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ABSTRACT

Cow milk is a common allergenic food, and cow milk-
derived cheese retains an appreciable level of allergenic-
ity. The specific and sensitive detection of milk protein
residues in foods is needed to protect milk-allergic
consumers from exposure to undeclared milk protein
residues contained in foods made with milk or milk-
derived ingredients or made on shared equipment or in
shared facilities with milk or milk-derived ingredients.
However, during cheese ripening, milk proteins are de-
graded by chymosin and milk-derived and bacterial pro-
teases. Commercial allergen-detection methods are not
validated for the detection of residues in fermented or
hydrolyzed products. The objective of this research was
to evaluate commercially available milk ELISA kits for
their capability to detect milk protein residues in aged
Cheddar cheese. Cheddar cheese was manufactured at
a local dairy plant and was aged at 5°C for 24 mo, with
samples removed at various time points throughout
aging. Milk protein residues and protein profiles were
measured using 4 commercial milk ELISA kits and so-
dium dodecyl sulfate-PAGE. The ELISA data revealed
a 90% loss of milk protein residue signal between the
youngest and oldest Cheddar cheese samples (0.5 and
24 mo, respectively). Sodium dodecyl sulfate-PAGE
analysis showed protein degradation throughout aging,
with the highest level of proteolysis observed at 24 mo.
Results suggest that current commercial milk ELISA
methods can detect milk protein residues in young
Cheddar cheese, but the detection signal dramati-
cally decreases during aging. The 4 evaluated ELISA
kits were not capable of detecting trace levels of milk
protein residues in aged cheese. Reliable detection of
allergen residues in fermented food products is critical
for upholding allergen-control programs, maintaining
product safety, and protecting allergic consumers. Fur-
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thermore, this research suggests a novel use of ELISA
kits to monitor protein degradation as an indication of
cheese ripening.
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INTRODUCTION

Cow milk represents one of the most common al-
lergenic foods around the world (Sampson, 2004).
Cow milk contains several major allergenic proteins,
including casein, 3-LG, and o-LA (Wal et al., 2001).
Milk-allergic individuals are advised to avoid all milk-
derived food products and ingredients to mitigate the
risk of accidental consumption (Sicherer and Sampson,
2010). The level of risk of an allergic reaction is related
to the dose of exposure to milk proteins. However,
milk-allergic individuals vary widely with respect to
their threshold doses for milk proteins (Skripak et al.,
2008). Fermented milk products, including cheeses, are
assumed to retain their allergenicity, and empirical evi-
dence indicates that milk-allergic individuals can react
to ingestion of cheese (Alessandri et al., 2012). The
proteolysis that occurs during cheese aging is likely to
affect the level and nature of milk allergens especially
in aged cheeses. However, only one clinical study has
addressed the allergenicity of cheeses, as compared with
milk. In that study, approximately 58% of milk-allergic
patients tolerated fully matured Parmigiano-Reggiano
cheese (Alessandri et al., 2012). Thus, despite the ad-
vice milk-allergic individuals are given to avoid cheeses,
the degree of tolerance to various cheeses among milk-
allergic individuals has not been thoroughly examined.

Proteolysis plays a fundamental role in cheesemak-
ing. Initially, chymosin (or other coagulants) hydrolyzes
k-CN into para-xk-CN and glycomacropeptide, destabi-
lizing the milk micelle, thereby causing formation of
the cheese matrix and giving cheese its gel-like struc-
ture (Fox, 1989). Proteases from the coagulant, starter
culture, and other sources also play a significant role
in developing characteristic flavors and texture during
ripening. Depending on the length and extent of cheese
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ripening, substantial proteolysis can occur. Collectively,
proteolytic activity is attributed to chymosin (or ren-
net), indigenous milk proteases, and the proteases of
starter and nonstarter microorganisms.

Proteolysis in cheese is divided into 3 major events:
coagulation of curd, primary proteolysis, and second-
ary proteolysis. Coagulation of the curd as a result of
destabilization of the milk micelle and formation of the
cheese matrix is initiated by the hydrolytic action of
chymosin on k-CN. Primary proteolysis is the action
of proteolytic enzymes to degrade native caseins into
peptide fragments (Grappin et al., 1985). Secondary
proteolysis is the continued degradation of peptide
fragments into smaller casein-derived peptides and free
AA (Rank et al., 1985). Primary proteolysis is largely
dominated by the activities of chymosin and the indig-
enous milk protease plasmin, and to a somewhat lesser
extent by lactic acid bacteria. Secondary proteolysis,
however, is characterized by the diverse specificities of
the peptidases of starter and nonstarter microorgan-
isms.

During cheesemaking, the whey protein fraction and
its 2 major allergens, a-LA and (B-LG, are removed;
thus, the main proteolytic substrates are the various
fractions of casein. In general, chymosin hydrolyzes
ag-CN at several sites during the early stages of ripen-
ing. In studies of Cheddar cheese ripening, less than
15% of the original ag-CN remained intact after 90
d (Borsting et al., 2012; Mgller et al., 2012). Due to
its low water activity, 3-CN is highly resistant to hy-
drolysis by chymosin, but about 50% is degraded dur-
ing Cheddar cheese ripening after 270 d (Bersting et
al., 2012; Mpgller et al., 2012). Plasmin, an indigenous
milk protease, preferentially hydrolyzes 3-CN during
primary proteolysis (Fox et al., 2015). Chymosin has
not been documented to degrade para-x-CN during rip-
ening (Hayaloglu and McSweeney, 2014). The fraction
of k-CN remaining in the cheese after coagulation is
largely resistant to proteolysis during the early stages
of ripening.

Several extraction and fractionation protocols, based
on the liberation of peptide fragments and free AA,
have been developed to evaluate the extent of ripening
and proteolysis in cheese (Mgller et al., 2012; Yu et
al., 2012; Karametsi et al., 2014). As aging continues,
the number of large peptides isolated from cheese dra-
matically decreases, and ripening is dominated by the
release of small peptides and free AA (Parente et al.,
2012; Mpoller et al., 2013). Larger pH 4.6-soluble pep-
tides are typically derived from the action of chymosin,
whereas pH 4.6-insoluble fragments are typically ~-CN
derived from the action of plasmin on 3-CN (Fox et al.,
2015). The ~-CN have been used in several studies as
an indicator of ripening, particularly with Parmigiano-
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Reggiano and Grana Padano cheeses (Cattaneo et al.,
2008; Masotti et al., 2010). The small peptides pro-
duced during ripening, especially those produced dur-
ing secondary proteolysis, are particularly difficult to
visualize with electrophoretic methods.

Even though these general features characterize cheese
proteolysis, dramatic differences occur in proteolysis
during the manufacturing of various types of cheese as
a result of myriad environmental factors, including pH,
water activity, cook temperature, storage conditions,
fat content, and homogenization (Larsen et al., 2010;
Deegan and McSweeney, 2013; Di Luccia et al., 2013).
Microbial proteases vary widely in their specificity for
hydrolyzing milk proteins. In a study of Cheddar cheese
ripening, it was found that different Lactococcus strains
had different proteolytic patterns (Gutiérrez-Méndez et
al., 2010; Steele et al., 2013; Karametsi et al., 2014).
Nonstarter microbial proteases additionally have vary-
ing patterns of proteolysis (Steele et al., 2013).

Throughout the aging of Cheddar cheese, several
epitopes capable of binding Igk and eliciting an allergic
response remain intact on the most abundant caseins,
ag- and (3-CN (Hayaloglu and McSweeney, 2014;
Karametsi et al., 2014). However, some allergenic epit-
opes can lose their immunoreactive potential as a result
of proteolysis during cheese manufacture and aging.
The comparative allergenic potency of various types
of cheeses has not been carefully assessed. However,
established scientific knowledge indicates that proteo-
lytic enzymes can destroy or reveal allergenic epitopes
on proteins (Yao et al., 2014; Verhoeckx et al., 2015).

Methods to detect potentially allergenic milk resi-
dues in foods are well developed, although accurate
detection by some methods can be affected by forms of
proteolysis, including fermentation. The most common
method are ELISA, because ELISA specifically detect
proteins from the allergenic source and allergens are
proteins. Additionally, commercial ELISA are available
in formats such as lateral flow devices that are rapid
and sufficiently rugged to use within manufacturing
facilities. However, the protein targets of the antisera
used in ELISA vary even for specific foods, such as
milk. For milk, commercial ELISA exist for the detec-
tion of total milk, casein, and 3-LG (Ivens et al., 2016).
Mass spectrometry methods continue to be developed
for the detection of food allergen residues. Whereas
mass spectrometry methods target the detection of
specific proteins or peptides, such proteomics methods
are available for milk proteins for only a few food ma-
trices (Weber et al., 2006). Recently developed methods
provide improved resolution and allow identification of
specific milk proteins and peptides (Mgller et al., 2012;
Parente et al., 2012; Karametsi et al., 2014). The DNA-
based methods to detect allergenic residues in foods



PROTEOLYSIS DURING CHEDDAR CHEESE RIPENING 3

rely on principles of PCR for detection. Although PCR
is sensitive and specific, there is disagreement over
whether using DNA as a target molecule accurately
represents the concentration of allergenic proteins
present in a sample (Stephan and Vieths, 2004); fur-
thermore, for milk, much more protein is present than
DNA. Overall, ELISA are relied upon most often to
detect residues of allergenic foods in food matrices by
the food industry because they are specific, sensitive,
accurate, and generally easy to use (Alves et al., 2016).
Commercial immunochemical methods are often de-
signed to detect intact proteins from allergenic foods,
making fermented or hydrolyzed food products par-
ticularly difficult to assess. If peptides resulting from
proteolysis that occur during fermentation and hydro-
lysis are not detected with commercial immunochemi-
cal methods, then false-negative analytical results will
be obtained. If such peptides are of sufficient size and
structure to retain the allergenicity of the intact pro-
tein, then such false-negative results could lead to the
distribution of food products with potentially hazard-
ous undeclared allergen residues. Current commercial
milk ELISA methods are not validated for the detection
or accurate quantification of allergen residues in foods
subjected to proteolysis. The relationship between the
extent of proteolysis and the detection of milk proteins
using commercial ELISA kits has not been evaluated.
Our research seeks to assess the effects of proteolysis
in aging Cheddar cheese on the ability to detect milk
protein residues by commercial total milk and casein
ELISA kits. Because whey proteins have limited and
inconsistent presence in Cheddar cheese, evaluation of
cheese for whey protein residues was not assessed.

MATERIALS AND METHODS
Manufacture of Cheddar Cheese

Cheese was manufactured at a local dairy plant ac-
cording to standard procedure for New York Cheddar
cheese developed by the University of Nebraska-Lincoln
Dairy Plant. Briefly, 4,100 kg of raw milk (3.7% but-
terfat) from Holstein cows was pasteurized by HTST
on location. The milk was pumped into a 37,850-L
capacity steam-jacketed stainless steel cheese vat in the
production facility. Once the vat was filled with 2,100
kg of milk, 1 kg of freeze-dried direct-to-vat starter cul-
ture (Vivopel MSM 960, Vivolac, Greenfield, IN) was
added, and the inoculated milk was pre-ripened for 1
h at 32°C. Next, 400 g of double-strength fermenta-
tion produced chymosin was added and the mixture
was stirred for 25 min or until curd was set. After the
curd was set (approximately 25 min after chymosin ad-

dition), the curd was cut with 1/2 inch-spaced wire
mesh and was allowed to rest for 15 min. Curds were
then cooked at 38°C with slow stirring. Once the whey
acidity had reached the appropriate level after cutting,
the whey was drained. Upon completion of draining,
matted curd was cut into wide slabs for cheddaring.
Slabs were rotated every 15 min until the appropriate
acidity was reached, at which time slabs were milled
and salted (11 kg of salt added). Milled curds were
pressed into 9.1-kg cheese hoops and held under pres-
sure at 280 kPa overnight at 8 to 10°C. A 9-kg hoop of
Cheddar cheese was transported from the production
facility to the University of Nebraska-Lincoln Dairy
Plant for packaging and aging. The cheese was cut and
vacuum-packaged into eighty 100-g blocks and placed
into a dedicated cheese cooler for ripening at 4.5 to
6.7°C.

Sampling of Cheddar Cheese During Aging

Samples were collected at 2 wk and 1, 2, 4, 6, 8,
13, 19, and 24 mo of aging. At each sampling point,
four 100-g blocks of cheese were randomly selected and
removed from the cheese cooler. Fach of the 4 blocks
was cut in half and 1 half was shredded using a fine-
texture grater attachment with a 13-cup KitchenAid
Food Processor (KitchenAid, Benton Harbor, MI).
Shredded cheese was mixed and portioned into 10-g ali-
quots in plastic zip-top bags. The remaining portions of
the blocks were resealed and placed into plastic zip-top
bags. All samples were transferred to a —20°C freezer
for storage until the time of analysis.

Sample Preparation for SDS-PAGE
and ELISA Analyses

Approximately 30 g of each finely grated and aged
cheese sample was removed from the —20°C freezer
and pulverized to a fine powder using a Spex 6850
CentriPrep Freezer/Mill (Metuchen, NJ). Samples to
be analyzed by SDS-PAGE were prepared as follows.
Briefly, 5 g of freezer-milled cheese was weighed into a
50-mL Falcon tube, and 20 mL of 5% sodium chloride
solution was added. Extraction buffer of 5% sodium
chloride was used, as it was determined from prelimi-
nary experiments to provide superior protein extraction
to other buffers evaluated. The sample was mixed using
a pulse vortex technique for approximately 5 s. Samples
were extracted with horizontal shaking for 60 min at
22°C on a Barnstead Thermolyne LabQuake Shaker
(ThermoScientific, Asheville, NC) and centrifuged at
2,900 x g for 30 min at 10°C in an IEC Centra MP4R
Centrifuge (International Equipment Company, Need-
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ham Heights, MA). The aqueous layer was removed to
a new 50-mL tube, whereas pellets and fat layers were
discarded and extracts were frozen at —20°C until time
of analysis.

Samples analyzed by ELISA were defatted by hexane
extraction before dissolution. Briefly, 20 g of freezer-
milled cheese was weighed into a 500-mL Erlenmeyer
flask. Approximately 180 mL of cold hexane (—20°C)
was added to the flask. Flasks were placed in an ice
bath on a horizontal shaker. Flasks were shaken for 30
min at 50% max speed. The aqueous layer was decanted
and the remaining sample was retained. Two additional
hexane washes were performed, for three —20°C hexane
washes. The final wash was gravity filtered through
fluted Whatman Size 1 filter paper (Whatman Inter-
national, Ltd., Maidstone, UK) into a glass funnel. The
filter and retained cheese were removed from the glass
funnel and were dried overnight in a fume hood. Dried
defatted cheese was stored in plastic zip-top bags at
—20°C until time of analysis.

Prior to ELISA analysis, 1 g of each aged defatted
cheese was suspended in a 5% sodium chloride solution
at a 1:10 (wt/vol) ratio in a 50-mL Falcon tube. Tubes
were shaken horizontally for 3 h at room temperature.
Extracts of defatted cheese were centrifuged at 2,900 x
¢ for 30 min at 10°C and the aqueous layer was removed
and reserved in a clean 50-mL Falcon tube, where it
was frozen at —20°C until further use.

Protein Concentration of Extracts

The protein concentrations of the extracts were as-
sessed by 3 different methods. First, the soluble pro-
tein concentration of 5% sodium chloride extracts was
determined using the Lowry protein assay as adapted
for application in a 96-well microtiter plate using BSA
(Pierce Scientific, Rockford, IL) standard (Lowry et al.,
1951). Additionally, the UV absorbance of extracts was
measured at 260 and 280 nm using a NanoDrop 2000c
Spectrophotometer (Thermo Scientific, Rockford, IL).
The 260-t0-280 nm ratio was used to estimate the pro-
tein concentration using the Warburg-Christian equa-
tion (Warburg and Christian, 1942). Finally, the Micro-
tannin Protein Assay was also used to measure protein
concentration, performed according to published pro-
cedures and modifications (Mejbaum-Katzenellenbogen
and Dobryszycka, 1959; Trayer and Trayer, 1988). All
samples were analyzed in duplicate, and the standard
solutions were prepared and analyzed in triplicate.
Sample absorbances in the MicroLowry and Micro-
tannin assays were measured using a BioTek EC808x
Microplate Reader and KC Junior Software (BioTek,
Winooski, VT). The standard curve was constructed
in GraphPad Prism (version 4.03, GraphPad Software
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Inc., La Jolla, CA) and the concentration of unknown
samples was interpolated from the curve.

Electrophoresis

Proteins were prepared under reducing conditions ac-
cording to the procedure of Laemmli (1970). Briefly, 50
pwL of each sample was boiled in a 100°C water bath in
Laemmli sample buffer containing 5.4% dithiothreitol
(wt/vol) for 5 min. Protein separation was performed
using 18% Tris-HCI precast polyacrylamide Ready Gels
for Mini-Protean Systems in a Mini-Protean Tetracell
electrophoresis unit (Bio-Rad Laboratories, Hercules,
CA). Bio-Rad Precision Plus Protein Dual X-tra Stan-
dard was used as the protein molecular weight stan-
dard for electrophoresis gels (Bio-Rad Laboratories).
Gels were loaded with 10 pg of protein per lane. The
approximate loading volumes were determined by the
averaged protein concentrations, as determined by the
Lowry protein assay. Empty lanes were filled with 5 pL
of sample buffer to improve profile quality. Gels were
run at a constant voltage of 200 V for approximately
30 min, or until the dye front reached the bottom of
the gel.

Gels were fixed for 30 min in a solution of 60% tri-
chloroacetic acid (wt/vol) and 17.5% 5-sulfosalicylic
acid (wt/vol) diluted 1:5 with deionized water. Fixed
gels were rinsed in deionized water and stained over-
night using Coomassie Brilliant-Blue R-250 Staining
Solution (Bio-Rad Laboratories). After approximately
8 h of staining, gels were destained using the Coomassie
Brilliant Blue R-250 Destaining Solution. Destained
gels were imaged using Kodak Gel Logic 440 Imaging
System (Eastman Kodak, Rochester, NY) and evalu-
ated using Carestream Imaging software (v5.02.30,
Carestream Health, Rochester, NY).

ELISA Analysis

Neogen Veratox Casein and Total Milk ELISA kits
were purchased from Neogen Corporation (Lansing,
MI). The ELISA Systems Casein kits were obtained
from ELISA Systems (Windsor, Queensland, Austra-
lia); R-Biopharm Ridascreen Fast Casein kits were
obtained from a distributor (Washington, MO).

Prior to analysis by the 4 commercial ELISA Kkits,
1 mL of each defatted Cheddar cheese extract was
diluted 1:100 (vol/vol) in 5% sodium chloride solu-
tion. Sample preparation and ELISA analysis were
performed according to the manufacturer’s instructions
for 1 mL of homogeneous liquid sample. Briefly, 1 mL
of diluted sample was added to the appropriate amount
of prepared and pre-heated (60°C) extraction solution.
Extractions were performed in a 60°C Julabo SW22
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Shaking Waterbath (Julabo USA, Allentown, VA) for
the recommended time. Each sample was extracted in
triplicate. Samples were cooled to room temperature
and 1 mL of each extraction was centrifuged at the
speed, duration, and temperature recommended by
the manufacturer-provided product insert in a Thermo
Scientific Legend Micro 17 centrifuge (Dubuque, TA).
Additional dilutions were performed in the extraction
buffer provided by corresponding kits so that absor-
bance values were within the manufacturer-provided
standard curve ranges.

For each ELISA, 100 pL of extracted and diluted
sample was added to 3 wells of the antibody-coated
microtiter plate provided by each kit manufacturer.
Samples were incubated for 10 min and wells were
washed the appropriate number of times with prepared
manufacturer-provided wash buffer solution. Excess
buffer was removed from wells by tapping the inverted
plate on an absorbent paper towel repeatedly. Then,
100 pL of conjugate antibody solution was added to
wells and the plate was allowed to incubate for an ad-
ditional 10 min. Washing was repeated and 100 pL of
substrate was added to each well, followed by a final
10-min incubation period to develop a colorimetric
reaction. Finally, 100 pL of acidic stop solution was
added to the wells, and the absorbance of each well
was measured using a Dynex Spectra MR Plate Reader
(Dynex Technologies, Chantilly, VA) at the manufac-
turer-recommended wavelength. The concentration
of analyte in each sample was interpolated from the
standard curve.

Samples that contained concentrations of detectable
milk proteins that fell outside the dynamic range of
the kits were diluted with the manufacturer-provided
extraction buffer until their concentration was quan-
tifiable. Dilution factors were applied to the detected
value of milk protein residue to determine a final con-
centration for each sample. The ranges of quantitation
and other kit information used in the study are listed
in the Appendix (Table A1).

Data analysis was performed in Microsoft Excel
(Microsoft Corp., Redmond, WA), GraphPad Prism
(version 4.03), SAS (version 9.4, SAS Institute Inc.,
Cary, NC), and manufacturer-provided software, if any.
Analysis of the MicroLowry, absorbance at 280 nm
(Asgp), and Microtannin methods was performed us-
ing the F-test for variance, Student’s #test, the 1- and
2- way ANOVA, and Tukey’s multiple comparison test.
The Neogen Veratox Software (version 3.02) was used
to analyze data obtained with the Neogen kits, whereas
the R-Biopharm Ridawin Software (version 1.42) was
used to evaluate R-Biopharm data. Criteria for accept-
able ELISA kit performance included an R? of >0.98

for the standard curve and a coefficient of variation of
<20%.

RESULTS AND DISCUSSION
Protein Concentration of Extracts

Three assays, the Lowry method, Ag,, and the Micro-
tannin protein assay, were used to determine the protein
concentration of 5% sodium chloride-soluble extracts of
cheese samples. Some uncertainty exists relative to the
optimal method to use to determine the protein content
of aging cheeses. Caseins are differentially sensitive to
proteolysis. As cheese is fermented, a-CN is among the
first to be hydrolyzed. The N-terminal residues of ag-
CN that are released early in the aging process do not
contain Tyr or Trp residues and the peptides do not
absorb UV light. Even though proteolysis has occurred,
a corresponding change in absorbance at A,g, is not
necessarily observed (Marcos et al., 1979). The Lowry
method is a dye-binding assay that relies on intact
protein fragments containing aromatic AA residues
for quantitation (Lowry et al., 1951). The A, assay
can be affected by interference from several sources,
and using UV absorbance has been suggested to be a
potentially problematic method for analyzing ripening
cheeses (Wallace and Fox, 1998). As aging occurs in
cheese, a decrease in detected intact proteins would be
observed, with a corresponding increase in peptides and
free AA. These methods would be expected to show
trends in aging progression dependent on protein and
peptide solubility.

Results of the Lowry assay displayed a variable trend
in the concentration of 5% NaCl-soluble protein, with
peaks observed at 2, 6, and 24 mo of aging (Table 1).
The lowest levels of soluble protein were observed at
0.5, 8, and 19 mo of aging. The measured concentration
remains relatively stable between 8 and 19 mo of aging;
among these samples, the variation is roughly 5% (P
> 0.05).

According to UV absorbance data measured at 280
nm, the concentration of soluble protein is greater at
the end of aging (24-mo Cheddar) than at the onset
(0.5 mo; P < 0.001). With the Microtannin protein
assay, a decrease was observed in 5% NaCl-soluble
protein as aging progressed (P < 0.001). A peak in
soluble protein content was observed at 2 mo of aging,
in agreement with the results observed with the Lowry
protein method (P < 0.001).

The differing results among the assays were expected
because the Lowry and A,g assays rely on intact
proteins to determine concentration, whereas the Mi-
crotannin assay can detect both intact proteins and
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free AA. In cheese, proteolytic enzymes release small
peptides and AA throughout aging. Increasing levels of
proteolysis generally correspond to an increased con-
centration of free AA and a decrease in intact protein
in sample extracts, although this is not always observed
among cheese varieties (Kuchroo and Fox, 1982). In
general, the Lowry assay is considered more accurate in
measuring protein concentration than the A,g, method
or the Microtannin method (Chang, 2010). Although
the assays did not vary in concentration significantly
from each other, they are based on different standard
curves and different chemical reactions for estimating
protein content and, therefore, cannot be averaged.

In recent years, the Microtannin method has lost favor
for use in determining protein concentrations of foods,
as some authors have described the proper interpreta-
tion of the method is not a measure of the concentra-
tion of protein precipitated, but rather the concentra-
tion of phenols in a sample (Hagerman, 2012). The Ay,
method, although still commonly used for determining
relative protein concentration in samples, is not as
sensitive as the Lowry method (Olson and Markwell,
2007; Chang, 2010). Using the Lowry method, it was
determined that the detected concentration of proteins
did not change significantly over the course of 24 mo of
aging (P > 0.05).

SDS-PAGE
Polyacrylamide gels were run at conditions described

above. Samples were split among 2 gels (10 lanes per

Table 1. Effect of aging on soluble protein concentrations in 5% (wt/
vol) sodium chloride extracts of Cheddar cheese aged 0.5 to 24 mo

Protein assay results (ug/pL)

Age

(mo) MicroLowry" Aog? Microtannin®
0.5 9.1 + 0.3 5.2 4+ 0.02* 10.2 + 1.0°
1 10.7 + 1.6 5.4 + 0.04" 9.0 + 0.1°
2 12.5 + 1.9° 6.6 = 0.06° 11.2 + 0.4°
4 10.8 4+ 0.5 6.8 + 0.28" 9.3+ 04"
6 14.7 + 1.3° 7.8 £+ 0.06% 8.5 + 0.1¢
3 8.9 + 1.3" 7.1 + 0.03° 7.8 +0.2°
10 9.4 + 1.7 6.8+ 0.17° 6.5 + 0.2!
13 9.4 + 1.0° 6.7 + 0.09" 6.4 +0.1'
19 9.1 + 0.7 7.2 4+ 0.058 5.5 + 0.6
24 12.2 + 1.8" 7.2 4 0.118 5.3 + 0.3

“®Within columns, values followed by the same superscript were not
significantly different (p < 0.05).

"The MicroLowry assay is described by Lowry et al. (1951) and modi-
fied by Trayer and Trayer (1988). The MicroLowry assay estimates
protein concentration by measuring the concentration of dye-bound
aromatic AA.

%A,g indicates the measured absorbance of the sample when exposed
to light at 280 nm.

*The Microtannin assay (Mejbaum-Katzenellenbogen and Dobryszycka,
1959) is capable of detecting intact proteins and free AA.
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gel), and are displayed in Figure 1. Protein degrada-
tion was observed throughout aging, as displayed with
the changes in band intensity as aging continues. The
bands displayed in the 24-mo Cheddar extract are dis-
tinctly less prominent than the protein bands observed
in samples from earlier stages of aging (Figure 1). The
casein bands, observable between 20 and 30 kDa, show
a dramatic decrease in intensity over time (Figures
1A and 1B, region C). Low-molecular-weight peptides
increase throughout aging, as shown by an increase in
intensity of residues below the 10-kDa molecular weight
marker (Figures 1A and 1B, region E).

kDa

250 —
75—
50 —
A —

25 —
20—

15 —

10 —
B

Figure 1. The SDS-PAGE profiles for 5% sodium chloride extracts
of Cheddar cheese aged 0.5 to 24 mo. Gels were run at 200 V for 35
min. Each well was loaded with 10 pg of protein. (A) Lane L = mo-
lecular weight ladder; all other lane labels correspond to the age of the
sample in months. (B) Lane L = molecular weight ladder; all other
lane labels correspond to the age of the sample in months. Region (C)
on both gels (A) and (B) indicates the intact fragments of ag;-, gy,
8-, and k-CN; region (D) indicates the 12- to 13-kDa band of interest
described in the text; region (E) indicates the location of migration for
lower-molecular-weight proteins and peptides.
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In agreement with the data obtained from the pro-
tein concentration assays, we found an increase in band
intensity at the 2-mo time point, observable as a band
migrating in the 12 to 13 kDa range (Figures 1A and
1B, region D). Where a peak in soluble protein was
observed in the Lowry and A,g, assays in the 6-mo
Cheddar cheese extract, only a small increase in band
intensity is observed in the 12 to 13 kDa range (Figure
1A, Lane 6); however, large decreases in band intensi-
ties around 15 kDa and within the intact casein region
(27-30 kDa) were observed between the 4- and 6-mo
Cheddar samples. Because protein solubility differs,
it is likely that products of primary proteolysis would
increase in the first several months of aging and have
the potential to be degraded during the later months
of aging.

Proteolysis of para-x-CN is documented to occur dur-
ing cheese manufacture, but only to a limited extent
during ripening (Grappin et al., 1985). Electrophoretic
analyses reveal a band near the 16-kDa marker that
may correspond with para-k-CN. The intensity of this
band remains visually consistent throughout aging.

The chymosin-induced hydrolysis of k-CN into
para-k-CN and glycomacropeptide fragments (Grap-
pin et al., 1985) is the first proteolytic event occur-
ring in cheesemaking; this hydrolysis destabilizes the
casein micelle and initiates the coagulation of curd and
separation of whey. Commercial cheese manufacturers
have largely adopted proteases of microbial origin for
their chymosin activity. Meanwhile, traditional cheese
manufacture, especially in European areas, continues
to employ calf-derived chymosin for coagulation in the
production of cow milk cheese (Fox et al., 2015). Pri-
mary proteolysis encompasses any proteolytic activity
on native caseins that results in the production of pep-
tides and free AA (Fox et al., 2004). In addition to the
hydrolysis of k-CN, residual chymosin in cheese curd
may also hydrolyze ag-CN (Fox, 1989). Experiments
evaluating hydrolysis of caseins in cheese have shown
that ag-CN is completely hydrolyzed by chymosin
within 3 to 4 mo of ripening based on urea-PAGE (Fox
et al., 2015). In contrast, para-k- and 3-CN are resis-
tant to hydrolysis by chymosin during ripening (Mgller
et al., 2012). Chymosin activity diminishes with aging;
the rate of activity is dependent upon cheese variety
and other biochemical characteristics, such as moisture
content, salt, pH, and temperature, during the cooking
and ripening.

Plasmin, an indigenous milk proteinase, preferential-
ly hydrolyzes 3-CN to smaller peptides during cheese
ripening, with approximately 50% of the initial 3-CN
remaining at 6 mo of aging (Fox et al., 2015). Due to
its hydrophobicity, 3-CN does not undergo complete
hydrolysis during ripening (O’Keeffe et al., 1976). Plas-

min is additionally rapidly hydrolytic toward ag,-CN
and exhibits slow hydrolysis on ag;-CN. Plasmin has no
apparent hydrolytic effects on k-CN.

Nonstarter bacteria are less common in cheeses made
from pasteurized milk at the onset of ripening. How-
ever, at approximately 2 mo of aging, nonstarter bacte-
ria multiply in population to approximately 10" to 10°
cfu/g (Fox et al., 2015). The population of the starter
microflora declines during this time, as preferred sub-
strates become more limited and nonstarter bacteria
dominate to degrade peptides and other products of
primary proteolysis into free AA and smaller peptides
during secondary proteolysis (Rank et al., 1985; Fox et
al., 2004, 2015).

The variable concentrations of protein measured in
cheese extracts during aging are likely explained by
the changing solubility of proteins and peptides. As
proteins and peptides are denatured, the exposure of
different AA causes changes in solubility and molecular
interactions. With respect to extraction of peptides in
buffers, changes in solubility will drive changes in both
the overall concentration of protein and in profiles. The
hydrophobic residues of 3-CN would not be completely
extractable from samples. Additionally, «ag-CN is
quickly hydrolyzed into ag;-I-CN and other fragments
in Cheddar cheese, exposing free hydrophobic and hy-
drophilic residues on the proteins. Therefore, the data
from the SDS-PAGE analysis and the protein concen-
tration assays suggest that a drop or peak in protein
concentration does not necessarily directly correspond
with a decrease or increase in band intensity on the
gel. Rather, the change of solubility of proteins and
peptides because of proteolytic activity drives changes
in their molecular interactions and, therefore, their de-
tection using electrophoretic methods.

ELISA Analysis

Earlier work has determined the specificities of com-
mercially available milk ELISA kits to purified bovine
milk proteins and milk-derived ingredients (Ivens et
al., 2016). Commercial ELISA kits are differentially
sensitive to various milk proteins and are not capable
of detecting all proteins present in bovine milk. The
Neogen Veratox Casein kit is specifically sensitive to a-
and (-CN. Preliminary analyses with purified protein
fractions revealed that this kit detects and quantifies
the presence of both proteins with nearly 100% accu-
racy (Ivens et al., 2016). The ELISA Systems Casein
kit is specifically sensitive to a-CN, at approximately
90% accuracy in estimating the actual quantity present
in the sample; the kit does not detect 3- and k-CN.
The R-Biopharm Ridascreen Fast Casein kit primarily
detects k-CN with near 100% accuracy, but also detects
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Figure 2. Detection of milk protein residues in Cheddar cheese aged 0.5 to 24 mo by commercial ELISA kits. All detected concentrations are
reported in units of mg/kg of nonfat dry milk (NDFM). Error bars indicate mean + SE. Neogen Veratox Casein and Total Milk ELISA kits were
purchased from Neogen Corporation (Lansing, MI). The ELISA Systems Casein kits were obtained from ELISA Systems (Windsor, Queensland,
Australia); R-Biopharm Ridascreen Fast Casein kits were obtained from a distributor (Washington, MO).

some (3-CN at approximately 10% of the level actually
present. The Neogen Veratox Total Milk kit is primarily
sensitive to k-CN (at 50% of the actual concentration),
but also detects some a- and 3-CN (at approximately
10% of the actual levels).

Using the Neogen Veratox Total Milk kit, a substan-
tial decrease in detection of milk protein residues, ex-
pressed as nonfat dry milk, was observed with increas-
ing cheese age; however, milk protein residues remained
detectable even after 24 mo of aging. Over the course of
aging, milk protein detection was reduced by more than
90%, with 93% of signal lost between the highest (2
mo) and the lowest (19 mo) detection points (Figure 2).

During Cheddar cheese aging, an increase in the de-
tection of milk proteins was observed after 2 and 4 mo
of aging in comparison to the earlier sampling points.
The increase in detection of milk proteins at the 2-mo
time point was followed by decreases in detection for
the remainder of the aging process. When comparing
ELISA results to the levels of soluble protein through-
out aging, we noted a comparable peak in detection
at the 2-mo time point. However, comparable results
between residual milk protein detection by ELISA and
soluble protein were not observed after 6 mo of aging.

As the Neogen Total Milk kit is primarily sensitive
to k-CN, the peak in detection of milk protein residues
in the 2-mo Cheddar sample suggests an increase in
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solubility or an increase in exposure of previously hid-
den k-CN epitopes (Ivens et al., 2016). The subsequent
loss of detection is likely due to hydrolysis of the k-CN
epitopes with cheese aging.

A similar trend was observed with the Neogen Vera-
tox Casein kit as was observed with the Neogen Vera-
tox Total Milk kit (Figure 2). A peak in detectable milk
protein residues was observed for Cheddar cheese aged
for 2 mo. Over the course of aging, the detection of
casein residues using the Neogen Veratox Casein kit de-
creased by 97%. The increase in detectable milk protein
residues observed in the cheese between 2 and 8 wk of
aging may be a result of either proteolytic exposure of
previously hidden linear epitopes or increased solubility
of proteins and peptides targeted by the kit antibodies
or both.

As previously noted, the Neogen Veratox Casein kit
quantifies milk protein residues primarily based on -
and B-CN detection. The peak in detection of casein
residues in the 1- and 2-mo Cheddar samples would
therefore suggest an increase in detectable a- or 3-CN
residues. Whereas the Neogen Veratox Casein and To-
tal Milk kits detect different casein fractions, similar
trends are displayed in the detection of residual milk
proteins in Cheddar cheese over time with both Kkits.

A similar trend was also observed using the R-Bio-
pharm Ridascreen Fast Casein kit as with the 2 Neogen
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Veratox kits in that a peak in detectable milk protein
residues occurred in the 2-mo aged Cheddar sample, fol-
lowed by a decrease in detectable milk protein residues.
The lowest level of detectable milk protein residues
occurs after 24 mo of aging, with a 90% decrease in
signal between the initial Cheddar sample (2 wk) and
the 24-mo Cheddar sample. The similarity in results to
the Neogen Veratox Total Milk kit is not surprising, as
both kits primarily detect k-CN. Thus, as before, the
increase in detectable milk protein residues in the 2-mo
Cheddar sample can be explained by the liberation or
increased solubility of k-CN (or 3-CN) residues due to
proteolysis.

Unlike the other 3 ELISA kits evaluated, the ELISA
Systems Casein kit did not detect a peak in milk protein
residues in the 2-mo Cheddar cheese sample (Figure 2).
However, a decreasing trend in detection was observed
throughout aging, as was also observed with the other
evaluated ELISA kits. With the ELISA Systems Casein
kit, a 99% decrease in detection of milk protein residues
was observed between the 2-wk and 24-mo samples. As
previously noted, the ELISA Systems Casein kit relies
strictly on the detection of a-CN for quantitation.

Because no peak was observed in the detection of
milk protein residues in the 2-mo sample of Cheddar
cheese with the ELISA Systems Casein kit, the evi-
dence initially suggests that the peaks observed with
the other kits may be a result of increased solubility or
revealed epitopes of 3- or k-CN. In contrast, the ELISA
Systems Casein kit result seems to indicate continuous
degradation of a+~CN or its epitopes without exposure
of additional epitopes detected by the kit. Although
it is possible that the proteolysis that occurs during
Cheddar cheese manufacture and aging decreases the
solubility of proteins, the native structure of caseins is
largely linear suggesting that proteolysis would likely
not dramatically decrease solubility. Thus, the results
more likely indicate that the ELISA Systems Casein kit
was developed using antibodies that recognize intact
and easily proteolyzed epitopes of a-CN that are pro-
gressively lost during aging.

Contrary to the results observed with the Lowry
protein assays, no peak in detection of milk protein
residues was observed in the 6-mo Cheddar cheese
sample with any of the evaluated ELISA kits. How-
ever, all protein assays (Lowry, Ay, and Microtannin)
exhibited a peak in protein concentration in the 2-mo
Cheddar sample, as was detected with the Neogen Ve-
ratox Total Milk and Casein kits and the R-Biopharm
Ridascreen Casein kit. These observations indicate that
the soluble and detectable residues vary as cheese aging
progresses. Overall, results from all evaluated kits indi-
cate that the detectable levels of milk protein residues

in Cheddar cheese decrease throughout the 2 yr of ag-
ing, with a 90 to 99% reduction in detection occurring
as aging continues. Even with this decrease, however,
milk protein residues are still detectable at the most
advanced stage of Cheddar cheese ripening. The ag;.
CN was degraded substantially more than other caseins
during Cheddar cheese ripening, attributable to the
residual action of chymosin during primary proteolysis
(Grappin et al., 1985; Singh et al., 1995). According
to ELISA results, the kit that relies exclusively on
detection of ag CN epitopes, ELISA Systems Casein,
exhibits the most dramatic decrease in detection dur-
ing ripening (99%). Additionally, this is the only kit
of those tested that displayed a progressive decrease
in the detection of milk protein residues throughout
aging, with no large observed peaks. This kit, therefore,
may uniquely offer an excellent approach to the moni-
toring of cheese proteolysis, and especially the loss of
native ag CN structure. Mgller et al. (2012) described
that at the completion of a 270-d ripening cycle, ag . CN
had degraded to approximate completion. In contrast,
it was reported that para-k-CN remained very resistant
to hydrolysis during ripening, and that about 50% of
B-CN remained intact after 270 d (Bgrsting et al., 2012;
Mgller et al., 2012).

Whereas both the Neogen Veratox Total Milk and the
R-Biopharm Ridascreen Fast Casein kits were capable
of detecting and quantifying k-CN, the R-Biopharm kit
detected a higher concentration of milk protein residues
in aging Cheddar cheese throughout the study (Figure
2). Previous work indicated that the R-Biopharm kit
detected residues of k-casein with near 100% accuracy,
whereas the Neogen Veratox Total Milk kit displayed
roughly 50% accuracy for quantitation of purified k-CN
(Ivens et al., 2016). This observation may indicate that
the kit targets an epitope stable to proteolysis in Ched-
dar cheese manufacture and ripening. Para-k-CN is not
broken down during cheese ripening, so the degradation
observed by the kits may be a result of casein glyco-
macropeptide fragment (1-105) (Rank et al., 1985).
The variable specificities of the commercial milk ELISA
kits and the results obtained in the analysis of aging
Cheddar cheese samples suggest that milk ELISA with
specificities toward different milk proteins and epitopes
may be useful in monitoring the progress of proteolysis
during cheese aging.

This research highlights the importance of under-
standing the limitations of ELISA kits for the detec-
tion of allergen residues in food products. In this case,
fermentation and cheese ripening were shown to have
major effects on the detection of milk protein residues
in aged Cheddar cheese. In part, this finding is not
especially surprising because the antibodies in commer-
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cial ELISA kits are often oriented toward the detection
of intact milk proteins, whereas the proteins in aged
Cheddar cheese have been subjected to considerable
proteolysis. None of the current commercially available
milk ELISA methods are validated specifically for milk
allergen detection in fermented foods. The dramatic
loss in the ability of the antibodies in these kits to
detect milk proteins between young and aged cheese
may be a cause for some concern. Although high con-
centrations of Cheddar cheese are detected with current
commercially available ELISA kits, low concentrations
of aged or highly proteolyzed cheese will be a chal-
lenge to reliably detect and quantify. The recovery of
trace amounts of aged cheese in various common food
matrices has not been assessed by ELISA methods. The
importance of cross contact between cheese and other
processed food products has not been fully assessed
but may be difficult to completely examine with cur-
rent commercial ELISA kits. The construction of milk
ELISA kits capable of detecting fermentation-stable
milk epitopes would seem to offer a path toward devel-
opment of improved methods.

The comparative allergenicity of cheese compared
with milk toward milk-allergic individuals has not been
clinically assessed beyond the study by Alessandri et al.
(2012). In their study, the majority of milk-allergic sub-
jects could tolerate the ingestion of aged Parmigiano-
Reggiano cheese. Thus, no conclusion can be reached
regarding the correlation between the loss of detection
of milk protein residues by ELISA during cheese ag-
ing and the allergenicity of the cheese at that stage
of aging. Because cheeses vary widely in their manu-
facture, resulting in differing patterns of milk protein
proteolysis, the clinical allergenicity of cheeses is not
easily determined. Thus, it seems prudent to assume
that cheeses are allergenic to milk-allergic individuals,
and that methods that are more robust will be needed
for the detection of milk protein and peptide residues
from cheeses and other fermented dairy products.
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APPENDIX

Table A1l. Supporting information provided by kit manufacturers

Kit LOD' LOQ! Dynamic range Calibrant Reporting units (mg/kg)
Neogen Total Milk? 1 mg/kg 2.5 mg/kg 2.5-25 mg/kg NFDM? NFDM

Neogen Casein® 1 mg/kg 2.5 mg/kg 2.5-15 mg/kg NFDM NFDM

R-Biopharm Fast Caseirn4 0.12 mg/kg 0.5 mg/kg 0.5-13.5 mg/kg Casein Casein

ELISA Systems Casein’ 0.05 mg/kg 1.0 mg/kg 1.0-10 mg/kg a-CN Skim milk powder

'LOD: limit of detection; LOQ: limit of quantitation.
*Neogen Corporation, Lansing, ML

*NFDM: nonfat dry milk.

*R-Biopharm AG, Darmstadt, Germany.

PELISA Systems, Queensland, Australia.
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