the hydrolysate has
[-lactoglobulin-specific IgE immunoreactivity less than
25% of B-lactoglobulin-specific IgE immunoreactivity of
the composition.
8. The method of claim 1, wherein the crosslinked peptide
composition has f-lactoglobulin-specific IgE immunoreac-
tivity less than 50% of $-lactoglobulin-specific IgE immu-
noreactivity of the hydrolysate.
9. The method of claim 1, wherein the crosslinked peptide
composition has f-lactoglobulin-specific IgE immunoreac-
tivity less than 10% of $-lactoglobulin-specific IgE immu-
noreactivity of the composition.
10. The method of claim 9, wherein:
the hydrolysate has f-lactoglobulin-specific IgE immu-
noreactivity less than 25% of p-lactoglobulin-specific
IgE immunoreactivity of the composition; and

the crosslinked peptide composition has f-lactoglobulin-
specific IgE immunoreactivity less than 50% of [3-lac-
toglobulin-specific IgE immunoreactivity of the hydro-
lysate.

11. The method of claim 1, wherein:

the crosslinked peptide composition has reduced (-lacto-

globulin-specific IgE immunoreactivity with respect to
the hydrolysate; and
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the crosslinked peptide composition has f$-lactoglobulin-
specific IgE immunoreactivity less than 10% of p-lac-
toglobulin-specific IgF immunoreactivity of the com-
position.
12. The method of claim 11, wherein the composition is
a composition isolated from whey.
13. A method of processing a composition comprising
protein, the method comprising:
hydrolyzing at least some of the protein in the composi-
tion with a thermolysin to generate a hydrolysate,
wherein the protein in the composition comprises
[3-lactoglobulin; and
crosslinking at least some of the hydrolyzed peptides in
the hydrolysate with a transglutaminase to generate a
crosslinked peptide composition comprising cross-
linked peptides.
14. The method of claim 13, wherein:
the crosslinked peptide composition has reduced (3-lacto-
globulin-specific IgE immunoreactivity with respect to
the composition; and
the crosslinked peptide composition has reduced (3-lacto-
globulin-specific IgE immunoreactivity with respect to
the hydrolysate.
15. The method of claim 14, wherein the protein in the
composition further comprises f-lactalbumin.
16. The method of claim 15, wherein:
the crosslinked peptide composition has f-lactoglobulin-
specific IgE immunoreactivity less than 10% of (3-lac-
toglobulin-specific IgE immunoreactivity of the com-
position; and
at least 30% of total mass of peptides in the hydrolysate
consists of peptides having a size of 3-10 kDa.
17. The method of claim 16, wherein the hydrolysate has
a degree of hydrolysis of from 0.1% to 10%.
18. The method of claim 15, wherein the composition is
a composition isolated from whey.
19. The method of claim 18, wherein:
the crosslinked peptide composition has f$-lactoglobulin-
specific IgE immunoreactivity less than 10% of [3-lac-
toglobulin-specific IgE immunoreactivity of the com-
position; and
at least 30% of total mass of peptides in the hydrolysate
consists of peptides having a size of 3-10 kDa.
20. The method of claim 19, wherein the hydrolysate has
a degree of hydrolysis of from 0.1% to 10%.
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