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ABSTRACT: In this study, in vitro digestion of β-lactoglobulin (β-Lg) fibrils and the re-formation of fibril-like structures after
prolonged enzymatic hydrolysis (up to 48 h) were investigated using matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS), thioflavin T fluorescence photometry, and transmission electronmicroscopy (TEM). Pure β-Lg fibrils that had been
formed by heat treatment at pH 2.0 were rapidly hydrolyzed by pepsin in the simulated gastric fluid (pH 1.2), and some new peptides
that were suitable for further fibril formation were produced. TEM showed that the new fibrils were long and straight but thinner
than the original fibrils, and both TEM and MALDI-MS indicated that the peptides in the new fibrils were shorter/smaller than the
peptides in the original fibrils. The formation of new fibrils was found to be affected more by pH than by enzyme activity or
temperature.
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’ INTRODUCTION

β-Lactoglobulin (β-Lg) is widely used as a functional ingre-
dient in foods. However, β-Lg is little hydrolyzed by pepsin
under gastric conditions because of its stable, globular tertiary
structure at low pH (pH < 3.0). The highly hydrophobic β-barrel
buries most hydrophobic sequences, making it very difficult for
enzymes to gain access.1�3 It has been found that modification of
the tertiary and secondary structures by heat or high-pressure
treatment allows β-Lg to be more easily accessed by enzymes.4�6

At neutral pH after heat treatment at 55�65 �C, bovine β-Lg has
been found to undergo increased proteolysis with trypsin and
chymotrypsin;7 high-pressure treatment can lead to rapid in
vitro digestion of β-Lg by pepsin;6 microwave treatment has
also been shown to accelerate the digestion of β-Lg by Pronase,
R-chymotrypsin, and pepsin.8

It has been found that heat treatment results in long, straight,
flexible amyloid-like fibrils at a pH lower than the isoelectric
point (e.g., pH 2�3), whereas only short, curly aggregates
are formed at high pH (higher than the isoelectric point, e.g.,
pH > 7).9�11 During the past decade, many studies to understand
the mechanisms of fibril formation and to identify the building
blocks of fibrils have been carried out.12�17 Using atomic force
microscopy, Radford and co-workers18 attempted to achieve
detailed understanding of the formation of amyloid fibrils from
β2-microglobulin at different protein concentrations, pH values,
and ionic strengths. This group found two distinct competitive
pathways for fibril formation as well as heterogeneity of the
amyloidal assembly.18 In contrast, Akkermans et al.19 claimed
that rather than denatured intact proteins, the building blocks of
β-Lg fibrils are peptides that are derived through acid hydrolysis
on heat treatment at low pH. This group suggested that only
specific peptides with characteristics of high hydrophobicity, the
ability to form β-sheets, low charge, and proper charge distribu-
tion along the peptide can form fibrils, which results in a relatively
low yield (20% on average) of fibrils.19

In addition to the possibility of using β-Lg fibrils to improve
food texture and nutritional value,20,21 they have also been used

in drugs and supplements.22�24 Kim et al.25 studied the anti-
genicity of whey proteins after hydrolysis by pepsin and trypsin
and found that heat treatment of whey protein concentrate
before enzymatic hydrolysis resulted in lower antigenicity. β-Lg
fibrils may also be used as substitutes for β-Lg to reduce the
allergenicity that is caused during digestion in the gastrointestinal
system, while providing similar nutrition. After evaluating vari-
ous proteins, Astwood et al.26 proposed that the more stable a
protein is toward enzymes in the gastric fluid, the greater is the
possibility that the protein will reach the intestinal mucosa to
cause a food allergy. Our previous study27 on the in vitro
digestion of β-Lg fibrils in a heat-treated mixture has provided
evidence that the amyloid-like fibrils can be digested by pepsin
under gastric conditions in as little as 2 min, which may thus
greatly reduce the allergenicity that is caused by milk products
containing β-Lg when they are added into foods to improve their
nutritional value.

Except for a few studies that found that after enzymatic
hydrolysis, the resultant peptides were able to form fibrils under
suitable conditions,28�30 there has to date been little work on
β-Lg fibril digestion in the gastrointestinal system. In our previous
study,27 we found that β-Lg fibrils in a heat-treatedmixture could
be digested in vitro by pepsin within 2 min and that the peptides
in the fibrils were degraded to smaller peptides. To better under-
stand fibril digestion, in the current study, pure β-Lg fibrils were
digested by pepsin in a designated in vitro system for a prolonged
period of time (up to 2 days). The formation of new fibrils from
hydrolysates after rapid enzymatic digestion was studied in detail;
factors that may affect digestion and new fibril formation,
such as pH, temperature, and enzyme activity, were investigated.
The whole process was monitored by transmission electron
microscopy (TEM), matrix-assisted laser desorption/ionization
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mass spectrometry (MALDI-MS), and thioflavin T (ThT) fluo-
rescence.

’MATERIALS AND METHODS

Materials. Bovine milk β-Lg (approximately 90% pure; contain-
ing β-Lg A and β-Lg B) and pepsin were obtained from Sigma-Aldrich
(St. Louis, MO). Unless otherwise stated, all of the chemicals used were
of analytical grade and were obtained from Sigma.
Preparation of Protein Samples. Bovine β-Lg was dissolved in

pH 2.0HCl solution andMilli-Qwater to give solutions with a 10mg/mL
concentration at pH 2.0 (adjusted using 1 M HCl). The β-Lg solutions
were shaken in a REAX Control shaker (John Morris Scientific Pty Ltd.,
Chatswood, Australia) for 5 min before being stirred at room tempera-
ture for 2 h. They were then centrifuged at 27000g using a Sorvall
Evolution RC Superspeed Centrifuge (Thermo Scientific, Asheville,
NC) and filtered using 0.2 μm membrane filters. The protein concen-
trations were measured using a Genesys 10 Series UV/vis spectro-
photometer (Thermo Electron Corp., Waltham,MA) at an absorption
wavelength of 278 nm.
Preparation of Pure β-Lg Fibrils. The protein samples were

shaken at a speed of 50 rpm in a shaking water bath (BS-06/31, Jeio Tech
Co., Ltd., Korea) at 80 �C for 20 h. They were cooled at room
temperature before being stored in a refrigerator at 4 �C.

Pure fibrils were obtained by filtering the preheated samples using
4 mL Amicon Ultra Centrifugal Filter Devices (regenerated cellulose,
10 kDa molecular weight cutoff). A Heraeus Multifuge 3SR+ centrifuge
(Thermo Scientific) operating at 3000 rpm was used. The samples with
reduced volume were then washed twice using pH 2.0 HCl solution,
followed by centrifugation each time to wash off the filtrate. The final
volumes were made to one-fifth of the original volumes using the same
HCl solution (thus, the final concentration of the fibrils was about 1%
based on a 20% yield of fibrils). The retentate of each sample was then
kept in the refrigerator at 4 �C. The filtrates from each sample were
combined and dried using a Savant SC250EXP SpeedVac Concentrator
(Thermo Scientific). The procedure for preparing pure aggregates
(short, wormlike fibrils) at neutral pH was exactly the same as above
except that the original protein solutions were prepared using Milli-Q
water instead of HCl solution.
Enzymatic Hydrolysis. The fibril samples obtained were diluted

with simulated gastric fluid (SGF, containing 0.034 M NaCl and using
concentrated HCl to adjust the pH to 1.2, without pepsin) at a volume
ratio of 1:2. Thus, the final β-Lg fibril concentration was 3.3 mg/mL.
All samples were shaken at a speed of 50 rpm in a 37 �C water bath.
Freshly made pepsin solution (10 mg/mL in pH 2.0 HCl solution and
shaken in a REAXControl shaker for 5 min before filtering using 0.2 μm
membrane filters) was added to these solutions, to a final pepsin
concentration of 2 mg/mL. Aliquots were withdrawn into Eppendorf
vials containing 0.2 M Na2CO3 (sample:Na2CO3 = 1:0.7, v/v) after 0,
0.5, 2, 5, 10, 30 min, etc. For some samples, the enzyme was inactivated
by heating in a boiling water bath (∼95 �C) for 30 s.
TEM. A Philips CM10 transmission electron microscope (Eindhoven,

The Netherlands) was used together with a Modara digital camera system
(Olympus Soft Imaging Solutions) to observe the images. The images were
optimized and recorded using ITEM software and were enlarged up to
92000 times by the microscope.

All samples were examined after dilution withMilli-Qwater (1:3, v/v)
and mixing using a REAX Control shaker for 30 s. The samples were
deposited on to carbon-coated copper grids (Agar 200 mesh copper
grids with a Formvar support film stabilized by evaporated carbon) by
putting a grid on to a drop of sample with the coated side contacting the
sample. After 3 min, excess sample was removed using a piece of filter
paper. The grid was then put on to a drop of 2% uranyl acetate solution
for another 3 min for staining, excess liquid was removed using a piece of

filter paper, and the grid was then air-dried at room temperature and
transferred on to a carrier in the TEM system for examination.
ThT Fluorescence Measurement. An enzymatically hydrolyzed

sample (100 μL) was added into a four-sided quartz cuvette containing
2.9 mL of 0.02% ThT solution (pH 7.0, 0.1 M phosphate buffer) and
mixed well. An FP-6200 spectrofluorometer (Jasco Corp., Tokyo,
Japan) was used in fixed-wavelength mode, with an excitation wave-
length of 442 nm (with a bandwidth of 5 nm) and an emission
wavelength of 485 nm (with a bandwidth of 10 nm). The intensities
were recorded as average values of triplicate measurements. The net

Figure 1. TEM images of samples that were enzymatically hydrolyzed
for up to 24 h. (A�F) Images for the control and after incubation for 0.5,
10, 30, 180 min, and 24 h, respectively. All images were obtained using
the negative stain method. All samples were diluted three times using
Milli-Q water and were enlarged up to 92000 times on the microscope.
All scale bars are 200 nm.

Figure 2. ThT fluorescence intensities of samples that were enzyma-
tically hydrolyzed at 37 �C for 24 h. The net intensities were obtained by
subtracting the intensity of a ThT solution from the intensity of the
samples. The excitation and emission wavelengths were 442 and 485 nm,
respectively.
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intensities were obtained by subtracting the intensity of the ThT
solution (blank) when the data were analyzed.
MALDI-MS. Measurements were performed on a Waters-LMW

1974 MALDI mass spectrometer (Waters Corp., Milford, MA)
equipped with a pulsed nitrogen laser (337 nm wavelength, 3 ns pulse
width, and 3 Hz frequency) and a delayed extraction ion source. Ions
generated by laser desorption of digestion samples of β-Lg were
analyzed in positive ion reflectron mode (for small peptides) or linear
mode (for large peptides or proteins).

Samples were mixed with matrix agents at a volume ratio of 1:1. For
linear mode, sinapinic acid (10 mg/mL, in 40% acetonitrile and 60%
water containing 1% trifluoroacetic acid) was used; for reflectron mode,
R-cyano-4-hydroxycinnamic acid (20 mg/mL, in methanol:acetonitrile
= 1:1, v/v) was used. The maximum masses (monoisotopic ion)

detected in the reflectron and linear modes were 4000 and 50000 Da,
respectively. The mass spectra were analyzed using MassLynx software.

Na+ charged peptides may have been detected in addition to H+

charged peptides when using both matrix agents, such that the detected
molecular mass would be 22 Da higher than the calculated value. Other
situations, such as oxidation of methionine (16 or 32 Da higher), were
also considered. The error in molecular mass was considered to be less
than 1 Da for reflectron mode and 1�2 Da for linear mode.

The above data were confirmed by ABI 4800 MALDI-TOF/TOF-
MS (Applied Biosystems, Mulgrave, Auatralia), and the built-in soft-
ware, Mascot, was used for peptidemapping, in which only peptides with
a matching ion score above 40 were considered to be well-matched
results. The software, MS-Seq-Prospector, was also used for manual
sequence matching.

Figure 3. Upper: MALDI-MS spectra of samples standing at room temperature after 30 min of enzymatic hydrolysis. From bottom to top, the standing
times were 0, 30, 120, 180, and 400 min and 24 h with base addition to inactivate the enzyme. The spectra were obtained using reflectron mode. Three
peaks at 879, 1391, and 1911 Da, with obvious changes during the enzymatic hydrolysis process, are marked in the spectra. Lower: relative intensities of
three major peaks [879 Da (2), 1391 Da (0), and 1911 Da ([), respectively] as compared with the peak at 442 Da from MALDI mass spectra as a
function of digestion time for the above samples.
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’RESULTS

Pepsin Hydrolysis and Re-formation of β-Lg Fibrils. The
fibrils obtained from centrifugation were added to SGF contain-
ing pepsin in a 37 �C water bath. Aliquots were withdrawn at
different times up to 24 h and were examined using TEM, ThT
fluorescence, and MALDI-MS.
The TEM images showed long, straight fibrils in the control

sample (no pepsin addition) (Figure 1A). During incubation
from 0.5 to 30 min (Figures 1B�D), the fibrils gradually
became shorter and had almost disappeared at 30 min. How-
ever, surprisingly, fibril-like structures appeared again when the
incubation time was extended to 180 min; long, straight fibrils
were apparent after incubation for 24 h (Figure 1E,F). These
new fibrils appeared to be smaller in diameter and had a
somewhat different appearance as compared with those in the
control sample (Figure 1A). Using the ITEM software on the
TEM equipment, the diameters of the original fibrils and of
the new fibrils in different samples were estimated. The average
diameters of the original fibrils in two samples were 8.28 and
8.22 nm; those of the newly formed fibrils in two samples were
6.65 and 6.52 nm.
ThT fluorescence analysis (Figure 2) showed that the fluor-

escence intensity decreased up to incubation for 120 min, which

indicated a decrease in ThT binding on to β-sheets/fibrils,
suggesting that the fibrils had been hydrolyzed by pepsin.
However, at 180 min, the fluorescence intensity increased to
another maximum, which implied an increase in ThT binding to
β-sheets. A slow decrease in fluorescence intensity was observed
when the incubation time was extended to 24 h.
MALDI spectra using reflectron mode were obtained for β-Lg

fibrils incubated in SGF (with pepsin) for different times. As
shown in Figure 3 (upper), about two dozen peaks were detected
for the original fibrils, that is, the control sample (no pepsin
addition). The samples incubated in SGF with pepsin showed
fewer peaks; after 30 min of incubation, the peptides with
molecular masses of 879, 1391, and 1911 Da were dominant in
the spectra, along with other peptides. The peptide with molec-
ular mass 1911 Da was hydrolyzed to smaller peptides at and
above an incubation time of 120min. The peptide withmolecular
mass 1391 Da was not detected after 24 h of incubation. The
relative peak intensity of the peptide with molecular mass 1911
Da decreased during digestion, and no signal was detected after
120min, whereas the relative peak intensities of the peptides with
molecular masses 1391 and 879 Da increased during digestion
and reached their maximum intensities at 120 and 180 min,
respectively (Figure 3, lower).

Figure 4. MALDI-MS spectra of samples standing at room temperature for 180min after 30min of enzymatic hydrolysis. The retentate was obtained by
centrifugation of the hydrolysates in a 10000 Da membrane filter and washing twice with pH 2.0 HCl solution. Top, retentate; middle, filtrate; and
bottom, hydrolysate mixture.
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The decreasing trend in molecular mass of the peptides from
the original fibrils during pepsin digestion suggested that the
larger peptides in the original fibrils were hydrolyzed to smaller
peptides during the digestion process, in agreement with our
earlier work.27

To examine the peptides that may be involved in forming the
new fibrils, the sample that had been hydrolyzed for 30 min was
passed through a 10 KDa membrane. Both the retentate and the
filtrate were analyzed by MALDI. It was noted that the MALDI
spectrum obtained for the retentate, rather than the filtrate, was
more consistent with that obtained for the hydrolysate. The
major peptides, with molecular masses of 1911, 1391, and 879
Da, were observed in the retentate, whereas the filtrate contained
mainly small peptides (Figure 4).
Fibril Re-formation in the Absence of Enzyme Activity.

After enzymatic hydrolysis for different times (e.g., 0, 20, 80, and
140 min), the enzyme was inactivated by heating at 90 �C for 30
s. The samples were then left at room temperature overnight
(∼18 h) before analysis by TEM. As shown in Figure 5, long,
straight, thin fibrils were observed in all samples, and it appeared
that more fibrils were formed in the samples with longer hydro-
lysis times. These results suggest that, in the absence of pepsin,
fibrils will reform once there are sufficient peptides in the sample.
Effect of pH on Fibril Re-formation. After incubation for 30

min, the pepsin-hydrolyzed samples (the pepsin was inactivated
by heat treatment) were adjusted to pH values of 1.9, 4.0, 5.2, and
6.9 and were then left at room temperature for about 3 h. As
shown in Figure 6, a large amount of long, straight, thin fibrils was
observed in the sample at pH 1.9, somewhat shorter fibrils were
observed in the sample at pH 4.0, and very few short fibrils were
detected in the samples at pH 5.2 (close to the isoelectric point)
and at neutral pH (pH 6.9). These results suggest that fibril
formation from pepsin-derived peptides is facilitated on the
acidic side of the isoelectric point of β-Lg.

’DISCUSSION

The results clearly showed that peptides derived from the
pepsin-induced hydrolysis of β-Lg can self-assemble into fibril-like

structures after prolonged storage. Long, straight fibrils were
observed after 180 min of pepsin hydrolysis of β-Lg under simu-
lated gastric conditions (Figure 1E). ThT fluorescence gave
supporting evidence for β-sheet/fibril formation after 180 min of
hydrolysis (Figure 2).

The greatest amount of new fibrils was formed in a highly
positively charged environment (pH 1.9) (Figure 6); more new
fibrils were formed from hydrolysates when the pH was higher
than the isoelectric point (e.g., pH 6.9) than when the pH was
close to the isoelectric point (e.g., pH 5.2). In contrast, the
observation was that there was no fibril re-formation for hydro-
lysates of aggregates obtained through heat treatment at pH 7.4.
These results may suggest that the peptides available for fibril re-
formation should inherit the characteristics of the parent pep-
tides for fibril formation. Alternatively, the newly produced
peptides from the breaking down of the peptides in the original
fibrils should retain most of the characteristics that are necessary
for fibril formation.

Akkermans et al.30 reported that after β-Lg had been enzy-
matically hydrolyzed by AspN endoproteinase, fibrils formed
from the hydrolysates when the pHwas adjusted to pH 2.0. A few
other studies on the formation of fibrils from enzymatic hydro-
lysates of proteins under different conditions have been carried
out as follows: Otte et al.31 used a Glu- and Asp-specificmicrobial
protease to hydrolyze β-Lg at neutral pH and low temperature,
proposing that peptide 135�158 from the C terminus was
responsible for the initiation of aggregation;31 Creusot et al.32

argued that the dominating peptide for aggregate formation was
the N terminus peptide, 1�45. Although these studies were
carried out in different systems, they led to a similar conclusion,
that is, certain peptides of β-Lg (with the ability to form fibrils)
that result from enzymatic hydrolysis may form fibrils under
suitable conditions.

In our previous study, peptide mapping assigned the peptide
with molecular mass 1911 Da at sequence 37�53 or 134�149,
the peptide with molecular mass 1391 Da at sequence 1�12 or
138�149, and the peptide with molecular mass 879 Da at
sequence 46�53, 23�32, or 143�149. All of the matches fell

Figure 5. TEM images of samples after (A) 0, (B) 20, (C) 80, and (D)
140 min of enzymatic hydrolysis and then enzyme inactivation by
heating at 95 �C for 30 s. All images were obtained using the negative
stain method. All samples were diluted three times using Milli-Q water
and were enlarged up to 92000 times on the microscope. All scale bars
are 200 nm.

Figure 6. TEM images of hydrolysate samples of different pH values.
All samples were obtained by heat inactivation of pepsin after 30 min of
enzymatic hydrolysis. The hydrolysates were adjusted to different pH
values and were held at 20 �C for 180 min. All images were obtained
using the negative stain method. All samples were diluted three times
using Milli-Q water and were enlarged up to 92000 times on the
microscope. All scale bars are 200 nm.
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at either the N terminus or the C terminus of β-Lg, where the
peptides were expected to be involved in fibril formation on
heat treatment at low pH (the original fibrils before enzymatic
hydrolysis).19

The changes in the peak intensities of the peptides with
molecular masses 1911, 1391, and 879 Da during pepsin hydro-
lysis could be clearly observed (Figure 3): The release and con-
sumption of the peptide with molecular mass 1911 Da occurred
very rapidly during the first 30 min; the maximum release of the
peptide with molecular mass 1391 Da was at 2 h, whereas the
maximum release of the peptide with molecular mass 879 Da at 3
h coincided with fibril formation, observed by both TEM and
ThT fluorescence (Figures 1 and 2). This indicates the possible
involvement of the peptides with molecular masses 1391 and 879
Da in the formation of new fibrils; the increase in the peptide with
molecular mass 879 Da at 24 h also suggested that it was a final
product peptide.

The thickness varied from one fibril to another, as well as from
one part to another part in the same fibril because of the hetero-
geneity and the partially twisted morphology of the fibrils, both
of which led to reasonably high standard deviations in the
measurement of the fibril diameters. However, a large number
of measurements on many samples overcame the shortcomings,
making the measurement of the overall average fibril diameters
fairly reasonable. On the basis of the suggestions of Loveday
et al.33 and Gosal et al.,18 that is, that the peptides constitute a
fibril in a perpendicular direction to the fibril chain, the diameter
of the fibril should be a good indication of the length/size of the
building peptides. Therefore, the smaller diameters of the new
fibrils also suggested that the peptides in the new fibrils were
shorter/smaller than the peptides in the original fibrils, which
coincided with the observations from MALDI-MS (Figure 3).

After hydrolysis of the peptides in the fibrils by pepsin,
equilibrium could develop between the self-assembly of peptides
into the new fibrils and the dissociation/degradation of the
peptides from the original fibrils (as illustrated in Figure 7).
According to Kroes-Nijboer et al.,34 β-Lg fibril formation is an
entropy-driven process, that is, the initial fibril formation (above
the critical aggregate concentration) is dominated by the amount
of proteins or peptides in the sample that are available for fibril
formation. Thus, the dissociation and reassociation of peptides
from or with the fibrils should be related to the amount of
peptides available for fibril formation as well as the charge
interactions between the peptides. Therefore, during enzymatic
hydrolysis, if many of the peptides produced are suitable for fibril
formation, the high entropy would drive the equilibrium in the
direction of new fibril formation. However, if the peptides
produced are not in favor of fibril formation (i.e., fewer fibril
formation peptides are available), the equilibrium might be
driven to the direction of the dissociation of peptides from the
fibrils and, consequently, might lead to complete fibril hydrolysis
during prolonged incubation (up to 2 weeks). In our case, it seemed

that the hydrophobic-favoring pepsin did produce sufficient sui-
table peptides from the original β-Lg fibrils to achieve new fibril
development.

Overall, this study on the formation of β-Lg fibrils by pepsin
under gastric conditions during prolonged incubation revealed
rapid hydrolysis of the original fibrils followed by the formation
of new fibrils from the hydrolysates. The new fibrils were found
by TEM to be long and straight but thinner and containing
more shorter/smaller peptides, as compared with the original
fibrils. Maintaining a low pH was found to be critical for new
fibril formation; temperature and enzyme activity had less effect
than pH. For the first time, this work has provided insight into
β-Lg fibril digestion and subsequent new fibril formation under
various conditions.
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