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The aggregation process of β-lactoglobulin (β-lg) from 0 min to 20 h was studied using atomic force

microscopy (AFM), scanning transmission electron microscopy (STEM), sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and in situ attenuated total reflectance-Fourier

transform infrared spectroscopy (ATR-FTIR). Fibril assembly was monitored in real time using AFM

up to 20 h. From 0 to 85 min, β-lg monomers deformed and expanded with some aggregation. After

85 min, fibrillar structures were formed, exceeding 10 μm in length. Fibrillar structures were confirmed

by STEM. Secondary structural changes occurring during fibril formation were monitored by

ATR-FTIR at 80 �C and indicated a decrease in R-helix content and an increase in β-sheet content.
SDS-PAGE indicated that fibrils were composed of polypeptides and not intact monomers. In this

study, β-lg and whey protein isolate (WPI)-derived fibrils, including some double helices, in water were

observed by AFM under ambient conditions and in their native aqueous environment.

KEYWORDS: β-Lactoglobulin; whey protein isolate; proteins; peptides; self-assembly; fibrils; AFM;
ATR-FTIR; SDS-PAGE; STEM

INTRODUCTION

Whey protein isolate (WPI) is extensively used as a functional
ingredient in the food industry. Whey proteins in bovine milk
contain a mixture of β-lactoglobulin (β-lg), R-lactalbumin, and
bovine serum albumin, all of which may form fibrillar aggregates
under specific conditions (1, 2). β-lg is the major whey protein in
cow’smilk, representing∼50%of the total whey protein content.
β-lg is a globular milk protein, whose secondary structure con-
tains approximately 50% β-sheet, 9-12% R-helix, 8-10% turn,
and 30-35% random coil (3) and forms fibrillar aggregates 2-4
nm in thickness upon prolonged heating at low pH and low ionic
strength (4, 5). No fibrils are formed upon heating pure R-
lactalbumin or bovine serum albumin at pH 2, but fibrils are
formed in pure β-lg andWPI solutions (1,2,6,7). Various studies
have shown that β-lg structures have the potential to be used as
functional ingredients in food product foods because of their
unique functional properties, for example, emulsification, gela-
tion, thickening, foaming, and water-binding capacity (8-10).
These protein fibrils could be used as thickening ingredients in
low-calorie products, for example, as replacements for polysac-
charide-based ingredients ormeat replacement products and high
protein content foods. The addition of small amounts of protein
fibrils may increase the viscosity and shear thinning behavior of

food products. Arnaudov et al. (11) established the critical
concentration for fibril formation as 2.5 g L-1 using nuclear
magnetic resonance (NMR) spectroscopy and static light scatter-
ing, while atomic force microscopy (AFM) data suggested that
the fibrils had an irregular helical structure, with a thickness of
one or two protein monomers and a periodicity of approximately
28 nm. From the literature (4, 6, 11, 12), the effect of increasing
the ionic strength using NaCl or CaCl2 on the morphology of the
fibrilar aggregates formed from β-lg at pH 2.0 upon heating at 80
�C leads to an increase of the rate of fibril formation but a
decrease in length,most likely because of screening of electrostatic
repulsion. At low ionic strength, the β-lg fibrils are long and
straight, whereas at high ionic strength (g0.08), they are short
and curved. The fibrils obtained at all ionic strengths exhibit
similar thicknesses and periodic morphology. Similar results
showed that fine-stranded aggregates of β-lg appeared as strings
ofmonomers (13).Nevertheless, amore recent study suggests that
β-lg fibrils formed at pH 2 were composed of peptides and that
intact β-lg was not present in the fibrils (14). In biopolymer
studies, AFM has become a standard investigation technique for
visualizing the structures at the molecular scale (15-17). In this
study, oscillatory or “AC” mode was used to investigate the
fibrillar assembly process of β-lg heated at 80 �C. During AFM
investigations, biological samples can be damaged or dragged
across the substrate because of the mechanical contact with the
tip. To avoid this, good sample-substrate binding and a small
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sample-tip contact area are required. Using AC (otherwise
known as “tapping” or “oscillatory”) mode prevents sample
damage and avoids the trapping of the AFM tip by capillary
forces between the tip and the sample. A difficulty with pre-
viously reported AFM data is that images were obtained in an
ambient air environment, which could affect the appearance of
the fibrils (18). To overcome this drawback, AFM imaging ofβ-lg
and WPI in liquid and air environments was performed and the
results were compared. It has been argued that electrostatic or
hydrophobic interactions with the mica surface affect the mor-
phology and elongation pattern of the fibrils as determined by
AFM (19). Therefore, to confirm that fibrillar structures were
formed, scanning transmission electron microscopy (STEM)
was also performed on selected samples in this study. Previous
research showed that β-sheet content presents a spectral band
at ∼1630 cm-1, while R-helix content presents a spectral band
at 1654 cm-1 (20,21). To clarify the process of fibril formation in
a β-lg dispersion heated at 80 �C and pH 2, we followed changes
in secondary protein structure in real time using attenuated
total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) at 80 �C. Sodiumdodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analyses under reducing con-
ditions were also performed to investigate time-dependent
changes in the molecular weights of β-lg fractions, specifically
to determine whether fibrils were composed of β-lg monomers
or polypeptide fragments. The fibril formation processes of β-lg
and WPI are similar. For investigation methods requiring large
amounts of fibril dispersion, WPI is a standard ingredient used
by the food industry. β-lg (Sigma grade) was used for SDS-
PAGE analysis.

MATERIALS AND METHODS

Sample Preparation. Bovine β-lg [approximately 90% pure (PAGE),
3� crystalllized and lyophilized; mixture of genetic variants A and B,
reference L0103, Lot 095K7006] and HCl were obtained from Sigma-
Aldrich (Ireland). WPI BioPro [∼98% (w/w) protein on a dry basis: 65%
β-lg, 25% R-lactalbumin, and 8% bovine serum albumin] was obtained
fromDaviscoFoods International, Inc. (Le Sueur,MN). Phosphotungstic
acid was purchased from Agar Scientific (Stansted, Essex, U.K.). Molec-
ular-weight standards were purchased fromGEHealthcare (Chalfont, St.
Giles, U.K.). Purified water [Milli-Q water, resistivity (18.2 MΩ cm, at
25 �C), Millipak Express] was used throughout. All other reagents were
analytical-grade.

ProteinDispersions.A total of 2 g ofβ-lg orWPIwas dispersed in 98 g
of Milli-Q water and stirred overnight to ensure full hydration of the
protein, and the pH was adjusted to 2.0 using 6 M HCl. Dispersions were
centrifuged at 45000g for 3 h at 25 �C. The supernatant was filtered
through 0.45 μm low-protein filters (Minisart, Sartorius, Germany) and,
subsequently, heated at 80 �C in a water bath (Grant, JPAT, Ltd.).

AC-Mode AFM. β-lg dispersions were investigated using a MFP-3D
atomic force microscope (Asylum Research UK, Ltd., Oxford, U.K.).
Samples of β-lg heated at 80 �C for 0 min, 15 min, 35 min, 45 min, 65 min,
85 min, 100 min, 200 min, 300 min, and 20 h, respectively, were used for
AFM analysis. Prior to imaging, the dispersions were diluted in Milli-Q
water to a final concentration of 20 g L-1 (pH 2.6 ( 0.3) to facilitate
imaging of single fibrils. Selected samples were also diluted inHCl (pH2.0)
for AFM imaging to confirm whether dilution affected the fibril appear-
ance. No differences were observed between images obtained after water
or HCl dilution, and to simplify the paper, only images obtained from
water-diluted solutions are presented. Thus, 10 μL of β-lg diluted with
Milli-Q water was deposited onto a freshly cleaved mica surface and
subsequently dried in a desiccator. An aluminum reflex coating cantilever
with a tetrahedral tip (AC 240; spring constant, 1.8 N/m; resonant
frequency, 79.58 kHz; Olympus Optical Co., Ltd., Japan) and scan rate
at 1 Hz was used for air-dried samples. The tetrahedral shape is ideal for
obtaining precise morphology of soft samples because of its high lateral
resolution. The radius of curvature of the tetrahedral tip was less than
10 nm. For imaging in water, β-lg or WPI dispersions were diluted in

Milli-Q water as described above. A total of 100 μL of diluted β-lg was
deposited on themica surface. After a period of 10min to allow for protein
adsorption, AFM images were obtained using sharp and tall V-shaped
“Biolever 150” silicon nitride tips (spring constant, 0.03 N/m; Olympus
Optical Co., Ltd., Japan). The radius of curvature of the tipwas 40( 3 nm,
with a tip height of 5 μm, which helped to prevent the cantilever from
touching the specimen. Oscillatory frequencies in water were in the range
of 5-7.5 kHz.The scan ratewas set at 1Hz.Micawas used as the substrate
for all samples because of its flatness and overall negative charge when
cleaved.

STEM. Samples of fibrillar dispersionswere prepared for STEMusing
negative staining.Adroplet of the β-lg sample, which hadbeendiluted 1:10
in water, was deposited onto carbon support film on a 400 mesh copper
grid (Agar Scientific, Ltd., Stansted, Essex, U.K.). Excess liquid was
removed after 1 min, using filter paper. A drop of staining solution [0.1%
(w/w) phosphotungstic acid] was added, and excess solution was removed
after 30 s with filter paper. Electron micrographs were taken using a Zeiss
Supra 40 VP field emission scanning electron microscope (Carl Zeiss,
Cambridge,U.K.) fitted with aGeminimultimode STEMdetector. Bright
field STEM images were acquired at 20 kV.

ATR-FTIR. ATR-FTIR measurements of freshly prepared 2%
(w/w) β-lg in water at pH 2 were performed using a Bruker Tensor 27
spectrometer (Bruker Optik, GmBH, Ettlingen, Germany) fitted with a
thermally controlled BioATR Cell II, which was specifically designed for
measuring proteins in aqueous solution. The spectra were acquired and
averaged over 128 scans at a resolution of 4 cm-1 using Bruker Opus 5.5
software. After atmospheric compensation for absorbance of CO2 and
H2Oas vapor and solute, respectively, the amide I band (1600-1700 cm-1)
was vector-normalized and the spectrum of the unheated sample was
subtracted from the spectra of heated samples. Spectra were obtained for
native and heated β-lg. The samples were heated directly on the crystal of
the BioATR Cell at 80 �C and measurements were performed at 1, 5, 10,
21, 29, 39, 48, 59, 73, 88, and 109 min corresponding to the early stages of
fibril formation. Subsequent measurements were performed on samples
heated in a water bath for 109 min, 134 min, 135 min, 140 min, 21 h, 22 h,
and 26 h, transferred immediately onto the ATR microcell, sealed, and
equilibrated at 80 �C for at least 5 min before measurement. This
procedure was chosen to eliminate the effect of sample evaporation when
samples were heated for long time periods (>150 min) on the crystal.

SDS-PAGE. SDS-PAGE was performed according to the method
of Laemmli (22) under reducing conditions. Sigma-grade β-lg was used for
SDS-PAGE analysis. Native β-lg samples were placed in glass vials and
heated at 80 �C in a water bath. The vials were removed from the bath at
defined time intervals (0 min, 5 min, 10 min, 20 min, 30 min, 40 min, 100
min, and 20 h) and immediately cooled on ice. The heated and unheated
β-lg samples were mixed with reducing sample buffer (62.2 mM Tris-HCl
at pH 6.8, 20% glycerol, 2% SDS, and 5% β-merchaptoethanol) at a
sample/buffer ratio of 1:14 and heated for 5 min at 90 �C. SDS-PAGE
was performed using 12% polyacrylamide gels, at a constant voltage
of 155 V in a Mini Protean II system (Bio-Rad, Alpha Technologies,
Dublin, Ireland). The gels were stained with 0.5% Coomassie Brilliant
Blue R-250 (Sigma-Aldrich, St. Louis, MO). Molecular-weight standards
(∼14.4,∼18, and 66 kDa)were run on the gel to allow for the estimation of
the molecular weights of the samples.

RESULTS AND DISCUSSION

AFMof β-lg Fibrils.To investigate the formation of β-lg fibrils,
AFM height images were performed on β-lg dispersions [2%
(w/w), pH 2] that were heated at 80 �C for 0 min, 15 min, 35 min,
45 min, 65 min, 85 min, 100 min, 200 min, 300 min, and 20 h,
respectively. Changes of β-lg monomers into fibrils were mon-
itored by AFM measurements in air (Figure 1). At pH 2, native
β-lg appeared as a globular monomer with a height of approxi-
mately 2 nm (0min inFigure 1). During heating for 1-45min, the
monomers swelled and deformed, forming aggregates (Figure 1).
After 65 min of heating, monomers appeared to reduce in size.
Upon prolonged heating (>85min), short and long paired fibrils
with split ends were observed. The short fibrils were assumed to
be precursors of the longer fibrils. At 100 min of heating, samples
consisted of a mixture of small particles/aggregates and fibrils.
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Fibrillar subunits were observed after 200 min of heating (arrows
in Figure 2a). More and longer fibrils were formed in samples
heated from 300 min to 20 h (Figure 3). Single β-lg fibrils had
a linear morphology and periodic structure, with a periodicity
of ∼30-40 nm (Figure 2d), heights of∼2-3 nm (Figure 2c), and
lengths of up to 10 μm or more (Figure 3a). The thickness of
overlapping fibrils was nearly 2 times higher (∼6 nm) than single
fibrils (panels a and b of Figure 2), with results being consistent

with previous reports (23). The AFM phase image contrast
provides high spatial resolution of surfaces, highlighting hetero-
geneities, and relative surface property differences, allowing for a
clear distinction between fibril subunits (Figure 2b). Thus, it can
be seen that subunits of well-developed fibrils exhibit similar
mechanical properties (adhesion to the tip and hardness) because
they induce the same changes in the phase image. Average fibril
heights were calculated by measuring the tip height at various

Figure 1. AFM height images of β-lg at pH 2 and 80 �C as a function of the heating time at 0 min, 15 min, 35 min, 45 min, 65 min, 85 min, 100 min, 200 min,
300 min, and 20 h. Images were obtained in air. Scan size = 600 nm. The arrows in the image at 100 min show the early stages of fibril formation.
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points (n=10) for 10 different fibrils for each set of experiments.
The cross-sectional height profiles, as measured using the MFP-
3D software, demonstrate the periodicity of the fibrils and are
shown in Figure 2. The results indicate that some denatured
proteins are not incorporated into fibrils but form unordered
aggregates, confirming the suggestion by Bolder et al. (5) that not
all denatured and hydrolyzed β-lg is incorporated into fibrils even
with prolonged heat treatment (they appear as white dots shown
by the arrows in panels a and b of Figure 3). In this study, the
height of the fibrils was smaller than those previously reported
by Ikeda et al. (6), who studied β-lg dispersions at pH 2 in the
presence of 0.1 M NaCl after heating at 80 �C. Ikeda and
colleagues observed fibrils 4 nm in height, and they concluded
that the fibrils consist of strings of partially unfolded β-lg
monomers (6,23). AFM images of samples in water clearly show
the β-lg fibrils and confirm their periodic nature (periodicity of
34 nm) (Figure 4a). Similar AFM experiments performed using
WPI also showed the presence of fibrils. AFM height measure-
ments in water show that WPI fibrils have similar characteristics
toβ-lg fibrils and occasionally showed paired fibrils in the formof
a double helix with a periodicity of∼36 nm and height of∼7 nm
(Figure 4b). The heights of single fibrils imaged in water ranged
between 2.9 and 4.3 nm. Fibrils with periodic structures were seen
in both the air and the water (height) images, demonstrating that
the periodicity and dimensions are real and not an artifact
because of air drying. However, small differences between height
values measured in the two modes can be observed; these are
inevitable because in air the fibril volume will decrease upon
drying.Measurements in air usingAFM indicated a loss in height
of ∼25% compared to the values obtained for measurements in
liquid. These observations were in agreement with Moreno-

Herrero et al. (24), who studiedAlzheimer pairedhelical filaments
imaged under physiological conditions and in air environments
using AFM.

STEM of β-lg Fibrils. Electron microscopy confirmed the
presence of fibrils, indicating that these features were not caused
by the charged mica surface, as assumed previously (19)
(Figure 5). The diameters of fibrils, measured from STEM images
using the microscope software, were approximately 3 nm, which
is comparable to the heights measured by AFM.

ATR-FTIR of β-lg Fibrils Formation. ATR-FTIR experi-
ments allowed in situ observation of changes in the secondary
structure during the denaturation and self-assembly processes of
β-lg at 80 �C. The amide I band (1600-1700 cm-1) of ATR-
FTIR spectra is very sensitive to changes in the secondary
structure of β-lg during the denaturation and aggregation pro-
cesses (25, 26). The spectra of native and heated β-lg (Figure 6)
illustrate that heat treatment at pH 2 had a pronounced effect on
the secondary structure of the protein. Curve fitting of the amide I
band of β-lg incubated at pH 2.0 and heated for 1 min at 80 �C
revealed absorption bands at 1614, 1624, 1631, 1640, 1650, 1660,
1670, and 1680 cm-1, which are in good agreement with those in
the literature (21, 25, 26). The observed amide I band is a com-
plex composite, consisting of a number of overlapping compo-
nent bands representing R helices (1654 cm-1), low- and high-
frequency components of β structures (1630 and 1670 cm-1),
turns (1681 cm-1), and random coils (1645 cm-1), corresponding
to the disordered parts of polypeptide backbones (27). During
heating, hydrogen bonds stabilizing the native structure of β-lg
are disrupted, causing the loss of R helices and β sheets, and new
intermolecular antiparallel β sheets can be created (panels a and b
of Figure 6).

Figure 2. AFM (a) height and (b) phase images of β-lg at pH 2 and 80 �C heated for 200 min. β-lg fibrils had a (c) height of∼2-3 nm and a (d) periodicity
of ∼30 nm. Images were collected in air. Scan size = 600 nm. The arrows in the height image show the precursors of mature fibrils.

Figure 3. (a) 10 μm scan of AFM height images of β-lg at pH 2 and 80 �C heated for 20 h. Images were collected in air. The arrows indicate denaturated
protein not incorporated into fibrils. (b) Magnified (2 μm scan) area of panel a, confirming the presence of non-incorporated proteins as well as fibrils.
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The increase in intensity of a specific band (1624 cm-1) was
attributed to the formation of extensive regions of β sheets
involved in intermolecular cross-linking between unfolded pro-

teins and characterized protein aggregation (18, 28-32). Sub-
traction of the native spectra from those of the heated sample
showed that there was a significant increase in the absorbance at

Figure 4. (a) AFM height image of β-lg at pH 2 and 80 �C heated for 20 h and imaged in water (pH 2.6). Fibril height values were 3 nm. (Inset) Higher
resolution height image of 1� 1 μm area, confirming periodicity of fibrils. (b) AFM height image of WPI fibrils at pH 2 and 80 �C heated for 20 h and imaged in
water. (Inset) Cross-section height profile along the fibril axis highlighting periodicity.

Figure 5. STEM negatively stained image of 2.0% (w/w) β-lg at pH 2 and 80 �C heated for 20 h. Scale bar = (a) 100 nm and (b) 20 nm.

Figure 6. Amide I ATR-FTIR spectra of 2% (w/w) β-lg heated at 80 �C varying (a) from 1 to 109 min and (b) from 134 min to 26 h. Amide I spectra of the
heated samples after native β-lg spectrum subtraction varying (c) from 5 to 109 min and (d) from 134 min to 26 h.
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1624 cm-1 (panels c and d of Figure 6). The bands at 1646, 1630,
and 1624 cm-1 broaden, suggesting a general loss in secondary
structure.

The ATR-FTIR results suggest that the fibril formation
process takes place in two stages. In the first stage (up to
approximately 100 min heating time), a decrease in the R-helical
content and an increase in intermolecular β-sheet content were
observed, similar to those associated with disordered aggre-
gates (21). The second stage (between 100 min and 26 h) is
accompanied by a decrease inβ-sheet content and a slight increase
in R-helical content, corresponding to the formation long fibrils
after prolonged heating. Changes in the secondary structures are
due to protein degradation, fibril assembly, and protein reorga-
nization in the fibril. When the AFM results are taken into
account, in the first stage, the β-lg proteins denature, become
partially unfolded, and gradually degrade. All of these phenom-
ena lead to an increase in the amount of β-sheet content. In the
second stage, the decreased amount of β-sheet content is asso-
ciated with the formation of long fibrils.

SDS-PAGE. Reducing SDS-PAGE results showed that
native β-lg monomers have a broad band around 18.4 kDa
(0 min, lane 2 in Figure 7). No significant changes were observed
for heating times shorter than 45 min. Above a heating time of
45 min, protein fragments (peptides) smaller than the β-lg
monomers were detected (lanes 3-7 in Figure 7). It can be seen
from the AFM results (Figure 1) that β-lg dispersions heated for
100 min contain a mixture of aggregates and short fibrillar
structures. Thus, the low-molecular-weight protein fragments
observed during SDS-PAGE experiments indicate that these
assemblies could be broken down by the reducing sample buffer.
It has recently been shown thatβ-lg at pH2, heated at 80 �C (from
25min to 24h), is hydrolyzed into peptides (14). AFMandSTEM
results show that only the dispersions heated for >300 min
contain very long fibrils (>10 μm), together with some nonfi-
brillar protein particles, which were not incorporated into fibrils.
In lane 7, only peptides were observed, suggesting that β-lg fibrils
were composed of peptide fragments. These observations appear
to contradict previous studies that indicate that protein fibrils are
not completely broken down by SDS-reducing buffers (5, 14).

This may be attributed to lower protein concentrations and
higher buffer concentrations used when heating the sample in
reducing sample buffer. It should also be noted that no stained
proteinaceous material was seen either at the top of the stacking
gel or within the wells. Furthermore, no fibrillar material was
detected by AFM or SEM analysis of fibril dispersions prepared
in SDS-reducing buffer under our experimental conditions
(results not shown), suggesting that fibrils had been dissociated.
These observations indicate that the effect of chaotropic agents
on protein fibrils is complex and warrants further systematic
study. It can therefore be tentatively concluded that β-lg compo-
nents within the nanofibrils were associated via non-covalent
interactions (5). This fibril formation mechanism contrasts with
that of fibrils formed at higher ionic strength, which is characteri-
zed by shorter fibrils formed from partially intact β-lg monomers
or dimers (23).

CONCLUSIONS

Studies using AFM, STEM, real-time ATR-FTIR, and
SDS-PAGE were performed to investigate the fibrillar aggrega-
tion process of β-lg. This study demonstrates that AFM imaging
combined with more established analytical techniques gives
unique insight into the transformation of native proteins into
fibrillar structures. The sequence of AFM images of β-lg disper-
sions clearly demonstrates the progress of fibril aggregation as a
function of the heating time. STEM results confirm AFM
observations of β-lg fibrils in air and in water. This study shows,
for the first time, AFM imaging of β-lg andWPI-derived fibrils in
water under ambient conditions and the presence of double-
helical structures in situ. SDS-PAGE analysis suggests that β-lg
fibrils consist of polypeptide fragments linked via non-covalent
intermolecular bonds and are not formed from intact monomers.
The real-time monitoring of the assembly processes in situ using
ATR-FTIR correlated with AFM and SDS-PAGE results,
suggesting a two-stage mechanism of fibril formation: (1) dena-
turation, partial unfolding, and increase in β-sheet content with
hydrolysis of monomers followed by (2) linear aggregation of
polypeptide fragments into fibrils via non-covalent interactions,
continued hydrolysis, and an accompanying decrease in β-sheet
content and overall secondary structure.
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