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Effect of Gel Structure on the Dissolution of Heat-Induced
p-Lactoglobulin Gels in Alkali

RUBEN MERCADEPRIETO, ROBERT J. FALCONER, WILLIAM R. PATERSON AND
D. IaAN WILSON*

Department of Chemical Engineering, University of Cambridge, Cambridge,
Pembroke Street, CB2 3RA, United Kingdom

The dissolution of heat-induced S-lactoglobulin (5Lg) gels in alkaline solution plays an important role
in the cleaning-in-place of fouled dairy and other food plants. The dissolution behavior is strongly
influenced by the conditions under which the gel is formed. At low alkaline pH values (<13), the
dissolution rate constant ky' decreases with longer gelation time and higher temperature. An inverse
relationship is observed between the ky' value and the amount of covalently cross-linked proteins in
the gel, which is mainly due to disulfide bonds. -Elimination kinetics of intramolecular cystines in
SLg have been used to estimate the amount of intermolecular disulfide bonds that are cleaved during
dissolution. The results call into question current dissolution models for these systems based on
external mass transfer through the fluid next to the swollen gel. At low temperatures, the amount of
disulfide cleavage is estimated to be small, indicating that dissolution is likely to involve the (slow)
disengagement of large protein clusters, analogous to the dissolution of synthetic polymers.
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INTRODUCTION previously as a model for proteinaceous milk-fouling deposits
12). The dissolution conditions studied reflect those used in
airy CIP processes (pkt 12). Further understanding of the
issolution mechanism is likely to be relevant in the develop-
ment of new applications of whey gels in the food or

Protein gelation has been extensively studied in recent decade
(1). One of the more extensively studied systems is the heat-d
induced gelation of whey proteins found in milR)( especially

p-lactoglobulin $Lg) (3, 4). Significant progress has been made - .
in understanding the interactions involved during gelati®n ( pharmaceutical sectors, for example, as drug carriers1d,

6) and in particular the key role of thiedisulfide exchange Experimental studies of whey protein cleaning frequently
reactions (7—9). One area involving protein gels that has not report three stages, namely, an |_n|t|al swelling stage, a“plateau’f
received much detailed attention is in the cleaning of food- Stage where the measured clearing rate (rate of change of protein
processing equipment, particularly in the dairy sector. Pasteur- concentration in solution) is relatively constaRb), and a final
ization and sterilization are primarily achieved by heat treatment, decay phase where this rate decreases to zero and all deposit is
which results in the formation of fouling deposits on heat removed. Most of the removal occurs during the plateau stage,
transfer and other surfaces. The deposits contain proteins, fatsand this has been modeled as being controlled completely by
sugars, and mineral saltsQ). The removal of such deposits is external mass transfer, i.e., by diffusion and convection of the
critical to the dairy industry in terms of down time, energy, disengaged proteins through the film at the gel/fluid interface
cleaning, hygiene, and waste treatment costs. Cleaning is usually(15). Other steps, i.e., diffusion of hydroxyl groups from the
performed by circulating alkaline solutions through the equip- NaOH solution into the gel, chemical reactions within the gel,
ment in cleaning-in-place (CIP) operations. Proteins, and and protein disengagement, were considered to be fast. More
particularly SLg, constitute the bulk of milk-fouling deposits  recently, Mercadé-Prieto and Cheir6) have demonstrated that
at low-temperature operations, and several models for cleaningthe gelation conditions, such as gelation pH or temperature, have
have been proposed(), but the mechanism is still not well-  a significant influence oR,. Such findings indicate that a mass
understood due to the complexity of the problem. For example, transfer model is not a sufficient description of the mechanisms
the effect of different protein interactions on the dissolution controlling dissolution. The aim of this study is to determine
process has not been studied and which, if any, is mostthe influence of the gel structure on the dissolution ratglaf
significant has not been determined. In this work, we study heat-induced gels, by manipulating the gelling conditions, and
thermally induced whey protein gels, which have been used to develop a more accurate mechanistic model. The interactions
between the proteins in the gel will be determined by solubility
*To whom correspondence should be addressed. T4l 1223 334791, measurements in different buffers. As disulfide bridges are
Fax: +44 1223 334796. E-mail: diwll@cam.ac.uk. known to be a key element of the gel network @), the
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cleavage kinetics in alkali are determined in order to assess their (a) 0.08
relevance in the dissolution process. i
;w i pH 12.77

EXPERIMENTAL PROCEDURES = TN

Materials. fLg was kindly donated by Davisco Foods International, ‘E 0.04
Inc. (Lesueur, MN). The composition of the powder as given by the = f\mwﬂfww R,
manufacturer (lot JE 003-3-922) was 5.8% moisture, solids (d.b.), 97.4% 5 rf '
protein of which 95.0% wagLg, 0.1% fats, and 2.4% asblLg powder 20021/
and solutions prepared with deionized water were stored ‘@ é’ -‘r
airtight containers. The pH of the protein solutions was #46.05. r
Reagents used were of analytical grade (Sigma, Fisher) and were used 0
as received. 0 2000 4000 6000 8000

Methods. Gel Formation Gels were formed inside cylindrical glass time (s)
capsules, 10.8 mm i.d. and 40 mm high, using well-homogenized 8 (b)
103 M (~15 wt %) SLg solutions. The capsules were filled, closed 0.09 tgel
with a plastic stopper, sealed with foil, and held in a water bath at the 0.08 5 min
desired gelation temperatufBy (£0.1°C), and gelling timetge. The 0.07
top 2 mm of the gel was removed with a spatula to ensure an even > 0.06 20 min
surface. Gels were kept at°€ overnight before use. w; 0.0

Dissolution.Dissolution tests were performed in batch mode, and o [y 200 min
the dissolution rate was calculated by measuring the increase in the & 0.04
concentration of protein in the alkali solution over tinie). In brief, 0.03
250—1000 mL of the solvent was added to a glass bottle held in a 0.02
water bath £0.3°C) and agitated using a magnetic stirrer. The solution 0.01
pH was verified by titration (0.1 N HCI standard, Riedel-de Haén). A 0|
small fraction of the solution was recirculated through a UV spectrom-

0.00 0.02 0.04 0.06 0.08

eter (Unicam 8625) using a peristaltic pump. The absorbance of the
dissolved protein was continuously recorded at 20 s interval with a NSO (W)

LabView (National Instruments) application for at least 8000 s. Three Figure 1. Dissolution rate of heat-induced gels at 24 °C and relatively
wavelengths were recorded simultaneously for better accuracy: 204,low alkaline pH. (a) Rate profiles at different dissolution pH values. Gelation
214, and 224 nm for deionized water and 224, 250, and 280 nm for conditions: 8 mM fLg, pH 7.45, 80 °C for 20 min. (b) Constant dissolution
alkaline solutions. Extinction coefficients were established for each pH rate R, at different NaOH concentrations for gels formed at 80 °C and
condition. Dissolution rates were calculated using numerical three-point yitterent tyer values. Error bars show the standard deviation of the mean
differences of the mean concentration and finally smoothed by amoving 50 \ae. Lines show regression of data to eq 1 with best fit k;'".
average in order to remove the noise. Mechanical erosion of gels inside

tcagsules \llvhgln uiigg low stirring speeds360 rpm) has been shown NaOH Penetration DepthiThe depth of NaOH penetration into the
0 be ne.g' 'g'. e (16). o ) ) gels was monitored by taking pictures of the swollen layer at different
Solubilization.Samples were solubilized in three different solutions  times, for up to 10 h, in duplicate experiments. The demarcation of

as reported in the literatur& 7, 18), namely, (i) pH 8 buffer (0.086 M the swollen layer was enhanced by adding four drops of phenolphtha-
Tris, 0.09 M glycine, and 0.004 M EDTA); (ii) buffer i plus denaturants  |gine to the protein solution before gelation (22).

[6 M urea and 0.0173 M sodium dodecyl sulfate (SDS)]; and (iii) buffer
ii plus 0.01 M dithiothreitol (DTT). About 0.020.06 g of gel was
introduced into 25 mL centrifuge tubes with 20 mL of solubilizing
solution. The protein solution was homogenized at room temperature  Dissolution Rate offf-Lactoglobulin Gels. The dissolution
using an Ultra-Turrax T18 homogenizer for 60 s at 24000 rpm (buffer rate profile of fLg heat-induced gels was found to resemble
|) or 15 s at 24000 rpm plUS 45 s at 18000 rpm (buffers with denaturants) those reported for Whey protein concentrate (WPC) g]m (
followed by 30 min of centrifugation at 19500 rpm below 4. The  for semi-infinite dissolution experiments. At “low” alkaline pH
protein concentration in the supernatant was measured via its absorbancgzlz_lg) Figure 1a shows that the dissolution rate increases
at 280 nm (UV1, Thermo Spectronic). A blank solution without any during the initial swelling stage to a constant value with time,

gel and a blank solution with 0.25 g L Lg were used as controls. . .
The supernatant of some gels solubilized with a 0.02 M DTT buffer Ro, in the plateau stag@8). Figure 1b shows that thék, data

solution was analyzed with SD%olyacrylamide gel electrophoresis ~ ¢an be modeled successfully as

(PAGE) (NuPage 4—12% Bis-Tris Gel, Invitrogen), following the

standard procedure for the precast gels under reducing conditions, MES R, = 1 (d_n) — kg' [OH] +R, 1)
buffer, and SimplyBlue SafeStain (Invitrogen) as detailed by the A \dt/plateau

manufacturer. The protein loading in these SBPR\GE tests was 6

RESULTS AND DISCUSSION

ug per well. whereR,, denotes the dissolution rate in water (pH IB), A
B-Elimination Kinetics The kinetics of thgs-elimination of intramo- is the exposed gelsolution interface area, here 32105 m?,
lecular disulfide bonds offLg in solution were determined by  nis the amount of protein dissolveky is the pseudo-kinetic
independently checking the formation of persulfidéS)(and dehy- constant, and [OH] is the hydroxide concentration in the bulk

droalanine (20). The kinetic parameters obtained at room temperaturegg|ytion. Strictly speaking, these “dissolution rates” are fluxes
agreed within experimental accuracy regardless of the method used.but we use the terminology common to the literature
Persulfide formation was determined at 335 nm at room temperature The dissolution rate profiles observed at higher alk.aline pH
22 + 1° f iffi L NaOH i . Th . . . - .

( C) for different fLg and NaOH concentrations € (>13) such agigure 2 are noticeably different: The dissolution

temperature dependency of the reaction was determined by following / . . -
the formation of dehydroalanine (20), as it is more stable than rate is smaller at higher pH and decreases over time. Similar

persulfides at high temperaturexlj. Dehydroalanine formation was d?ﬁeren?es were reported preyi_OUSW for WPC gels (16). _The
checked at 241 nm using the dissolution apparatus with solutions of dissolution rate therefore exhibits a maximum at an optimal
2.35x 10°°M pLg and 0.063 M NaOH at various temperatures. sodium hydroxide concentration, which is a well-established
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Figure 2. Dissolution rate profile at high pH, showing a decrease in rate — i . 4 Rpeak 80°C
with increasing pH. Gelation conditions are as in Figure la. rv; 0.04 5 = Rpeak 90°C
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~ 04 o - k & and 24 °C. (a) Rate profile with time for gels made at 80 °C and different
' - - lyer values. (b) Effect of tye and Tye values on the initial high rate (Rpeax)
0.0 . . . and final rate (Reng) Rend is_ cal_culated as the mean over the last 3000 s,
1 10 100 1000 10000 as shown by the construction in panel a.
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Figure 3. Dissolution rate constant ky' for heat-induced gels formed at
different tye and Tge values. ky' values are calculated as shown in Figure 201
1b; error bars show the standard deviation of the fitted parameter. The ~15
value reported for WPC gels is that reported by Mercadé-Prieto and Chen ;E 10 1
(16). The critical gelation times £ for each Ty are marked with arrows. o
Gelation conditions: 8 mM fLg and pH 7.45. £ 051

phenomenon in cleaning experiments (24). The dissolution of X 85°C 60 min

BLg gels has shown the same behavior observed in WPC gels; —-0.5 1 +70°C 45min
thereforeSLg can be used successfully as a model whey protein. 40 ] 480°C45min
Effect of Gelation Conditions on Dissolution Rateln this = 90°C 200 min
work, the effects of two gelation parameters are studied in -1 ’ ’ '
00028 00030  0.0032 00034  0.0036

detail: gelation timetge) and gelation temperaturég). Figure
1b shows that at low alkaline pH values 13), R, is smaller ) ) ) , ,
for gels formed at longetge,, but the first-order dependency on Figure 5. _ Arrhenius plot of thg_dlssolu_non rate constant k' for gels formed
[OH ] in eq 1 is maintained. Similar behavior is observed for at foulr dlffere_nt g_ellmg condltlons. Llngs shpw the constructions for the

gels formed at differentye values (65—90°C). Bothk, and best-fitted activation energies, summarized in Table 1.

Ry are affected by the gelation conditionBigure 3 shows how L ..

ks greatly decreases when overcuring the gglglonger than across ﬂjege_' range. Considering t_he major impact tgh and

the critical gelation timeto). Thet. for the fLg used has been  Toel ON Ky (Figure 3), these are minor differences.

determined as detailed in Mercadé-Prieto and Chen (22) and Effect of Dissolution Temperature. ky' was measured for
was found to be~1 min at 90°C, 2.6 min at 8C°C, 10.8 min four types of gels across a wide range of temperatures, and the
at 70°C, and 50 min at 65C. Theky value reported for 16.7 ~ results are presented as a pseudo-Arrhenius pléigare 5.

wt % WPC heat-induced gels Figure 3 is significantly lower At lower temperatures, the temperature dependendg ifs

than that for3Lg gels formed under the same conditions. Future independent of gelation conditions, with an average activation
work will be performed to elucidate the source of this difference €nergy,Ea, of 44 kJ mot™ (Table 1). At higher temperatures,
(e.g., the presence of other proteins, such as bovine serumhowever, a lower value o, between 15 and 33 kJ mdl
albumin (BSA) andu-lactalbumin, and higher salt concentra- (Table 1), is observed for gels with higky values. This

1T

tion). decrease is most likely due to mass transfer limitations, either
The sensitivity of the dissolution rate at low alkaline pH to ©f diffusion of NaOH into the gel or of protein away from the

gelation conditions is not observed at higher pH val&égure surface.

4a shows dissolution rate profiles for gels prepared at different ~ Solubility of Gels. Total solubility measurements are a

tger @and dissolved at pH 13.65. The initial peak rafRgeax is convenient way to estimate the proportion of the different protein

larger for gels made at lowege and Tge, however, the final interactions in gels or filmsl{7, 18, 25). Proteins dissolved in

rate valuesRenq are similar Figure 4b). Average values of  the pH 8 buffer (Tris-Gly-EDTA) correspond to those stabilized
0.0104 0.002 g m2 s~ for gels formed at 80C and 0.008 by electrostatic interactions or hydrogen bonds, as well as
0.001 g m2 s1 for 90 °C gels appear to descriligs,g well unbounded proteins. This buffer plus denaturants (W&RS)
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Table 1. k' Activation Energies for Gels Prepared under Four
Different Gelling Conditions

gelation dissolution T E,
conditions range (°C) (kI mol~1)
65°C, 60 min 15-42 46 +2
42-60 15+2
70°C, 45 min 15-43 44 +£3
43-73 29+1
80°C, 45 min 6-53 435+1
53-74 33+£2
90°C, 200 min 15-79 43+1
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Figure 6. Total solubility of SLg gels formed at different &y and Ty values
in different buffers: (a) Tris-Gly-EDTA, pH 8 buffer; (b) pH 8 buffer plus
denaturants (6 M urea and 0.0173 M SDS); and (c) pH 8 buffer with
denaturants plus 0.01 M DTT. Error bars show the standard deviation of
triplicate experiments.
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Figure 7. Correlation between the percentage of proteins stabilized by
intermolecular covalent bonds (the insoluble part in Figure 6b) and the
rate constant k' for gels formed at different fy and Ty values (from
Figure 3). The dashed line shows the best fit through all data.
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Figure 8. Reducing SDS—PAGE of the supernatant of gels formed at
90 °C at different ty values, solubilized in a standard buffer with
denaturants and 0.02 M DTT.

denaturants correspond to covalently cross-linked protein clus-
ters (25). DTT can break down these clusters increasing the
gel solubility to 100% as shown iRigure 6c; the gels that are
only partially soluble in DTT are discussed subsequently. The
similarity between the separate plots of solubility in denaturants
(Figure 6b) andky' (Figure 3) againstge andTge is remarkable.
Figure 7 illustrates the good agreement between the amount of
proteins stabilized by intermolecular covalent bonds, estimated
as the insoluble part in the buffer with denaturargS)( and

the dissolution rate constalyf. More intermolecular cross-links

in the gel network make the dissolution process slower.
Therefore, the gel structure, in particular the amount of covalent
cross-links, ought to be included in the dissolution mechanism,
and this is not the case for external mass transfer controlled
dissolution models.

The origin of these covalent cross-links is the thidisulfide
exchange reactions during gelation. The importance of inter-
molecular disulfide bonds in the formation and structurglaj
heat-induced gels has been reported at len§tHL8). Their
importance in solubilization is demonstratedHigure 6¢: The
gels are completely soluble in DTT, which is known to cleave
disulfide bonds, whereas bufferskigure 6a,b are not expected
to affect disulfide bonds. Thereforky' is inversely related to

can disrupt the previous interactions as well as hydrophobic the amount of intermolecular disulfide bonds.

ones. Finally, the buffer with denaturants and DTT can also
reduce disulfide bonds.

Figure 6a shows that the solubility gfLg gels in the pH 8
buffer is very small, at 23%. Only those gels formed close to
tc exhibit a significantly higher solubility-igure 6b shows that

Nondisulfide Covalent Cross-Links.The gels formed at 90
°C andtge > 45 min are not completely soluble in DTT (60—
80% gel solubility,Figure 6¢). This feature was investigated
using reducing SDSPAGE of gels solubilized in DTT to
establish whether covalent cross-links other than intermolecular

the gels are much more soluble in the presence of denaturantsdisulfide bonds give rise to the decrease in solubilityFigure

but the solubility is greatly reduced at longigg and higher
Tge. The proteins that remain insoluble in the presence of

8, the gel formed at 90C and 45 min shows an intense band
for the SLg monomer, with bands far-lactalbumin and BSA
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Figure 9. B-Elimination mechanism of disulfide bonds in alkali (31). E 0.02 &
impurities. There is also a faint band for thkeg dimer, whose ¢
intensity grows with longetge. Beyond 1500 min, continuous
bands below monomerjelg imply that the proteins are being 0.00 ' ' '
hydrolyzed. In addition, the bands above ffiegy monomer 0 01 02 03 0.4

suggest that partly hydrolyzed oligomers are formed through [NaOH] (M)

nondisulfide covalent cross-links. These bonds are most prob-Figure 10. Effect of NaOH concentration on the pseudo-first-order

ably formed by the nucleophilic addition to dehydroalanine of S-elimination kinetic constant ks, calculated by monitoring persulfide

other amino acids such as lysine, forming lysinoalanine (LAL) formation at 335 nm and 22 °C. Lines show the best fit ks value (eq 2),

(26). This nonnatural amino acid has long been observed in0.126 + 0.016 M~* min~* for ALg. Data for ribonuclease A at 25 °C

milk proteins treated at high temperatures (27). Even though it were taken from Florence (34).

has been reported that small aggregates can be formed through 1 E+02 -

interprotein LAL formation (2829), it is not known that LAL ' 1 © Native BLg

could be involved in the structure of a protein gel. Following 1E+01 4 4BLg+UreasM

this hypothesis, the gel formed at SC for 4500 min is o

remarkableFigure 8 shows that the proteins are so damaged £ ]

that even theSLg monomer band is no longer visible. In 5 1.B+00 5

consequence, the solubility in all three buffers increases as ]

compared to gels made at shortgg values (Figure 6). 1.E-01 1

However, this is not translated into a larger dissolution rate 1

constanky’; in fact, it is the smallest measurefgigure 3). This 1.6-02 , , ;

may be explained because only high temperatures (>80 10 30 50 70 90

have been reported for the alkali cleavage of LADY. At room T{°C)

temperature, the NaOH may not be able to destroy those bondsfigure 11. Effect of the temperature on the -elimination constant kge
f-Elimination of Disulfide Bonds. Disulfide bonds have  for untreated SLg and fLg denatured overnight in 8 M urea. kse away

been shown to be the main interaction in the gels that restricts from room temperature is calculated by measuring the dehydroalanine

the dissolution process. Therefore, it is of interest to know the formation at 241 nm. The line shows the best fit regression model for £,

kinetics of its cleavage by NaOH in order to be able to estimate 76.4 kJ mol-L.

the proportion of disulfide bonds that is reduced when the

proteins are dissolved. The alkali cleavage mechanism of DISCUSSION

disulfide bonds in proteins has been reported to follow a  Several of the mechanisms proposed to date to model the

kee (M

p-elimination mechanism (31) as shownHigure 9. Gawron cleaning of milk-related fouling deposits using alkaline solutions
and Odstrchel41) proposed the following kinetic model to  are based on the assumption that the limiting elementary process
describe thgs-elimination of several cystine derivates: is the diffusion of the solubilized products through the boundary
layer (11,35). Analogous models exist for the dissolution of
r = kge [OH ] [RS,R] = ks’ [RS,R] (2) polymers (36). However, the profound effect of gelation

conditions onR, is difficult to reconcile with a mechanism
wherer is the reaction ratekge is the -elimination kinetic controlled solely by the external mass transfer 33). In this
constant, [R&R] is the concentration of disulfide, argg’ is work, we have shown how greatly the gelation conditions
the pseudo-kinetic constant defined kg’ = kg [OH7]. modify ky' for gels formed with the same protein concentration
Although eq 2 has been found to be valid for several proteins (Figure 3), only by changing the degree of cross-linkifkggure
(19), fLg has not been studied in detad?). By following the 7 show thatky' is inversely related to the amount of covalent
formation of persulfides at 335 nm33), the first-order cross-linking in the gel structure, which is essentially due to
dependency on the disulfide concentration (data not shown) anddisulfide bridges. Thg-elimination mechanism has been shown
on the hydroxide concentratioRigure 10) was confirmed. The  to be involved in the alkali cleavage of intramolecular disulfide
kinetic parameters obtained are of the same order of magnitudebonds, and there is no ground to doubt that another mechanism
as those reported for other proteins, as shown for ribonucleaseis responsible for the reduction of intermolecular disulfide
A (seeFigure 10) (34). The temperature dependencykpf bridges. This evidence may support the hypothesis that chemical
was determined by following the formation of dehydroalanine reactions, and in particulg#-elimination, may be the limiting
at 241 nm (20) Figure 11). Predenaturation by leaviriii.g in mechanism in dissolutiorlf). However, a mechanism where
8 M urea overnight did not enhance thelimination rate, nor the dissolution process is wholly controlled by the rate of
change its temperature dependen€myre 11), as has been formation of “removable” aggregates via chemical reaction is
reported for lyzozyme (20). This suggests that alkali alone is not completely plausible. In such a model, the dissolution rate
sufficient for denaturingLg and exposing the disulfide bonds  should be directly related to the cleavage reaction rate; therefore,
to the solvent. Thége activation energy obtained, 764 0.9 the dissolution rate should exhibit similar temperature depen-
kJ moll, compares favorably with the range of-6000 kJ dence to the chemical reaction. Thg values inTable 1 for
mol~* reported previously for several proteins and particularly kq at low dissolution temperatures, which was insensitive to
the 83 kJ mot?! reported for BSA 20). The preexponential  the gelation conditionsT@ble 1), are noticeably smaller than
factor kge was 3.5x 102 M1 min~2. that for the B-elimination reaction, at 44 and 76 kJ mél
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Table 2. Parameters of the Hydroxide Penetration Model?

[OH] Oon” Ro® s Atsond  [SS]/[SS)!

(M) (mm) @@m=?s7?)  (ums™)  (min) (%)
0.0076 1.70+£0.17 0.0065 0.04 715 78
0.015 1.17+0.11 0.013 0.08 252 84
0.023 0.71£0.05 0.019 0.12 103 90
0.030 0.85+0.09 0.025 0.15 93 88
0.045 0.81+£0.05 0.038 0.23 60 89
0.060 0.99 £0.07 0.050 0.30 54 86
0.074 0.99+0.12 0.062 0.38 44 86

@ Gelation conditions: heat-induced gels formed at 80 °C for 45 min and
dissolved at 21°C. © Measured experimentally. ¢ Calculated using eq 1. ? Calculated
as outlined in the Appendix.

Table 3. Hydroxide Penetration Model Parameters for Gels Made at
Different Gelling Conditions and Different Dissolution Temperatures?

geIIing T (SOHb Ry¢ VLGd AI()OHH [SS]/[SS]od
conditions  (°C) (mm) (gm=2s7Y) (ums™h) (min) (%)
80°C,45min 38 0.82+0.09 0.11 0.67 20 74
80°C,45min 50 0.62+0.09 0.20 1.2 85 70
80°C,45min 60 0.55+0.06 0.30 1.8 5.0 61
65°C,60min 21 0.63+0.06 0.087 0.57 20 95
70°C,45min 21 0.75+0.08 0.053 0.32 39 91

a Dissolution in 0.060 M NaOH.  Measured experimentally. ¢ Calculated using
eq 1. ?Calculated as outlined in the Appendix.

respectively. In addition, we have found that fhelimination

Mercadé-Prieto et al.

above 13 Figure 4ab). Therefore, the low dissolution rates
found in those conditions are unlikely to be related to the
different initial gel structure, as has been discussed above for
lower pH values. It has been suggested that at high pH, new
cross-links may be formed in the gel structure, in analogy to
caustic-induced gels made at high pH, explaining the small rate
observed (16). This hypothesis requires that the gel structure is
completely irreversibly modified during the treatment at high
pH, which has been shown not to be the ca4@).(It was
concluded that it was probably the effect of the solvent, rather
than the final gel structure, which was involved in the low
dissolution rates observed(). Bird (41) proposed initially that
the existence of an optimum cleaning concentration was related
to the more open pore structure of the protein deposits as
observed by scanning electron microscopy. Micrographs above
this concentration (0.5 wt % NaOH, pH 13.1) suggested that
the whey deposits swelled less. However, as swelling is related
to the protein surface charge, it was not clear why such a
swelling optimum should exist. Nevertheless, this swelling
behavior has been recently reported in hydrogels with similar
backbone structures to proteins (42). In those hydrogels, the
maximum swelling ratio collapsed at pH 134 to a fifth its
value at their optimum pH. It was proposed that at high pH,
the screening effect of the counterions ()ehinders, and
eventually opposes, the swelling at high concentratid®).
Such explanation should also be valid for protein gels and would
agree well for a dissolution mechanism where the disengagement
of the protein clusters is a slow process. These hypotheses are

reactions do not occur fast enough to support such a model, ashe subject of ongoing work.

explained subsequently.
The amount of nonreduced disulfide bonds, [SS]/[S8]
the protein clusters near the géiuid interface, at the moment

This work has concentrated on elucidating the fundamental
reaction/dynamic steps involved in the dissolution of these whey
protein gels. In practice, the gels are also subject to shear from

of removal, can be calculated as outlined in the Appendix. [SS)/ the flow of the cleaning agent, which will affect mechanical
[SSh can be estimated from the constant NaOH penetration and mass transport-related steps. However, the impact of shear

depth in the geldon, the dissolution rate, and thfeelimination

kinetics. Table 2 reports these parameters for gels formed at

80 °C and 45 min and then dissolved at different NaOH
concentrations at 21C. The calculated [SS]/[S&}yalues are

can only be assessed once shear-free dissolution is understood.
In conclusionSLg heat-induced gels have been successfully

used as a model system to study the alkali dissolution of whey

protein gels. Equation 1, which was developed on the basis of

greater than 85% at most NaOH concentrations. Similar valueswPC studies, has proved to be applicable, although laeger
are found at different gelation conditions when the gels are values have been found fpi.g gels. We have confirmed that

dissolved at 2EC (Table 3). These high values imply that the

the gelation conditions, particularfye andtye, have a profound

protein clusters released from the semi-infinite gel network still effect in ky. The variation in rates observed in different gels
contain most of the intermolecular disulfide bonds and thus have dissolved at the same conditions is difficult to explain using

a size similar to that before dissolution. Only at high temper- external mass transfer mode®§). We have observed an inverse

atures does the ratio [SS)/[SS]ecrease significantly (Table
3).

relationship between the decreasekgfand the increase in
covalently linked (mainly disulfide bonds) proteins in the gels.

Most of the gels studied have solubilities below 50% in urea The estimated amount of disulfide bonds cleaved at the moment

and SDSFigure 6b). The amount of large clusters will decrease
in a direct manner with [SS]/[S§]at ~15% at room temper-

of dissolution is too small for a chemical reaction control only
dissolution scheme, as proposed by Mercadé-Prieto and Chen

ature (Table 2). Therefore, at the moment of dissolution, a (16). This observation suggests thaelimination reactions

significant percentage of the proteins in the gel will still form
part of a large cluster. These clusters, about:.80° Da for

break down the percolating gel matrix, but they do not occur
fast enough to reduce the size of the large clusters formed. In

the 100 monomer primary aggregates observed during thethese conditions, when high molecular size fragmerts0f

gelation process3(7), are expected to be disengaged very slowly
from the gel matrix. In the dissolution of polymers, diffusion
control is predicted for low molecular weight polymers and
disengagement control is predicted for large polyma&s 39).
The small decrease of [SS]/[SS$uggests that the second
scenario is the most likely iiLg gels. In such a model, where

Da) are to be released, polymer dissolution mod&#3 predict

that the disengagement of these long chains will be the slowest
step. On the other hand, at high dissolution pHL8), the
characteristically small rates observed are highly insensitive to
the gelling conditions.

the protein disengagement is slow, two key parameters would ACKNOWLEDGMENT
be the number and the size of the large clusters in the gel, which\ye are grateful to Davisco for providing tift.g.

are both related to the cross-linking degree of the gel, and

therefore also in agreement wikfigure 7.
The strong sensitivity of the dissolution rate to the gelation
conditions at lower pH is not observed when using a pH well

APPENDIX

Figure 12 is a schematic representation of the NaOH
diffusion into a gel to yield a swollen layer that dissolves. In
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Figure 12. Schematic diagram of the NaOH concentration with depth in
a gel when a constant NaOH penetration depth dop is observed.

Fickian diffusion analyses of such a system, the linear velocity

of NaOH penetrationyoyn, is inversely proportional to the
penetration depthgon. As the velocity of the getliquid
interface,v g, is independent odon, both velocities reach the
same value after a certain time, after whigdy is constant. As
theLg gels dissolve quite quickly in comparison to WPC gels
(16), a constanboy is usually seen in less than 1 h.g is
comprised of the dissolution contributiongs, minus the
swelling velocity of the gel where the NaOH has penetrated,
Vsw: Vdis IS related toR, by

Vg = Vdis — Vsw — ~ Usw
Psw! 'ALg,sw

(A1)

As vsy, the densitypsw, and the mass concentration fifg
in the swollen layer,Csgsw, are all unknown, it is a fair
approximation to suggest thatg is independent of swelling.
The increase ofgis due to a lowelCs g sw Caused by the swelling
will be compensated by the presence ofsgterm. Therefore,

R,
Vo R — (A2)
LG pgeICﬂLg,geI

where the density and the mass concentratiofiLaf are now
those for the original gel, at about 1.1 g mi(35) and 0.15 g
BLg g gel ! respectively. Finally, the time that a slice of gel is
in contact with the NaOH before it is dissolved is

Oon
Atson = Ve

(A3)

Solving the kinetic eq 2 for a fixed position of the gel over
time Atson yields the ratio of disulfide bonds that have not been
p-eliminated, [SS)/[SS] eq A4:

[SS]

[SS] = eXp([OH Javs01KsEAts01) =

exp(0.463 [OH] KseAtson) (Ad)

where [OH]avs0n IS the average hydroxide concentration in
the swollen layer. Assuming a linear profile of hydroxide
concentration with depth, [OHav,son is half the concentration

in the solution, [OH]so, although a detailed Fickian simulation
shows that it is closer to 0.468 [OH]so. We assume thade

and its activation energy for intermolecular disulfide bonds are
similar to that calculated for intramolecular cystines. Therefore,

eq A4 also represents the amount of intermolecular disulfide

bonds that have not been cleaved ingon interval.
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