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Casein fractions have been shown to act as molecular chaperones and inhibit aggregation of whey
proteins in dilute solutions (e1% w/v). We evaluated if this approach would stabilize protein solutions
at higher concentration and thermal processing temperatures desired for beverage applications.
Mixtures of �-lactoglobulin (BLG) (6% w/v) with either �-casein (BCN) (0.01-2% w/v) or Rs-casein
(ACN) (2% w/v) were adjusted to pH 6.0 and heated (70-90 °C) for 20 min, cooled, and then analyzed
to determine the degree of aggregation. Aggregation was determined by solution turbidity as optical
density (OD) at 400 or 600 nm. The addition of 0.05% (w/v) BCN or greater caused a drop in turbidity
for solutions heated at 70-90 °C. In contrast, inhibition was observed in BLG-ACN mixtures at 70
°C but not at g75 °C. Moreover, prolonged heating (90 min) of BLG with 2% (w/v) BCN (pH 6.0) at
90 °C produced a clear solution while BLG-ACN solutions formed translucent gels after heating for
15 min. The weight-averaged molar mass and root-mean-square (rms) radius of soluble aggregates
were determined by size exclusion chromatography in conjunction with multiangle laser light scattering
(SEC-MALS). SEC-MALS confirmed the turbidity results by showing that the BLG-BCN mixture (8%
w/v protein) produced aggregates with lower molar mass and smaller rms radius (majority 20-40
nm). These results showed that BCN is a feasible component to stabilize higher concentrations of
whey proteins in beverages.
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INTRODUCTION

Whey protein offers numerous functional benefits to food
formulators in diverse applications including beverages (1–3).
However, to make the labeling claim of a “high protein
beverage”, the FDA requires a protein concentration of g4.2%
(w/v) (4). Most beverages above pH 4.6 require thermal
processing before sale (5). The Code of Federal Regulations
requires pasteurization for all milk and milk products in final
package form intended for direct human consumption. The
specified temperature and time are either 63 °C for 30 min, 72
°C for 15 s, or 89 °C for 1 s for milk products with fat contents
less than 10% (6). However, heat treatment of milk above 70
°C during commercial processing operations results in a number
of physicochemical changes, including denaturation and ag-
gregation of whey proteins (7). Etzel (5) showed that beverages
containing whey protein isolate were clear at pH 2-7 before
heating, but only beverages at pH e 3 remained clear after
thermal processing at 88 °C for 120 s. Therefore, heat stability
in the context of a beverage application refers to the ability of
the solution to remain stable after thermal processing.

Bovine �-lactoglobulin (BLG), the most abundant whey
protein, is a lipocalin that has been studied extensively in the

past six decades (8). Although this globular protein has a well-
defined structure (9–12) and has been shown to bind a variety
of ligands at more than one binding site with different
modes (13–16), its true function is still an enigma.

Thermal denaturation and aggregation of BLG are relevant
to functional applications, such as gelation and stability in
beverages, as well as being related to fouling in heat exchangers
(17). Therefore, it is not surprising that a vast number of heat-
induced aggregation studies were conducted from the aspect of
pHeffects(18–23),heatingtemperatures(24–26)andtimes(24,26),
protein concentrations (27–29), genetic variation (30–32), and
ionic strength (20, 33). Kinetic models have been proposed for
heat-induced aggregation of BLG (27, 34).

Attempts have been made to improve the thermal stability
of BLG by adding different compounds. One way to monitor
this improvement is through increases in denaturation temper-
ature. Conjugating BLG with carboxymethyl cyclodextrin
increases the denaturation temperature by 4 °C (35). The
addition of 10 mM sodium dodecyl sulfate increases the
denaturation temperature of BLG A and B by 3.4 and 4.4 °C,
respectively (36). Also, Zhang et al. (37) showed that in the
presence of dextran sulfate, the denaturation temperature of BLG
was about 4.6 °C higher.

Another approach is to determine how various compounds
alter the aggregation process. Toward that end, mixtures of BLG
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and caseins have the potential to alter aggregation. Caseins are
unusual as they are neither globular nor fibrous proteins in nature
(38). They do not have well-defined secondary and tertiary
structures but exist in nature as micellar aggregates (39). The
four caseins differ markedly in many respects, including charge,
hydrophobicity, and calcium sensitivity (40). Molecular chaperone-
like properties have been reported with �-casein (BCN) and
Rs-casein (ACN) (39, 41, 42). Molecular chaperones are able
to stabilize proteins from unfolding, aggregating, and precipitat-
ing under stressed conditions, such as elevated temperature (42).

Studies have shown that caseins (ACN and/or BCN) de-
creased turbidity of whey proteins (single or multiple proteins)
when heated at 70-85 °C (pH 6.0-7.1) (42, 43). Also, gel
filtration showed that in the presence of ACN, soluble aggregates
formed by BLG and R-lactalbumin were smaller than those
formed in the absence of ACN (39). However, these investiga-
tions only involved total protein concentrations of e10 mg/
mL, which are too low for industrial beverage applications.
Thus, it is still not clear if this effect will be observed at higher
concentrations. Moreover, the mechanism responsible for im-
proved heat stability has not been established. Therefore, the
objective of this investigation was to see if caseins would inhibit
aggregation of BLG at a concentration more representative of
what would be found in beverages. Additionally, the size and
shape of the aggregates were analyzed as a means to help
understand the mechanism of heat stability of BLG with and
without caseins.

MATERIALS AND METHODS

Materials. Three different batches of purification of BLG (named
as lots 1, 2, and 3) were prepared from BioPURE BLG (Davisco Foods
International, Le Sueur, MN) using the method of Mailliart and
Ribadeau-Dumas (44) and isolating conditions of pH 3.0 with 7% w/v
NaCl. The protein solution was increased to pH 6.7 before dialysis at
4 °C and lyophilization. Two lots of BCN (lots 015K7410 and 30K7442,
minimum of 90% BCN, named as BCN1 and BCN2, respectively) and
one lot of ACN (lot 075K7425 with minimum of 70% ACN) were
purchased from Sigma Chemical Co. (St. Louis, MO). One crude
preparation of BCN (East BCN) was supplied by Eastern Regional
Research Center (Wyndmoor, PA). Other chemicals were purchased
from Fisher Scientific (Suwanee, GA) and Sigma Chemical Co. as
reagent grade.

Electrophoresis. A NuPAGE Bis-Tris Electrophoresis System was
used to identify the protein composition in each protein preparation.
All gels and reagents were purchased from Invitrogen Corp. (Carlsbad,
CA). Proteins were separated on precast NuPAGE 12% Bis-Tris gels
using the procedure in the NuPAGE electrophoresis system instruction
manual. The proteins were dissolved in NuPAGE LDS Sample Buffer
with NuPAGE Sample Reducing Agent [containing 2,3-butanediol,1,4-
dimercapto-(θ,θ)-(()-], and 7 µg of protein was loaded in each well.
NuPAGE MOPS SDS Running Buffer was used to separate the bands,
and electrophoresis was done at a constant 200 V with the unit in an
ice water bath. Gels were stained with Colloidal Blue Stain Kit and
dried using Gel-Dry Drying Solution.

Determination of pH and Temperature Effects on Turbidity of
BLG Solutions. BLG solutions (6% w/v protein) were prepared by
hydrating in deionized water and adjusted to pH 5.8-6.8 with 1 N
HCl prior to adjusting to final volume. The BLG solutions in 12 mm
× 75 mm borosilicate glass tubes (1.7 mL) were heated in a water
bath at 65-85 °C for 20 min. Heated samples were cooled immediately
in a cold water bath. Overall aggregation was determined by solution
turbidity as optical density (OD) at 400 nm using a Shimadzu UV160U
spectrophotometer (Shimadzu, Columbia, MD). On the basis of these
results, a constant pH of 6.0 was used for all subsequent
experiments.

Evaluation of Effect of Caseins on Turbidity of BLG Solutions.
All solutions were at pH 6.0 and heated in a water bath at 70-90 °C

for 20 min before they were cooled immediately in an ice water bath.
The overall aggregation was determined by solution turbidity (OD) at
400 and 600 nm.

Concentration-Dependent Effect of BCN1 on Turbidity of BLG
Solutions. BCN1 (0-0.2 g) and 0.6 g of BLG were dissolved in 8 mL
of deionized water. Once dissolved, the pH was adjusted to 6.0 using
1 N HCl before the volume was adjusted to 10 mL.

Effect of Different Caseins on Turbidity of BLG Solutions. BLG (6%
w/v) was mixed with BCN2, East BCN, or ACN individually (2% w/v)
using the aforementioned preparation.

Time-Dependent Development of Turbidity of BLG-Casein
Solutions. BLG (6% w/v) was dissolved by mixing with or without
BCN1 or ACN (2% w/v) in deionized water, and the pH was adjusted
to 6.0 with 1 N HCl. The solutions were heated in a water bath for
120 min at 90 °C before they were cooled immediately in an ice water
bath. The turbidity (OD 400 and 600 nm) of cooled solutions was
measured.

Determining Molar Mass and Root-Mean-Square (rms) Radius
of Using Size Exclusion Chromatography and a Multiangle Laser
Light Scattering Detector (SEC-MALS). The average soluble mo-
lecular mass and rms radius of unheated and heated (75 °C for 20 min
and 90 °C for 10 min) 6% (w/v) BLG solutions with or without 2%
(w/v) BCN1 or ACN were determined using SEC-MALS. Unheated
and heated samples were diluted with 20 mM imidazole buffer (pH
6.0) containing 0.05% NaN3 to respective concentrations of 5 and 1
mg/mL BLG (stock solutions) and filtered through a 0.45 mm PVDF
filter membranes (Whatman Inc., Florham Park, NJ). The protein
concentration in stock solutions after filtration was measured using
Pierce BCA Protein Assay Kit according to the instruction manual
(Pierce, Rockford, IL). Protein separation of filtered stock solutions
was carried out using a Shodex PROTEIN KW-804 column (Shoko
America, Inc., La Jolla, CA) attached to a Waters HPLC system (Waters
Corp., Milford, MA). A solution containing 20 mM imidazole and
0.05% NaN3 at pH 6.0 was used as an eluent buffer. The sample
injection volume was 170 µL for unheated samples and 70 µL for heated
samples, the flow rate was 0.6 mL/min, and separation was performed
at 30 °C column temperature. The concentration of each eluting slice
was detected using a photodiode array (PDA) detector model 2996
(Waters Corp.) operating at 280 nm. A DAWN-EOS MALS photometer
(Wyatt Technology, Santa Barbara, CA) fitted with a helium-neon
laser (λ ) 690 nm) and a K5-flow cell, combined with a differential
refractive index (RI) detector model 2414 (Waters Corp.), was used
for calculation of weight-averaged molar mass and rms radius of protein
aggregates. The RI detector was used as the concentration detector.
The weight-averaged molar mass and the rms radius of aggregates were
calculated with a first-order Debye fit for unheated solutions and Zimm
fit for heated solutions, using the refractive index increment (dn/dc) of
0.185 (45) for all samples. Data from the A280nm measurement were
processed by Waters Empower software. The amount of native protein
was calculated as % area relative to unheated protein area (A280nm).
Light scattering data were processed with ASTRA software version
4.90.08 (Wyatt Technology). For heated samples, the formation of large
aggregates resulted in the saturation of the MALS detectors (>10 V).
The sensitivity of the photodiodes at selected angles was reduced 100-
fold by putting jumpers on the detectors. The reduced sensitivity was
compensated for in the ASTRA software by an adjustment in the
normalization coefficient for those angles. The sensitivity of the 90°
detector was not reduced to avoid any changes in the Wyatt DAWN
EOS MALS detector calibration; therefore, the 90° detector was not
included in data analysis.

Data Analysis. Each experiment was replicated three times, and
mean values plus standard deviations are reported.

RESULTS AND DISCUSSION

Protein Composition. Electrophoretic patterns of BLGs and
caseins under reducing conditions are shown in Figure 1. The
three lots of purified BLG (lanes C-E in Figure 1) showed
good repeatability, and their band patterns were almost identical
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to high purity Sigma BLG (lane B). The figure also illustrated
well-resolved band patterns of BCNs (lanes F-H) and ACN
(lane I) using the same electrophoretic system.

Determination of pH and Temperature Effects on Tur-
bidity of BLG Solutions. The turbidity of 6% (w/v) BLG
solutions (pH 5.8-6.8), heated at 65-85 °C, is shown in Figure
2. The profiles identified pH 6.0 as the suitable condition for
further study as BLG solution remained as a homogeneous milk-
white fluid when heated at 70 °C and above. For pH 6.4 and
above, the turbidity of the heated solutions was insignificant,
while at pH 5.8, large aggregates started to be apparent. The
turbidity result was in agreement with turbidity development
of 0.5% (w/w) whey protein isolate heated at 85 °C for 10 min
(43). In that study, turbidity was evident on heating at pH 6.3,
reached a maximum at pH 6.0, and formed precipitates when
the pH was less than 6.0. There was minimum turbidity at pH
6.0 when solutions were heated at 65 °C. This coincided with
a previous observation that a 5% (w/v) BLG solution (pH 6.0)
heated at 65 °C for 24 h had a very slow decrease in
concentration of native BLG (22). Therefore, we decided to
assay in the heating range 70-90 °C to create a more stressed
heating condition for subsequent experiments.

Concentration-Dependent Effect of BCN on Turbidity of
BLG Solutions. The effect of 0.01-2% BCN on the aggregation

of BLG is seen in Figure 3. Turbidity was determined at 400
and 600 nm to cover a range of aggregates (39, 43). The
appearance showed that unheated solutions were clear and that
BCN decreased the turbidity of heated solutions (Figure 3A).
Interestingly, heating at 90 °C produced clearer solutions than
at 75 °C (lanes 5-7). The solution appearance coincided with
turbidity measurements (Figure 3B,C). The maximum linear
region for turbidity (OD ) 1.5) was exceeded when BCN was
below 0.2 (600 nm) or 0.5% (400 nm). The addition of 2%
(w/v) BCN reduced turbidity (600 nm) to only 0.049 ( 0.002
after heating at 90 °C (Figure 3C). Even a small amount of
BCN1 (0.05% w/v) decreased the turbidity of the BLG solution
at 70 °C. On the basis of Figure 3C, a suppression of heat-
induced aggregation of BLG could be achieved at a molar ratio
1:0.13 BLG to BCN or greater, similar to inhibition of heat-
induced aggregation of whey protein isolate by Rs1/BCN at a
mole ratio of 1:0.15 (43).

One interesting observation was the maximum turbidity at
75 °C, regardless of pH value (Figure 2) or BCN concentrations
(Figure 3B). This could be related to differences in surface
hydrophobicity brought about by changes in temperature.

The result in Figure 3 showed a great potential of BCN to
alter heat-induced aggregation of BLG solutions at concentra-
tions higher than previously reported (39, 42, 43). The effects
of BCN were concentration-dependent, which was also previ-
ously shown with ACN (0.5-5 mg/mL) incrementally decreas-
ing turbidity of BLG (5 mg/mL) at pH 7.1 when heated at

Figure 1. NuPAGE patterns of BLGs and caseins with 10% (v/v) NuPAGE
sample reducing agent. Lanes: A, molecular weight markers; B, Sigma
BLG (approximately 90% pure); C, purified BLG lot 1; D, purified BLG lot
2; E, purified BLG lot 3; F, BCN1; G, BCN2; H, East BCN; I, ACN; and
J, molecular weight markers.

Figure 2. Temperature-dependent changes of turbidity of BLG at different
pH values. A 6% (w/v) solution of BLG was dissolved in deionized water.
pH treatments: pH 5.8 (b), pH 6.0 (9), pH 6.2 ([), pH 6.4 (O), pH 6.6
(0), and pH 6.8 (]). All points on the dashed line exceeded the maximum
linear region for turbidity (standard deviations were not shown). Error bars
represent one standard deviation.

Figure 3. (A) Appearance of BLG-BCN1 solutions at 25, 75, and 90
°C. Amount of added BCN1 (w/v): 1, 0.00%; 2, 0.01%; 3, 0.05%; 4, 0.20%;
5, 0.50%; 6, 1.00%; and 7, 2.00%. Temperature-dependent changes of
turbidity of BLG-BCN1 solutions at pH 6.0. OD: (B) 400 and (C) 600
nm. Amount of added BCN1 (w/v): 0.00% (×), 0.01% ([), 0.05% (1),
0.20% (b), 0.50% (]), 1.00% (3), and 2.00% (O). All points on dashed
lines exceeded maximum linear region for turbidity (standard deviations
were not shown). Error bars represent one standard deviation.
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70 °C (42). Of all the caseins, BCN is the most hydrophobic
and devoid of cysteine residue (40). Its highly nonuniform
distribution of hydrophilic and hydrophobic residues produces
a distinct amphipathic character (46). As a result, BCN can form
spherical micelles, depending on concentration and temperature
(47). BCN has a critical micelle concentration of 0.05% (w/v)
at 40 °C (48). In this investigation, in the presence of 6% BLG
(w/v), BCN was soluble even at concentrations as high as 2%
(w/v).

Effect of Different Caseins on Turbidity of BLG Solutions.
Previous investigations have shown inhibition of whey protein
aggregation by ACN (39, 42) and a mixture of Rs1/BCN (43)
in dilute solutions. We tested ACN, a second isolation lot of
BCN (BCN2) and a crude BCN (East BCN), to determine if
similar trends were observed. Electrophoretic results (Figure
1) confirmed each main casein band pattern. There were slight
differences of minor bands between BCN1 and BCN2 (lanes F
and G), and the crude BCN (East BCN) contained ACN in
addition to a faster migrating band below the major BCN band
(lane H).

The turbidity profiles for each casein (2% w/v) mixed with
BLG (6% w/v) are shown in Figure 4. The two lots of Sigma
BCN produced identical turbidity profiles despite their differ-
ences in minor non-BCN components. Even though the BLG
solution containing East BCN showed a higher turbidity before
heating (0.92 ( 0.023), it was able to inhibit turbidity as was
observed for the more pure Sigma BCN. In fact, normalized
data (not shown) of East BCN gave a matching turbidity profile
as Sigma BCN. This proved that BCN indeed suppressed
turbidity development of BLG solutions regardless of the degree
of impurities. On the other hand, BLG-ACN solutions showed
different turbidity profiles than the BCNs. The solutions

remained clear after they were heated at 70 °C, showing that
ACN was able to inhibit turbidity formation at this lower heating
temperature. However, when the heating temperature was
increased to 75 °C, the turbidity of the BLG-ACN solutions
increased drastically (1.4 ( 0.045). Heating at 80-85 °C further
increased the turbidity, and the solutions formed gels at 90 °C
(Figure 4B). It was obvious that BCN was a more effective
inhibitor of turbidity development than ACN, especially for
temperature g75 °C. Previous research has shown that ACN
had a better chaperone activity (suppression of OD at 360 nm)
than BCN at 25 and 37 °C (42) and can inhibit aggregation of
BLG (42) and whey protein isolate (39) at 70 °C. It appears
that ACN loses its chaperone-like activity after heating to 75
°C (Figure 4). In contrast, BCN maintains its ability to inhibit
aggregation at temperatures up to 90 °C.

Time-Dependent Development of Turbidity of Casein-
Added BLG Solutions. Previous experiments were all con-
ducted using a 20 min heating period. It was possible that the
caseins were just slowing down the reaction rather than altering
the mode of aggregation. Data in Figure 5 clearly show that
for BCN1, the aggregation process was altered such that soluble
aggregates were formed and terminated for up to 120 min when
heating at 90 °C. The turbidity profile of BLG-BCN1 (Figure
5A,C) reached a plateau after heating for 1 min. Even though
the turbidity did not change significantly, the viscosity of the
solution increased through prolong heating and formed soft
transparent gel after 120 min (data not shown). On the other
hand, BLG-ACN solutions had lower turbidity than control
BLG at OD 600 nm, but the solutions formed gels after heating
forg15 min (Figure 5B). BLG alone remained a turbid solution
after it reached its maximum turbidity in <1 min (Figure 5C,D)

Figure 4. Temperature-dependent changes of turbidity of BLG-casein
solutions (6% w/v BLG and 2% w/v casein) at pH 6.0. OD: (A) 400 and
(B) 600 nm. Type of caseins: no casein added (×), BCN1 (O), BCN2
(]), East BCN (b), and ACN ([). All points on dashed lines exceeded
the maximum linear region for turbidity (standard deviations were not
shown). The BLG-ACN solution formed a gel after it was heated at 90
°C. Error bars represent one standard deviation.

Figure 5. Time-dependent changes of turbidity of BLG-casein solutions
(6% w/v BLG and 2% w/v casein) at pH 6.0. The heating was carried out
at 90 °C for 120 min. OD: (A) 400, (B) 600, (C) 400 (enlarged 0-5 min),
and (D) 600 nm (enlarged 0-5 min). Type of caseins: no casein added
(b), BCN1 (9), and ACN (2). All points on the dashed lines exceeded
the maximum linear region for turbidity (standard deviations were not
shown). BLG-BCN1 and BLG-ACN solutions formed a gel after they
were heated for 120 and 15 min, respectively. Error bars represent one
standard deviation.
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without obvious visual increase in viscosity. These results
suggested that all three solutions had different aggregation
modes when heated at 90 °C.

Characterization of Soluble Aggregates. Turbidity provides
a general measurement of aggregation. In this part, soluble
heated aggregates were further characterized using SEC-MALS.
Three temperatures (25, 75, and 90 °C representing nonheated,
the highest turbidity, and the highest heat-treated nongelled
samples, respectively) were used to compare the SEC-MALS
profiles of the BLG control and BCN1- and ACN-added BLG
solutions (based on results in Figures 4 and 5). After each
treatment, the solutions were diluted and filtered before injection.
The percentage of protein remaining after filtration was deter-
mined, and all samples at 25 °C had >90% of the protein passed
through the filter (Figure 6). After heating at 75 °C (20 min),
the protein passing through the filter dropped to 64, 72, and
83% for BLG control, BCN1, and ACN, respectively. At 90
°C (10 min), there was little change in the BLG control (68%)
and BLG-BCN1 mixture (73%) whereby only 50% of the
BLG-ACN aggregates were able to pass through the filter
(Figure 6).

All profiles of samples at 25 °C showed the expected weight-
averaged molar mass for BLG dimers (data not shown). The
weight-averaged molar mass profiles for heated solutions
(Figure 7A) showed trends that were similar to turbidity profiles
(Figures 4 and 5). When heated at 75 °C, BLG-BCN1
aggregates had the lowest molar mass distribution (majority 4.5
× 106-2.1 × 107 g/mol) among all heated samples. This was
followed by BLG-ACN aggregates (majority 5.6 × 106-8.2
× 107 g/mol). BLG without any casein showed the highest molar
mass range among the three. After it was heated at 90 °C, the
molar mass range for control BLG sample remained similar as
the one at 75 °C. However, BLG solutions containing either
BCN or ACN at 90 °C increased in molar mass. Changes in
rms radius are shown in Figure 7B. When heated at 75 °C, the
rms radius for BLG-BCN1 aggregates was only 20-40 nm,
while the range for BLG-ACN aggregates was higher (majority
30-63 nm). These BLG-casein mixtures had lower rms radius
(particularly BCN1) as compared to heated BLG without any
casein (majority 55-98 nm). After heating at 90 °C for 10 min,
the rms radius of BLG control (48-88 nm) was slightly lower
than the one heated at 75 °C (Figure 7B), even though they
had a similar molar mass range (Figure 7A). On the other hand,
the rms radius of the filtered BLG-BCN1 aggregates at 90 °C
was increased to 37-100 nm, although their molar mass was
10 times smaller than aggregates of BLG control. This suggested
that BLG-BCN1 aggregates were more linear, which matched
with the increasing viscosity of heated BLG-BCN1 samples

as previously mentioned in the time-dependent development of
turbidity section. Among the three BLG systems, BLG-ACN
aggregates showed the highest range of rms radius (74-210
nm) at 90 °C, and this did not account for 50% of the total
protein that was removed by filtration. Clearly, much larger
aggregates were formed in BLG-ACN mixtures. Both BLG-
BCN1 and BLG-ACN solutions showed a major increase in
rms radius at the higher heating temperature (Figure 7) and
gelled at longer heating times (Figure 5), suggesting that the
elongation of the aggregates was continuing until gel networks
were formed.

On the basis of the results from this study and a model
proposed by Lefevre and Subirade (49), we suggest the possible
mechanism. When heated at 70 °C and above, the dimers of
6% (w/v) control BLG solutions were partially unfolded and
formed opaque particulate aggregates. Because of concentration
limits, these particulate aggregates were not crowded enough
to form particulate gels. In the presence of BCN or ACN at 70
°C, the usual path to form the particulate aggregates was
blocked. Instead, dimer or monomer intermediates interacted
with BCN or ACN to form fine-stranded aggregates. However,
when the temperature was increased to 75 °C and above, the
BLG monomer was extensively unfolded and the previous
binding site was changed. Instead, a new binding site was
exposed that had weaker binding site for ACN than BCN. The
BLG-BCN system formed clear fine-stranded aggregates, while
the BLG-ACN system proceeded to form larger, translucent
aggregates. Through prolong heating time or at higher heating
temperature, these aggregates continued to elongate and associ-
ate to form a three-dimensional gel network.

In summary, our results revealed that both BCN and ACN
showed chaperone effects by altering aggregation of BLG at
pH 6 at high protein concentration (8% w/v total protein). While
the addition of BCN was shown to be effective at decreasing

Figure 6. Relative remaining protein (%) of BLG-casein solutions (6%
w/v BLG and 2% w/v casein) at pH 6.0 after filtration with 0.45 mm PVDF
filter membranes as determined by the BCA protein assay. Type of caseins:
no casein added (white bars), BCN1 (dotted bars), and ACN (black bars).
Error bars represent one standard deviation.

Figure 7. Typical (A) weight-averaged soluble molar mass and (B) rms
radius distribution of BLG-casein solutions (6% w/v BLG and 2% w/v
casein) at pH 6.0 as determined by SEC-MALS. Type of caseins and
temperature treatments: no casein added, 75 °C (20 min) (b); no casein
added, 90 °C (10 min) (O); BCN1, 75 °C (20 min) (9); BCN1, 90 °C (10
min) (0); ACN, 75 °C (20 min) (f); and ACN, 90 °C (10 min) (g).
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turbidity of BLG over a range of temperatures (70-90 °C), ACN
lost its chaperone ability when the temperature was g75 °C. It
is also apparent that gelling behavior of BLG under the influence
of BCN and ACN will be an interesting topic for future study.
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