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Preparation of Whey Protein Hydrolysates Using a Single- and
Two-Stage Enzymatic Membrane Reactor and Their
Immunological and Antioxidant Properties: Characterization by
Multivariate Data Analysis
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An initial 5% (w/v), followed thereafter with replacement aliquots of 3% (w/v), whey protein isolate
(WPI) (ca. 86.98% Kjeldahl N x 6.38), was hydrolyzed using Protease N Amano G (IUB 3.4.24.28,
Bacillus subtilis) in an enzymatic membrane reactor (EMR) fitted with either a 10 or 3 kDa nominal
molecular weight cutoff (NMWCO) tangential flow filter (TFF) membrane. The hydrolysates were
desalted by adsorption onto a styrene-based macroporous adsorption resin (MAR) and washed with
deionized water to remove the alkali, and the peptides were desorbed with 25, 50, and 95% (v/v)
ethyl alcohol. The desalted hydrolysates were analyzed for antibody binding, free radical scavenging,
and molecular mass analysis as well as total and free amino acids (FAA). For the first time a quantity
called ICsp, the concentration of peptides causing 50% inhibition of the available antibody, is introduced
to quantify inhibition enzyme-linked immunosorbent assay (ELISA) properties. Principal component
analysis (PCA) was used for data reduction. The hydrolysate molecular mass provided the most
prominent influence (PC1 = 57.35%), followed by inhibition ELISA (PC2 = 18.90%) and the antioxidant
properties (PC3 = 10.43%). Ash was significantly reduced in the desalted fractions; the protein
adsorption recoveries were high, whereas desorption with alcohol was prominently influenced by the
hydrophobic/ hydrophilic amino acid balance. After hydrolysis, some hydrolysates showed increased
ELISA reactivity compared with the native WPI.

KEYWORDS: Whey protein isolate; enzymatic membrane reactor; desalt; multivariate data analysis;
inhibition ELISA; DPPH scavenging property; IC 5o

INTRODUCTION formulas (10—13) and sports food&4). In addition, WPHs
find acceptability in clinical nutrition as well as being a source
of bioactive peptides (15—17).

Use of ultrafiltration (UF) membranes during hydrolysis for
the production of enzymatic hydrolysates has continued to gain

Enzymatic hydrolysis of proteins confers attractive properties
on the hydrolysates such as markedly improved solubility at
pH values in which the native protein has very diminished
solubility (1). In addition, emulsifying, organoleptic, and . . . .
bioactive properties are improved dramatical®/@). Whey prominence in the food industni 3, 18, 19). In operation, the
proteins, ideally waste products from cheese manufacture, areUF membranes are coupled to hydrolysis tanks (hence, enzy-

appreciated as a high-value group of proteis@) and are matic m_embrane reactor, EMR) for S|mul_taneous in situ
currently manufactured using state-of-the-art membrane technol-Permeation of small hydrolysates (and retention of the enzyme

ogy (7, 8) to obtain high-purity products with promising and .Iarge polypeptides) during the hydrolysjs process, which
applications in the functional foods as well as pharmaceuticals provides attractive advantages over conventlongl batch reactors
industries (9). Enzymatic whey protein hydrolysates (WPHSs) (13,19). These advantages include immense savings due to reuse

may be used in food formulations such as hypoallergenic infant ©f the enzyme, removal of the enzyme-inhibiting hydrolysates,
and production of hydrolysates with uniform molecular mass
characteristics achievable with the use of the right membrane
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Meanwhile, recent reviews compare EMR reactors with
traditional size exclusion chromatography, with claims that
membrane chromatography stands to provide better separation
throughput because the process is free from diffusional restric-
tions (20,21). The EMR process has also attracted attention
due to the need to produce a product that is immunologically
safe for the consumer (122).

Removal of the alkali used to control the pH during protein
hydrolysis is a technological and academic endeavor that
requires investigations into cheaper and high-recovery methods
to obtain “cleaner” products acceptable to consumers. In a recent
review, use of a macroporous adsorption resin (MAR) to
simultaneously desalt and debitter WPHs with high hydrolysate
recovery was reported28). Meanwhile, multivariate data
analysis is currently applied in the food experiments to design,
optimize, and analyze food process trerit 24, 25). However,

®
°
Figure 1. EMR in operation in the study in which the reactants were
6bumped to the membrane through which species small enough permeated
as the product: 1, thermostatic water heater; 2, heating water inlet; 3,
eperis.taltic pump; 4, feed pressure gauge; 5, Pellicon 2 cassette assembly;
6, retentate pressure gauge; 7, permeate collector; 8, stirrer; 9, stirring
rod; 10, hydrolysis tank reactor; 11, pH-meter electrode; 12, pH-meter;

13, cool water from reactor; C, cooling of feed; F, feed from reactor; H,
heating for the retentate; P, permeate; R, retentate.

analysis to reveal the influence of the hydrolysis in an EMR
and posthydrolysis processing such as desalting on hydrolysat
bioactive, immunological, and functional properties.

This paper reports a study on the effects of various membrane
nominal molecular weight cutoff (NMWCO), hydrolysis in
either a single stage or or two-stage scheme, desalting of WPI
hydrolysates produced in an EMR, and use of various alcohol

concentrations to desort_). Principal Compqner_lt analysis (PCA) the help of a heat exchanger (CHigure 1). The retentate temperature
was used for data reduction to enable multivariate data analysis s raised upon leaving the membrane unit using a heat exchanger (H

in Figure 1) close to 55°C.

MATERIALS AND METHODS The process was designated single-stage EMR when either the 10
Whey protein isolate (WPI: ca. 86.98% Kjeldahl N 6.38) was or 3 kDa membrane was used without further hydrolysis_ of the issuing
bought from Fonterra Co-operative Group Ltd. (Auckland, New Permeates. On the other hand, the two-stage hydrolysis was done by

Zealand), whereas Protease N Amano G (IUB 3.4.24Rillus first fitting the EMR with the 10 kDa TFF membrane, hydrolyzing for
subtilis) was bought from Amano Enzymes Co. (Nagoya, Japan). A 2 h, and its permeate being further hydrolyzed in the EMR fitted with
styrene-based MAR, branded DA201-C, was sourced from Jiang-Su the 3 kDa TFF membrane. The enzyme for the two-stage system was
Su-Qing Water Treatment Engineering Group (Jiang-Ying, Jiang-Su 15gin ea(_:h stage per 1000 mL of reaction volume. To aid in limiting
Province, China). The ultrafiltration modules consisted of two Millipore the deposition of the WPI on the membrane surface as the gel
Corp. (Bedford, MA) tangential flow filtration (TFF) Pellicon 2 Mini ~ Polarization layer (GPL), a higher recirculation velocity {228.8 L/h)
filters: (a) Biomax 10 (polyethersulfone) cassette (siz@.1 n?) with was applied to offer membrane surface deposit erosion 18327),
a 10 kDa NMWCO and (b) PL series (regenerated cellulose) 3 kDa Whereas higher permeate fluxes led to high enzyme leakaggsTthe
NMWCO cassette TEF membrane (size.1 n?). During use, a TFF 10 kDa membrane permeate outlet was controlled using a screw clip
cassette was mounted within a Millipore Pellicon 2 Mini Holder while 0 reduce the initial permeate flow rate to ca. 15 mL/min., which was
a Millipore pump and the silicon tubes (MasterFlex 96413) were found to be optimum in a previous paper (18). When the 3 kDa
used to link the membrane and the hydrolysis tank. membrane was used, it was necessary to apply a back-pressure on the
ELISA Reagents.For the ELISA, anti-bovine whey protein antibod- ~ rétentate outI(_et to achieve the initial permeate flow rate that was used
ies (delipidized whole serum) developed in rabbit were bought from (ca. 15 mL/min).
Sigma-Aldrich (St. Louis, MO). Goat anti-rabbit Igéhorseradish In operation, the small species in the feed (FFigure 1) that was
peroxidase polymer was bought from Sino-American Biotechnology pumped to the membrane was sieved through and collected as the
Co. (Shanghai, China). The microtiter high-binding ELISA plates (8 permeate (P irFigure 1) while the enzyme, native WPI, and large
and 12 wells), the ELISA plate 96-well frames, and the well sealing polypeptides were retained and recirculated as the retentateH{guire
film were all products of Bio Basic Inc. (Markham, ON, Canada). The 1) back to the hydrolysis tank.

substrate for peroxidise, 3,8,5tetramethylbenzidine dihydrochloride
monohydrate (TMB-2HCH,0) was from Amresco Inc. (Solon, OH).

Degree of Hydrolysis (DH).The DH was evaluated by relating the
increase in the concentration of the liberatedmino groups@-NHy)

The substrate stock solution was made by dissolving ca. 30 mg/mL by use of 2,4,6-trinitrobenzene 1-sulfonic acid (TNB39) according

TMB-2HCI-H,O in dimethyl sulfoxide (DMSO) and stored under
refrigeration (4°C) until required for use. The coating buffer was 0.05

to the method of Adler-Nisser8Q) with modifications. At the end of
the EMR process, the retentate was completely drained into a beaker,

M sodium carbonate buffer, pH 9.6, whereas the washing buffer was and after thorough mixing, 0.5 mL each of the collected permeate (total

0.05 M sodium phosphate buffered saline (PBS) with 0.05% Tween
20 (PBS-T). The blocking buffer was made up of PBS-T with 5% (w/
v) bovine serum albumin [BSA (PBS-BT)], whereas the assay buffer
was 0.05 M sodium citrate, pH 4.8.

Whey Protein Hydrolysis in an EMR. WPI (ca. 5%, w/v, initially

volume already noted) and the retentate were drawn and separately
mixed with 9.5 mL of hot (75C) 1% sodium dodecyl sulfate (SDS).
The mixture was treated under sonication at °fs for 10 min to
solubilize the hydrolysates and inactivate the enzyme (30). The total
concentration ofa-NH, in the permeate and retentate was then

and thereafter the permeate replaced with 3%, w/v, aliquots) was determined by mixing 10 or 20L of the sample with 240 or 230L

hydrolyzed using Protease N (initially 3 g per 1000 mL of reaction
volume for the single-stage hydrolysis regime) in a setup similar to
the one given irFigure 1, as described earliei). The hydrolysis
tank was maintained at 5% and the pH kept at 7.0 using 0.5 M or 1

of SDS, respectively, and a further 2.0 mL of 0.2125 M sodium
phosphate buffer with vortex mixing. After equilibration at 30, 1

mL of 0.1% TNBS was added with vortex mixing, and the reaction
was allowed to proceed in a hooded thermostatically controlled water

M NaOH (26). The temperature was lowered upon the reactants leaving bath regulated at 50C with total exclusion of light. After 1 h, the

the reaction tank (to 50 and 4T for the Biomax and the PLBC

reaction was quenched by using 4 mL of 0.1 N HCI, cooled further

regenerated cellulose TFF cassettes, respectively) using tap water withunder tap water and the absorbance of the blank and the samples were
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read at 340 nm. A standard calibration curve was prepared using fresh150uL of WPI (ca. 50 mg/mL in the coating buffer). The plates were

L-leucine. A blank was made of 1% SDS instead of the samples,

whereas the original concentration of theNH, groups in the WPI
was determined by drawing 0.5 mL of the WPI just before addition of
the enzyme. The DH for the EMR WPH was calculated using
relationships in the equations

([N H 2] permeatex Vpermeatlx

DH %)= 100 1
permeate( ) htotX Npermeate ( )
(INH ] etentate Vretentatd
DHretentard %0 ) = hior X (E;]PT_ Npr:n:r:e:tlx 100 @
DHgyr (%) =
([NHZ]permeate>< Vpermeatl + ([NHZ]retentate>< Vretentaté>< 100 (3)
Piot X Nypy

where [NH]permeae= concentration of Nklin permeate {mol/mL),
[NH2]retentate= concentration of NHin retentate gmol/mL), Nwpi =
nitrogen content in WPI substrate (86.98% of WPI substréig)meate
= nitrogen content in the permeatas,, = concentration of Nk per
gram of WPI nitrogen (123.3 mg/g or 939.48nol/g of WPI nitrogen
was used in this study)Mewenae = VOlume of retentate (mL), and
DHpermeate DHretentate and DHevg are the DH values for the permeate,
retentate, and the total EMR hydrolysis process, respectively.
Reactor Robustness and Product ConversioriThe reactor robust-

sealed and kept at room temperature {@pfor 2 h followed by further
storage in a humidified box at€. After 18 h of incubation, the wells
were emptied by inverting them over a waste beaker and dried further
over dustless paper towels. After three washings with;256f PBS-T
followed by three washings with double-distilled water with 5 min of
incubation (at 25C) between washings, the wells were blocked with
250 uL of the blocking buffer (PBS-BT), sealed, and incubated in a
humidified box at 37°C for 2 h followed by washing as above.
Meanwhile, both the WPI and the desalted and/or un-desalted WPH
samples were prepared in serial dilutions by first drawing:lLqfor
the WPI) or 20uL (for the WPH) of the samples into a small
centrifugation cuvette (total volunre 100 uL). After mixing over a
vortex mixer, another 1AL of WPI or WPH was drawn from the first
cuvette to the next and the process repeated until the fifth cuvette with
addition of the coating buffer to make up the volume. Into the cuvettes
was added 2QiL of anti-bovine whey whole antiserum (1:5000 in
coating buffer), and the contents were vortex-mixed and preincubated
at 25°C for 2 h toenable conjugation between the antibody and the
antigenic WPI or WPH. After the blocked wells had been washed as
above, 10QuL of the preincubated samples and WPI with the anti-
bovine whey antiserum were added to the wells, sealed, and kept at
37 °C for 2 h. The contents were emptied and the wells washed.
Because of the large number of samples handled and the time-
consuming nature of the tests, overnight storage was necessary at some
stage or another. When storage was required, the wells were filled with
150uL of the coating buffer, sealed, and kept refrigerated@ until
the next morning (16 h). After washing, 104 of goat anti-rabbit

ness was monitored by determining the residual enzyme activity peroxidase polymer (1:1000 in PBS-T) was carefully delivered to the

(Avesidua), the leaked enzyme activityAgakagd, and the lost enzyme
activity (Aos9. Additionally, the average permeate fludaragy and

well bottom, sealed, and incubatedr f8 h in a humidified box at
37°C. The wells were washed with PBS-T followed by double-distilled

the amount of the product converted and recovered in the permeateWater, and 10@L of the substrate (0.25 mL of the ca. 30 mg/mL TMB

were calculated as apparent sieviigyaen, USiNg procedures explained
earlier (18,27, 28).

Desalting. Desalting of the WPH was done according to the method
of Cheison et al. Z3). Following hydrolysis, the collected permeate

stock solution in DMSO added to 19.745 mL of the 0.05 M sodium
citrate, pH 4.8, assay buffer andub of 33% H.0) was added. The
wells were sealed and incubated in a dark humidified box &C3for
between 5 and 10 min. The reaction was terminated with the addition

and/or retentate was immediately pumped through a glass column©f S04L of 2 M H.SQ, and the reactants were read at 450 nm using

packed with macroporous adsorption resins (MAR) without further
treatment. After all or any of the volume that just allowed WPH nitrogen

a SpectraMax PIl{& microplate reader; the results were acquired and
processed using SoftMax Pro 4.6 (ROM version 1.16), all from

to be detected in the eluate (monitored by a UV detector clocked at Molecular Devices Inc. (Sunnyvale, CA).

220 nm), deionized water was pumped to rinse off NaOH and any

unbound peptides.
Desorption with alcohol was achieved by first stirring an excess of
25% (viv) of food grade ethyl alcohol mixed with the resin slurry over

a magnetic stirrer until the solution was basically not golden yellow

(color of dissolved peptides) or until 5 bed volumes (5 bv) of alcohol
was used. The alcohol concentration was increased to 50% (v/v

the desorption process repeated, and finally the alcohol concentration

was raised to 95% (v/v). The collected alcohol fractions were
concentrated under reduced pressure at@and the solid substance
frozen (—18°C) followed by freeze-drying to obtain the lyophilisate,

which was used in subsequent studies. Otherwise, immediately preced-

To cater for the nonspecific binding (NSB), several wells were coated
with WPI and blocked followed by the addition of the goat anti-rabbit
peroxidase polymer (1:1000 in PBS-T). The WPI/WP&hti-bovine
whey antiserum conjugate was excluded in these wells. To prepare wells
for the blind blank, the WPI/WPH conjugation stage was omitted, and
instead 2QuL of anti-bovine whey antiserum was mixed with 80

) andOf the coating buffer and added into wells in duplicate. A third control

was made of TMB to account for autodeterioration of the substrate in

which the WPI/WPH—anti-bovine whey antiserum conjugate and the

goat anti-rabbit—peroxidase polymer were excluded. This was used to
zero the plate reader.

In our modification, WPI was used to coat all of the wells to

ing hydrolysis, the permeate (and/or retentate) was concentrated unde'eliminate differences in NSB and chances of differences in avidities

vacuum and lyophilized and the powder desalted subsequently.
Molecular Mass Determination. The lyophilisates were analyzed
for molecular mass distribution as previously report26) (using a

Waters 650E Advanced Protein Purification System (Waters Corp.,

Milford, MA).

Total and Free Amino Acids (FAA) Determination. Analysis of
17 amino acids was done following hydrolysis of the samples using
N HCI at 110°C for 24 h. The content of FAA in the un-desalted
WPH was determined after deproteination of the samples using 3.

on-line derivitization withO-phthalaldehyde (OPA) and 9-fluorenyl-
methoxycarbonyl (F-MOC) for proline using reversed phase high-
performance liquid chromatography (RP-HPLC) under conditions
described previously (26).

Inhibition ELISA. Inhibition ELISA was done following a modi-
fication of the competitive inhibition ELISA protocol described by
Svenning et al.31). All of the wells except the outermost channels

of plate—WPH binding (32). Both of the blanks and the sample WPH
determinations were done together each time to ensure accuracy of the
determinations. The amount of the colored product formed by the
enzyme was interpreted to be proportional to the amount of the enzyme-
linked antibody that binds. This, in turn, was directly related to the
amount of the antibody that was not inhibited by the WPI or WPH

g and was therefore available to bind the antigenic WPI coated to the

wells. The inhibition of the anti-bovine whey antiserum by the WPI/

50, WPH was calculated using the relationship in eq 4.
of 5-sulfosalicylic acid (SSA). The amino acids were analyzed after

ODpjank — (ODsampIe_ ODNSB)
(ODbIank - ODNSB)

inhibition(% )= x 100 (4)

where ODyankis the optical density (absorbance) at 450 nm of the wells
without the WPI/WPH-anti-bovine whey antiserum conjugate but in
which only the anti-bovine whey antiserum was addedn§0s the
optical density for nonspecific binding representing readings for the

and wells (to avoid drying caused by the edge effect) were coated with wells in which neither the anti-bovine whey antiserum nor the WPI/
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WPH-—anti-bovine whey antiserum conjugate was usedsfRis the 80
optical density of the wells containing the WPI/WPH samples
conjugated with the anti-bovine whey antiserum.

The results were plotted (percent inhibition on thexis and WPI/ 60 4
WPH concentration on the-axis) to generate a curve for each sample.
Curve transformation was performed to linearize it from which, for
the first time in competitive inhibition ELISA, a new quantity called
ICso was calculated to relate the sample concentration and inhibition.
This value was defined as the concentration of the sample to inhibit
antigen—anti-bovine whey antiserum binding by 50% and was under-
stood to be low for highly antigenic samples and higher for less 204

70

(%)

50 4

40 -

30 -

Nitrogen recovery

antigenic samples.
Antioxidant Activity Determination. Free radical 2,2-diphenyl-1- 10 -
picrylhydrazyl (DPPH) 83) scavenging was used to quantify the
antioxidant properties of the desalted WPH. Approximately o@él/L 0 T T T
DPPH was dissolved in methanol, and the antioxidant activity was WPHIOP  1stWPHIOP  2nd-WPH1OP-3P Total two-stage  WPH3P

determined by the addition of DPPH and the five serial dilutions of Figure 2. Nitrogen recovery in enzymatic membrane reactor (EMR)
ca. 50 mg/mL WPI or ca. 100 mg/mL WPH dissolved in 0.05 M sodium  schemes during hydrolysis in the single- and two-stage EMR schemes.
carbonate/bicarbonate, pH 9.6. The reaction was allowed to go on for

30 min, and the absorbance of the residual DPPH was read at 514 nm. | czoDHpemeale  mmmDHetenble  EIDHEMR  —a—Amesidual  —o—Jresidual |
A blank consisted of buffer instead of the WPI/WPH. The DPPH 0
scavenging activity was calculated using the relationship in eq 5.

£

60 + z

- 8

ODyjanc — OD, =1 g

DPPH scavenging (%3 |——am___Z7s2ml9 . 100  (5) 2,0l g
ODpank g ks

s @i 5

3 g

where ODankis the absorbance (514 nm) of the blank reaction mixture & 27 ;5
and ORampleis the absorbance (514 nm) of the reaction mixture with 104 2
the WPI/WPH. The antioxidant scavenging capacity was determined 4

using five serial dilutions, and suitable curves (or linearizations) were 10KDa ' 1st10KDa 2nd 3KDa 3KDa
plotted from ‘g’h'gg(ythle amount |°f| WZ'/WPH to reduce DPPH  rigre 3. Degree of hydrolysis of the permeate (DHpemea), retentate
concentration by 50% (I) was calculated. (DHretentare), @nd the total reactor hydrolysates (DHeur) as well as the

Analytical Procedures. The protein concentrations in the hydrolysate . - .
. . ; residual enzyme activity (A and the residual permeate flux (Jresidual)-
permeates and the retentate were determined using the standard KJeIdahfa y Y (Aresiua) P (esidua)

method 84), whereas for the desorbed fractions and for ELISA as well . )
as the free radical scavenging activity the soluble nitrogen concentra- The most prominent influence of the 3 kDa TFF membrane

tions were determined using the method of Lowry et28) gith bovine whether used in the single- or two-stage scheme was savings
serum albumin (BSA) as the standard. The spectrophotometric deter-0n the enzyme. The highe&tsiquavalue (54.50%) was recorded
minations were done in duplicate using two blanks (to obtain four when the EMR was run in the two-stage mode. In this way, the
readings) and the means and standard deviation calculated for eachenzyme that leaked from the first stage was available for reuse
Statistical Analysis. The protein determinations in the permeate, in the subsequent stage, which may have implications on the

retentate, and the desorbed fractions were done in duplicate with two cost of the enzyme (Figure 3). The single-stage EMR mode
blanks (total four readings), and the means and standard deviationsyjth the 3 kDa TFF membrane also conserved the enzyme
were calculated. The results from the determinations were fitted into (Aresiquavalue of 48.44%), whereas the 10 kDa TFF led to severe
SPSS version 13.0 for Windows (SPSS Inc., Chicago, IL) for the o,y me jeakageiesausivalue of 34.63%). However, the savings
principal component analysis (PCA) and multivariate data analysis. .

on the enzyme were reversed by decay in permeate Jix4ge

value of 40.00% for the single stage) in the 3 kDa EMR as

RESULTS AND DISCUSSION opposed to a stable 79.41% for the single-stage 10 kDa scheme.
Whey protein hydrolysis was carried out in a setup described ~ Earlier on it was determined that if the hydrolysis reaction
in detail elsewherel@, 28) and similar to that depicted Figure mixture was recirculated before, during, or immediately after

1. The WPI was hydrolyzed either in a single stage with the addition of the enzyme, there was a severe decline in the
EMR fitted with a 10 or 3 kDa TFF membrane filter or using permeate flux. Thus, the first 5 min simulating a batch hydrolysis
a two-stage scheme whereby the EMR was fitted with the 10 process without recirculation was chosen as reasonable to enable
kDa followed by further hydrolysis with the EMR fitted with ~ the WPI to be hydrolyzed to peptides that could be sieved as
the 3 kDa. The protein recoveries for the single- and two-stage Well as reducing the flux declines due to WPI deposits on the
EMR operation regimes are presentedFigure 2. Only the 10 ~ EMR as the GPL18). During the first 5 min, a DH equivalent
and 3 kDa membranes were available for this study and wereto ca. 15-20% was reached.

used for comparison because most bioactive peptides and those The greatest advantage of the second stage was the signifi-
with reduced immunogenicity range below 3 kDa in molecular cantly higher permeate flux stability £dragevalue of 78.26%).
mass distribution 12, 36). The membrane used in the EMR This stability in the permeate flux may be explained by the
influenced the amount of product recovered in the permeate, reduced tendency of the extensively hydrolyzed WPH obtained
with the lowest recovery being recorded from the two-stage from the first stage to deposit as the GPL as opposed to the
process (overall 24.17%) as opposed to when the 10 kDa TFFnative WPI. It was indeed reported earlier (B8) that when

was used in the single-stage (68.48%). The 3 kDa membranethe temperature of the membrane surface was high enough, the
was able to provide a recovery equivalent to only 45.24% when WPI solubility was equally high and the enzyme solubilized
used in the single-stage. When used as a second stage, howevethe WPI deposits on the membrane, thus reducing the formation
52.86% of the first-stage permeate was recoveFegufe 2). of the GPL by providing a co-detergence property on the EMR.
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Table 1. Proximate Analysis and Molecular Mass Distribution of 1
Desalted and Un-desalted Whey Protein Hydrolysates (WPH) w0l
proximate 0
analysis (%) mol mass distribution (%) % ]
<600 601~  1501-  >3000 Ey
product protein  ash Da 1500 Da 3000 Da Da é
WPH;0p? 78.87 6.77  77.56 16.95 5.21 0.28 § 2
WPH1p-25 83.20 430 5297 29.47 14.19 3.37
WPH10p-50 9850 275 6312 2539 9.28 221 1
WPHi0p-95 97.94 282 7023 2431 478 068 Al nn
WPH10z" 1391 132 5824 22.00 1041 936 ’ -WPH10P WPH1P H1P H10P H1P WPH1P WPH10P WPWP WPH10P- WPH3P- WPH3P- WPH3P.
WE:NP_SRCZS ;ggé ggg ;iég %gg; li?g 232 % 50 9% RS RS R PB P W B 50 9
10P—3R~ . . . . . . . . . . .
WPHyp 50 9812 105 6263 26.91 914 133 F|gure_4. Concentration of hydrophobm (HoAA)/hydrophilic (_HAA) amino
WPHip_3r-95 9768 092  77.33 18.99 3.20 0.48 acids in the desalted whey protein hydrolysate (WPH) fractions.
WPH;0p—3p? 78.63 9.64 8754 10.76 1.67 0.03
WPHyop-3p-25 8553 209 79.28 1578 4.61 0.33 Table 2. Recovery Efficiency of Whey Protein Hydrolysates (WPH)
WPHyp-3p-50 9653 155 8329 1359 2.83 0.29 Produced in an Enzymatic Membrane Reactor (EMR) and Desalted
WPHip-—-05 9306 160 7740 2072 181 008 Using Macroporous Adsorption Resins (MAR)
WPH3p® 80.01 856  79.03 18.26 2.61 0.10
WPH3p-25 85.03 505 7336 19.50 6.54 0.60 desorbed fractions
WPH3p-50 92.29 3.33 80.37 14.70 3.93 0.99 :
WPHzp-95 94.85 154 7853 18.73 2.28 0.46 product 25% 50% 95%
WPHzg! 977 749 6402  24.02 974 221 WPHp? 63.90 3195 414
WPH10p— 39" 71.87 18.82 9.31
@WPH;0p = whey protein hydrolysates permeable through a 10 kDa membrane. WPH30p—3r¢ 63.60 31.96 4.44
The values 25, 50, and 95 denote the concentration of alcohol to desorb. ® WPHior WPHzpd 7291 2247 4.62
= whey protein hydrolysates retained by a 10 kDa membrane. ¢ WPH1pp—3r =
whey protein hydrolysates permeable through a 10 kDa membrane but retained in a—dRefer to the footnotes of Table 1 for definitions.

a 3 kDa membrane. @ WPH;0p—3p = whey protein hydrolysates permeable through
a 10 kDa membrane and further permeable through a 3 kDa membrane. ¢ WPHzp
= whey protein hydrolysates permeable through a 3 kDa membrane. "WPHzz =
whey protein hydrolysates retained by a 3 kDa membrane.

EMR, although even at high DH values recorded in this study
the ash content was significantly below the ca. 15% recorded
previously from batch hydrolysis at about DH15% 3). The

The regenerated cellulose 3 kDa TFF membrane filter has ahighest ash content was found in the second-stage hydrolysate
maximum operating temperature limit of 4, at which owing to the cumulative permeation of the alkali through both
conditions of WPI solubility and viscosity are reducd®(27) the 10 and 3 kDa TFF membranes. Generally, the ash content
apart from Protease N activity being lowe26( 28). The in the retentates was lower than that for the corresponding
polyethersulfone-based 10 kDa TFF membrane, on the otherpermeates. After desalting, the ash reduced in all of the desorbed
hand, can withstand harsher conditions (temperature limit of fractions to below 5% (Table 1).

50 °C) that are suitable for good product hydrodynamics and  Desorption with MAR resulted in various migrations of
enzyme activity {8, 26); hence, th&averagevalues were high peptides into the fractions recovered by 25% (between 63.90
even after 5 h (79.41%) and 2 h (96.88%jidgure 3). and 72.91% of total product recoveries), 50% (between 18.82
Additionally, continuous removal of the hydrolysates in the and 31.95%), and 95% (between 4.41 and 9.31%) alcohol

permeate eliminated product inhibition on Proteas@®) (vith (Table 2). Generally, the recovery was higher for the fraction
the result that higher DH values were attainable as opposed torecovered with 25% alcohol than previously record2®)( The
when the batch reactor hydrolysis was carried out. highest content of peptides recovered in the 95% alcohol

The DH of protein hydrolysates is an important parameter concentration was the product from the second-stage EMR,
that relates well with the bioactive, functional, and immunologi- which also corresponded to the lowest recovery in the 25%
cal properties 11, 12, 37). Generally, the DH is determined alcohol fraction recovery (Table 2). MAR was shown in a
using the pH-stat, the osmometric method, and the colorimetric previous study to exhibit typical hydrophobic interaction proper-
methods (TNBS, ninhydrin, and OPAg). The DH can be  ties with the peptides favored by high temperature, low pH,
used to estimate the average peptide length and is currentlyand high ash content28). Indeed, the highly hydrophobic
poorly characterized in EMR operations. Thus, a simple novel fraction desorbed using 50% alcohol may be removed and
modification of the TNBS method3Q) was made and used in  processed further, which leads to a product with less salt and
this study with the advantage that the traditional concept of the bitterness (23). In the present study, the same trend was largely
DH in the batch reactor was retained. In this way the average reproduced with the fractions desorbed using 25% alcohol being
peptide chain length3g) could be estimated and corroborated composed of less hydrophobic amino acidsAH) than the
by the molecular mass of the hydrolysat&alfle 2). The FAA subsequent fractions (Figure 4). The total amino acid analysis
content was also determined as a guide to their release in therevealed a remarkable relationship between the concentration
EMR, and the results point to limited production of FAA, high of the H/AA and the alcohol concentration. Thus, with increas-
DH values notwithstanding. Thus, the EMR provides a product ing concentration of ethyl alcohol used for desorption, the
with reduced FAA, which is desirably less hyperosmotfit)( content of the hydrophilic amino acids (HAA) decreaded(re

Desalting. Upon adsorption of the WPH onto MAR, the ash  4) while theQ values and bitterness (see 8&and the literature
content was reduced during rinsing while the resins retained cited therein for a review of th@ value) increased (results not
the peptides. Desorption was achieved by reversing solventshown). The results mean that the content of the hydrophobic
antagonism with the use of a detergent-like solvent, ethyl alcohol amino acids (and possibly too the ratio to the HAA) provided
(23). The ash was high following hydrolysi§dble 1) in an the greatest driving force in peptide separation during desalting
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90 4 y = 153x + 27.685 Table 3. Immunological and Antioxidant Properties of Desalted and
80 - R2 = 0.9008 t Un-desalted Whey Protein Hydrolysates
70 -
= 60 4 product ELISA ICso («0) effect DPPH ICsq (mg)
3 5 WPl 8.8 x 104 N/A?
o (R2=0.9242) (R2=0.0197)
2 407 WPHyr? 522 x 1079 increased N/A
= P (R2=0.9784)
= 20 4 WPH;op? 1.22 1077 increased N/A
0 (R?=0.7156)
1 WPH10p-25 28.74 decreased 153.74
— ; ; ; ; ; ; ; ) (R2=0.9008) (R2=0.8625)
05 0 0.5 1 15 2 25 3 35 4 WPH;0p-50 721.78 decreased 46.25
(R2=0.6224) (R?=0.953)
Log Cone. WPH10p-95 4.27 x 1077 increased 103.26
Figure 5. Transformed inhibition ELISA curve for desalted enzymatic (R%=0209) _ (R?=0.988)
. . C -
membrane reactor (EMR) whey protein hydrolysates (WPH) desorbed with WPHuop—3r ( ;5’5_’8 %%09) increased N/A
25% alcohol (WPH;p-25). From the regression equation, the ICsq value WPHiop_sp-25 55 x 10-4 decreased 100.19
was calculated. (R2=0.8776) (R2=0.9266)
WPH;0p—3r-50 2x1072 decreased 71.82
and desorption. Unlike the previous results (23), however, the (R2=0.7352) ' (R2=0.9549)
peptide chain length did not play a significant role in determin- ~ WPHiop—3=-95 éf_"ol%g; increased . 21—8673687
ing the desorption with alcohol, possibly because of the elevated WPHyp. 35 (1 60 x '10,5) increased ( NA )
DH of the.EMR hydrolysatesHjgure 3) as opposed to ca. 15% (R2=10.8909)
recorded in a batch reactor for the previous res@fs.(Elevated WPH;0p—3p-25 1.84 x 103 decreased 92.84
DH values resulted in short peptides and exposure of the amino (R2=0-39‘§7) (R?=0.9279)
acids in the peptide matrix, which excluded formation of ~ WPHip-3-50 (RSZ"";‘ (’)‘31869) decreased (Rzisbogsoe)
secondary structures induced by the aqueous media in order ypy,, .95 2.87 x 10-3 decreased 10.65
for the polypeptides to attain a conformation that requires less (R2=0.9916) (R?=10.8592)
energy (23). WPH3p® , N/A N/A
Generally, when the 10 kDa membrane was used, the . (R :N?Aomg) 637
; : 2p- .
dgsorbed WPH were composed of higher amounts of peptides (R?2=0.0005) (R2=0.9414)
with .molecular masses of less tha600 Da (Table 1) than  WPHg-50 3.26 x 104 decreased 52.00
previously reported, which seems to suggest that the separation (R2=0.451) (R2=0.992)
was more significantly influenced by the amino acid composition ~ WPHz-95 118 10 decreased 6.1
than the peptide lengths. For the 3 kDa and the second-stage 3 WPHa! (’z ngfg?el) increased (R —,\l(/)A9761)
kDa membrane, however, the proportion of peptides with i (R2= 0.8909)

molecular mass 0600 Da in the fractions desorbed with 50%
alcohol were marginally more than in the fractions desorbed  a-Refer to the footnotes of Table 1 for definitions. ¢ N/A = values not useful
with 95% alcohol. In addition, the peptide recovery was high for calculation or were not determined.
with no side reactions imparted on the desalted hydrolysates,
whereas alcohol could be removed, recycled, and reused. which may be reproducible and has more significance in
Immunological Properties. Two fundamental modifications ~ comparative studies. It is hoped that its use will gain currency
were introduced in this study to help determine the ELISA in inhibition ELISA, too.
reactivity of WPI/WPH. Use of WPI to coat all of the wells The antibody-binding properties of proteins and their hy-
was used as opposed to previous studies in which the hydroly-drolysates is a widely applied characterization technique for
sates were used to coat the assay wells 813, The use of ELISA reactivity and prediction of protein/hydrolysate aller-
WPI throughout reduced the value of the NSB quantity while genicity. In this study, the WPanti-bovine whey antibody
ensuring only single values for the NSB and the blind blank binding was high. The quantity Kgwas used to quantify the
reading were used in each analysis in order to reduce errors.amount of WPI/WPH able to conjugate and bind with the anti-
Furthermore, queries have been raised concerning differencedovine whey antibody. This quantity was low for highly
in the avidities of binding between the primary allergen and immunoactive WPH due to the high concentration of the present
the hydrolysates32). This was likely reduced owing to the use epitopes, which reduced the effective concentration of the
of WPI only. hydrolysates required to bind the antibody by 50%, making it
Additionally, a quantity known as an kgvalue—being the unavailable to bind the antigenic WPI coated to the wells. WPI
concentration of WPI/WPH to cause 50% inhibition of the had a calculated 1§ value of 8.8 x 10™* ug with a high
primary antibody (rabbit anti-bovine whey antiserum), thus coefficient of correlation (B equal to 0.9242. The high
making it unavailable to bind the well-coated WRWlas correlation between the concentration and the antibody binding
introduced and used for the first time in competitive inhibition ability of the WPI/WPH provided a reliable means of calculating
ELISAs to aid in data interpretation (Figure 5). This quantity the 1G values (Figure 5). 1Gy values higher than those for
provided a better scaling quantity compared to that in other native WPI indicate reduced immunogenicity and, it is hoped,
papers, where quantities such as percent reductions in immu-ower allergenicity. For all of the un-desalted hydrolysates
nogenicity were used.@). ICso values are common in inhibition  except the permeate from the single-stage 3 kDa TFF membrane
assays [antioxidant and angiotensin-1 converting enzyme (ACE) (WPHzp) there was some protein dose-dependent relationship
inhibition], and the benefits are well document&8,37). Use with ELISA inhibition values (Table 3).
of this quantity may provide a reference library for comparisons  The retentates from the hydrolysis schemes had remarkably
from various studies because the statistic is a weighted value,lower 1Cs5o values (high immunological property) than the
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permeates in all cases with the 10 kDa retentates recording thessue of concern with consumers in the future. Production of
highest antibody binding capacity (5.2210° ug, R2 = 0.9784) hypoallergenic hydrolysates is attractive for infant formulations
followed by the products WPidp—3r (7.55 x 1077 ug, R? = such that selection of enzymes and the extent of hydrolysis (DH)
0.8909) and WPk (1.08 x 1076, R? = 0.8909). Desalting on  and conditions that decimate the immunoactive epitopes will
MAR led to differences in immunogenicity owing to differential  attract interdisciplinary research crossing the medical and food
migration of epitopic fragments with the concentration of alcohol science and technology fields. The EMR produced peptides with
probably influenced by the amino acid composition and to some reduced immunoreactivity, and its use in the production of
extent by the molecular masses of the WPH (Table 1). Thus, hypoallergenic hydrolysates holds potential for the functional
the fraction WPHg-25, the permeate through the single-stage foods/pharmaceuticals industry. Thes¢Gralues are easy to

3 kDa TFF desalted and desorbed using 25% alcohol, recordedcompare and relate and point to the likelihood that when the
some inhibition to the anti-bovine whey antibody, but the immunogenicity of protein hydrolysates reduces severalfold over
inhibition was not related to the concentration of the hydroly- that of the native protein, it is easily underestimated. Thg IC
sates (R = 0.0005), indicating an almost nonimmunological values are sensitive to residual immunogenicity, which becomes
property by the fraction. Good correlations between the useful when in the evaluation of the effectiveness of enzymatic
concentration of the peptides and inhibition to the anti-bovine hydrolysis in reducing and/or eliminating the epitopes.

whey antibody R* > 0.9) were recorded for the desorbed  Antioxidant Properties. The free radical scavenging ability
fractions WPHop-25 (R = 0.9008) and WPIbp5p95 (R = of native WPI was practically nil and did not show any dose
0.9916). Following hydrolysis and desalting, some fractions dependenceT@ble 3). Likewise, the un-desalted WPH showed
showed more immunological properties than the un-desalted some unclear relationship with DPPH, a pointer to the inherent

parent WPH and/or WPI (effect marked increasedale 3). practicability of the DPPH assay with samples containing
However, the fractions with lower Kgvalues than WPI showed  interfering salts &3, 48). After hydrolysis and desalting,
relatively poor coefficients of correlation&{ < 0.5), which however, all hydrolysates showed markedly improved antioxi-

makes the result less reliabl&able 3). The coefficients of  gant properties. The highest DPPH-scavenging activities were
correlation for the un-desalted WPH were generally higher than recorded with the single- and second-stage 3 kDa TFF mem-
those for most of the desalted fractions. brane hydrolysatesTable 3). Significantly, the highest anti-
Hydrolysis and heat-denaturing Bflactoglobulin was pos- oxidant activities (lowest 16 values) were recorded for the
tulated to lead to the exposure of putatively immunoactive fraction permeable through the 10 kDa and further permeable
epitopew, which makes some hydrolysates more immunogenicthrough the 3 kDa TFF membranes (Wikisp) desorbed with
than the native protein from which they are obtain@®))( Thus, 95% alcohol (IGo = 10.65 mg) and the retentate in the 3 kDa
although enzymes are used to eliminate specific epitopic sites(WPH,op_3p also desorbed using 95% alcohol £4G= 18.79
in native immunoactive proteins, enzyme specificities may mg). Generally, the fractions desorbed using 25% alcohol
hinder complete reduction of antibody-binding properties of showed poor free radical scavenging.
immunogenic proteins. This may be reversed by employing  antioxidant activity of WPI was reported by Pefia-Ramos et
bioengineering tools such as site-directed genetic engineeringg,. (49) in a lipid oxidation measured as thiobarbituric acid-
to produce enzymes targeting specific epitopic pockets in parentyaactive substances (TBARS). However, in the present study,
proteins to ehmlnate_ ELISA reactivity and hence protein/ iphe property was largely undetected. This disparity may be due
hydrolysate antigenicity. to the detection methods, whereas the DPPH system has been
Use of proteins and their hydrolysates is influenced to some shown as doubtful as an index of antioxidant activitg), WPI
extent by allergenicity (31) and bitterness (28). There are  did scavenge DPPH in our study, although the effect was not
procedures to process protein hydrolysates to render them safejose-dependent and hence theol@lue was not computable
for populations that show allergenic responsék) (Thus, the (R? = 0.0197). The best dose-dependent relationship was
reactive epitopes are cleaved by the enzyme, leading to reducedecorded for both the single- and two-stage hydrolysates
allergenic reactivity (12). Although heat was reported to denature permeable through the 3 kDa TFF membrane fractions desorbed
the proteins, the process led to a rearrangement of the proteinwith 50% alcohol (WPH=-50 and WPHgp-s7-50), correspond-
structure, which in turn exposed formerly hidden allergenic sites ing to 99.2 and 98.06% correlation. In addition, the hydrolysates
and made the peptides more immunogenic than the nativedesorbed with 95% alcohol from the permeate of the single-
proteins (4243). This phenomenon may explain the increase stage 10 kDa were explained by 98.8%able 3). There was
in immunogenicity of some of the hydrolysates compared to an apparent relationship between the antioxidant properties of
the native WPI (Table 3). the whey protein peptides and the amino acid composition with
Ultrafiltration membranes have been used to separate thethe presence of the aromatic/imino amino acids being the most
immunoactive fragments of hydrolysis, which were found to prominent determinantg). The results of this study show that
be related to the molecular mass sizdg)( whereas both  the desalted fractions with the high DPPH free radical scaveng-
hydrolysis and use of ultrafiltration membranes were proposed ing were largely composed of low amounts of hydrophilic amino
as a means to deal with protein allergdb). Although there acids and generally ca. 45 mg of amino acids per 100 g of
seems to be no consensus (probably due to the differences irprotein Figure 4). EMR hydrolysates showed increased DPPH
the assay proteins and protocols), hydrolysates with averagefree radical scavenging activity, which was better than that for
molecular masses of 1400—3000 Da seem to show some the native WPI.

allergenic responses, whereas those composed of fragments pPCA. Multivariate data analysis was performed by use

lower than 1400 Da showed no response in studl@s 44). ofPCA. The Kaiser Meyer—Olkin (KMO) measure of sampling
Enzyme hydronS|s IS one of t.he methods qsed to reduce adequacy (a value that lies between 0 and 1, with high values
allergenicity of whey proteins as is heat denaturi3@ €6, 47). being good) was calculated to be 0.579, which was considered

The safety of proteins and protein hydrolysates and food is to be adequate. The PCA communalities, which indicate the
traditionally defined in terms of chemical and microbiological amount of variance shared with at least one of the remaining
safety, but allergenicity is expected to increasingly become an variables, were high (range of 0.726 fogAf to 0.984 for both
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Table 4. Component Matrix and Rotated Matrix for the Principal Components

component matrix? rotated component matrix?
original variable 1 2 3 1 2 3
membrane NMWCQ? -0.6679 0.522 0.341 -0.389 0.789 0.244
alcohol concentration® -0.695 -0.608 -0.096 -0.863 -0.319 0.122
peptides with mol mass of <600 Da -0.970 0.205 -0.032 -0.837 0.532 -0.007
peptides with mol mass of 601-1500 Da 0.883 -0.390 0.140 0.713 -0.644 0.166
peptides with mol mass of 1501-3000 Da 0.988 0.046 -0.074 0.920 -0.334 -0.162
peptides with mol mass of >3000 Da 0.830 0.087 -0.220 0.762 -0.270 -0.301
ICsq for ELISA? -0.116 0.890 0.030 0.193 0.855 -0.195
ICs for antioxidant activities -0.078 -0.299 0.862 -0.027 -0.056 0.913
HoAAe -0.791 -0.119 -0.293 -0.823 0.116 -0.188
HAAf 0.881 0.384 0.114 0.964 0.052 -0.061

a Extraction method: principal component analysis (three components extracted).  Nominal molecular weight cutoff. ¢ Concentration of ethyl alcohol used to desorb the
desalted peptides from macroporous adsorption resins. @ Concentration of peptides to cause inhibition of anti-bovine whey antibody by 50%. € Hydrophobic amino acid
concentration. fHydrophilic amino acid concentration. 9 Values in boldface show high correlation coefficients.

content of peptides with molecular mass<©800 and between  peptides with elevated DH values, with most peptides lying in
1501 and 3000 Da, respectively), which indicates that the the range of di- to pentapeptides@00 Da). Meanwhile, alcohol
variables fitted well with the factor solutions (18). The PCA  provided crude separation based on the amino acid composition.
extracted three PCs, whence thgdalues for antioxidantand  The fact that all of the coefficients for the alcohol concentration
ELISA were log-transformed to eliminate skewing in the scatter ysed to desorb had a negative coefficient implies that lower
plots. The first PCA (PC1) accounted for 57.35% of the total ajcohol concentrations (higher amounts of HAA and longer
variance in the analys[s, whereas PC2 and PC3 contributed 18-9%eptides) were favorable for separation and the immunological/
and 10.43%, respectively (results not shown). The three PCsypioyidant properties. The EMR provided a useful technological

accounted for a total of 86.67%, which implies the analysis can : : ; L
- : o ) process to produce peptides with reduced immunogenicity and
be limited to these with the risk of only losing 13.33% of the increased antioxidant activity.

information.
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