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This study identifies critical factor combinations of pH, temperature, stirring speed, protein and ion concen-

tration that specifically affect the lag-, and growth phase of beta-lactoglobulin amyloid aggregation and provides

information on how, when and why certain factor combinations affect the onset of amyloid aggregation.
Conditions at the threshold of amyloid formation were chosen to prolong the lag and growth phase for several

hours. Temperature was the most important factor in all aggregation stages. Interactions between low pH and
temperature in the growth phase were caused by elevated protein denaturation at low pH (DSC). Interactions
between stirring speed and temperature in the lag phase were caused by viscosity-dependent shear stress (CFD-

Statistical experimental design
Factor combinations

simulation).

Even if none of the factor combinations could shift the onset of amyloid aggregation, important factor com-
binations were identified that favour the onset of amyloid aggregation. Therefore, the results of this study could
be relevant for industrial production.

1. Introduction

One of the most frequently studied fibril forming proteins in whey is
beta-lactoglobulin (BLG), which forms several micrometre long fibres at
low pH values and high temperatures after several hours of incubation
(Jung et al., 2008; Loveday et al., 2010; Nicolai and Durand, 2013).
BLG-fibrils are of industrial interest because of their improved func-
tional properties to form gels (Mohammadian and Madadlou, 2016),
stabilise foams (Peng et al., 2017) and emulsions (Gao et al., 2017), as
well as for microencapsulation (Serfert et al., 2014). Additionally, their
potential for nano- and biomaterial applications are of increasing in-
terest (Knowles and Mezzenga, 2016).

In order to use the entire functional potential of the aggregates, the
formation of temperature-induced BLG fibrils should be investigated in
detail. In recent years, this has led to the intensive study of various
influencing factors.

The pH value is the primary influencing factor for acid hydrolysis,
providing peptide building blocks for the semiflexible fibrils at pH

values < 3.0 (Akkermans et al., 2008b; Ye et al., 2018), while unhy-
drolysed proteins aggregate at pH values > 3.5 (Keppler et al., 2019).
Simultaneously, pH-related electrostatic repulsion affects the ordered
aggregation—and thus the different fibril morphologies—observed with
increasing pH value (Loveday et al., 2010).

Since incubation temperature significantly affects protein denatur-
ation and acid hydrolysis, it is a key factor for the aggregation kinetics
(Loveday et al., 2012b; Loveday, 2016). Also the molecular motion
(Ciuciu et al., 2016; Dvorsky et al., 2000; Einstein, 1905) and dielectric
constant (Havinga, 1961; Pitera et al., 2001; Zhu et al., 2015) of the
protein solution are influenced by the incubation temperature. Both
factors in turn influence protein interactions.

Likewise, protein concentration is related to interaction effects be-
tween particles in the solution (Arnaudov and Vries, 2006) and thus
influences the aggregation kinetics (Pellarin and Caflisch, 2006) and
morphology (Ye et al., 2018).

Moreover, the ion concentration reduces the charge of the particles
and thus the electrostatic repulsion effects (Loveday et al., 2017) which
results in different morphologies and aggregation kinetics (Loveday
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Abbreviations

BLG Beta-Lactoglobulin

ThT Thioflavin-T

AFM Atomic Force Microscopy

ATR-FTIR Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy

DSC Differential Scanning Calorimetry
CFD Computational Fluid Dynamics
VOF Volume of Fluid
DOE Design of Experiments

et al., 2010).

Stirring speed provides additional energy to the protein solution and
leads to a turbulent shear flow, which influences the particle motion
with respect to particle collision while exerting a certain level of shear
stress on the protein (Bliatsiou et al., 2018; Ng et al., 2016). Therefore,
moderate stirring enhances the amyloid aggregation (Bolder et al., 2007;
Ng et al., 2016) by shortening the lag phase (Dunstan et al., 2009).

Notably, the incubation time can be viewed as an amplifier of the
previous factors. Amyloid aggregation can be divided into the time-
dependent lag, growth and termination phase (Loveday et al., 2017).
The lag phase is characterised by providing the fibril building blocks and
can be skipped or shortened by adding so-called “seeds” (Loveday et al.,
2012a). Fibril growth begins with nucleation, whereby the proteins/-
peptides are first reversibly and then tightly bound together (Pellarin
and Caflisch, 2006). The termination phase is purported to be caused by
the depletion of available building blocks (Loveday et al., 2017).

However, to date the influence of factor combination on the lag and
growth phases were only investigated under optimal conditions (tem-
perature >80 °C, pH value < 2.5) for fibril formation (Loveday et al.,
2011). It can be hypothesised that a combination of the necessary factors
(discovered by screening) with other optional factors might also affect
fibril formation and that during the lag phase other factor combinations
than in the growth or stationary phase are relevant. In addition to
identifying these factor combinations, the present study also aims to
elucidate their underlying mechanisms in further experiments.

The investigation of this critical point provides information on how
strongly, when and why certain factor combinations are capable of
shifting the threshold of amyloid aggregation. Since a major challenge is
the detection of minimal fibrillation, several independent methods were
used, including mechanical separation (ultrafiltration), structure char-
acterisation (Fourier transform infrared spectroscopy (FTIR)), fluores-
cence spectroscopy (Thioflavin-T (ThT)-assay), and the imaging of
aggregates (atomic force microscopy (AFM)). To obtain a mechanistic
understanding of the factor combinations, additional experiments were
conducted with differential scanning calorimetry (DSC) and computa-
tional fluid dynamics (CFD) modelling.

2. Materials and methods
2.1. Materials

BLG was obtained from Davisco Foods International Inc. (Eden Prairie,
US) with 97% protein and 96% BLG in dry matter. Calculated NaCl
content was 49.6 pmol g_1 protein. ThT (>95%) acid was obtained from
EMD Chemicals Inc., while all additional chemicals were obtained from
Sigma Aldrich Inc were analytical grade. All experiments were conducted
with ultra-pure water (>17 MQ; total oxidizable carbon <5 ppb).
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2.2. Methods

2.2.1. Preparation of BLG solutions and production of BLG fibrils

For screening BLG fibril solutions were prepared as described by
Heyn et al. (2019).

To screen the effects of protein concentration, pH value, tempera-
ture, stirring velocity and NaCl concentration, only one of these pa-
rameters was changed at a time (Table 1). The pH values of the solutions
were adjusted with 6 M HCI and experiments were conducted in 100 ml
Schott bottles with a 8.5 x 2 mm cylindric stirring bar.

For the design of experiments (DOE) the parameters used are
provided in Table 2. Water bath temperature was controlled and pro-
tocolled using an EBI 2 temperature logger (Ebro Elektronic GmbH,
Germany).

After 0.5, 1, 2, 3, 4 and 5 h, samples were taken and cooled in an ice-
water bath for 30 min and stored at 4 °C until further use. For all
following dilution processes, pH-adjusted Milli-Q-Water was used.

2.2.2. Physicochemical characterization of native and fibrillar BLG

To monitor fibril growth during incubation, the development of
amyloid beta sheets was followed by the intensity of Thioflavin-T-
fluorescence (ThT FL) and the conversion rate was analysed by cen-
trifugal ultrafiltration. The secondary structure was analysed using ATR-
FTIR and fibril morphology by AFM. The concentrations of monomer
and peptide material were analysed via size exclusion chromatography
(SEC) from dissociated samples and the level of hydrolysis was calcu-
lated from the loss of monomeric BLG. All these experiments were
performed following the protocol of Heyn et al. (2019).

To obtain numerical values for the relative changes in beta-sheets,
respective changes in the intensities of the second derivative of FTIR
wavenumber 1632 cm™! (intramolecular beta-sheets) and FTIR band
wavenumber 1622 ¢cm ! (intermolecular beta-sheets) were determined.
From the numerical intensity values at the respective wavenumbers at
time t;, the intensity values of the same wavenumber at time t of the
respective measurement series were subtracted. Mean and standard
deviation were calculated from triplicate measurements.

2.2.3. Differential scanning calorimetry (DSC)

DSC was performed using the DSC250 (TA Instruments, New Castle,
USA). BLG solution with 1 wt% was prepared as described by Heyn et al.
(2019) and adjusted to the respective pH values of 2.0, 2.5 and 3.0.

The temperature was increased by 5 °C min~"! to a final temperature
of 110 °C, followed by an isothermal phase for 1 min. The temperature
was then decreased by 20 °C min~! to a final temperature of 20 °C,
followed by an isothermal phase of 1 min. Temperature-ramps to 110 °C
and 20 °C were then repeated without isothermal phases. The enthalpy,
as well as the onset and peak of denaturation temperature, were then
calculated.

2.2.4. Statistical analysis of screening, DOE and fitting of values
Statistical analysis of the collected data was conducted by GraphPad
PRISM (version 6.07, GraphPad Software, San Diego, USA). A significant
increase of the ThT-values was verified by two-way ANOVA with
Tukey’s multiple comparison test at the 0.05- significance level. The

Table 1
Parameters used for the screening.

Parameters Basic Additional parameters
parameters
Temperature [°C] 90 40, 55, 70, 75, 85, 95
pH value 2 1%3,4,5,6,7,8,9,10%,11%,12*
Protein concentration. [wt 2.5 0.1,0.25,0.5,1,1.5,5
%]
NaCl concentration [mM] 0 5,15
Stirring velocity [RPM] 350 0, 700, 1300

*no data available for Fourier transform infrared spectroscopy.
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Table 2

Parameters used for the design of experiments.
Parameters Level-1- Center-point- Level-2-

factors factors factors
Temperature [°C] 70 72.5 75
pH value 2.5 2.75 3
Protein concentration [wt 1 1.25 1.5
%]

NacCl concentration [mM] 0 5 10
Stirring velocity [RPM] 200 250 300

increase of ThT-values as a function of time was fitted by the sigmoidal
equation

Jo= a4 ((B- a))/(1+ exp((y — 0)/k))

in where f; is fluorescence at time t, k is the slope and «a, f and y are
arbitrary constants.
Level of hydrolysis was fitted by an exponential plateau equation

he= ho-(ho-hm)* exp((-k*1))

in where h; is the level of hydrolysis at time t, k is the rate constant, hg is
the amount of hydrolysed material at ty and hy, is the maximum amount
of hydrolysed material.

For the DOE, the means of the responses “ThT-intensity” and “fibril
yield” were calculated. The DOE was planned and evaluated by Stat-
Ease Design-Expert (version 10.0.7.0 Stat-Ease Inc., Minneapolis, USA).
A fractional 2level 5factorial design type with three centre points and
one replicate was created.

2.2.5. Computational fluid dynamics (CFD)

CFD were used to obtain additional information regarding the in-
fluence of flow and stress parameters during amyloid fibril formation of
BLG. The exact shape of the Schott bottle was provided by the manu-
facturer and the dimensions of the stirring bar were measured manually.
The geometries used in the simulation were created using SolidEdge ST9
in stereolithography (STL) format. The simulations were conducted with
open-source software OpenFOAM-5.0. The solver interDyMFoam was
chosen for isothermal non-miscible incompressible fluids and multi-
phase flow with the volume of fluid (VOF) method, which includes mesh
motions, optional topology changes and adaptive re-meshing. The mesh
generation was performed with the tools “blockMesh” for the basic mesh
(60 cells in x, y, and z direction each) and “snappyHexMesh” for the
implementation of the STL geometries as well as the detailing and
refinement of the mesh. The refined mesh has a total cell number of
299,212. A section through the created mesh can be seen in Fig. 1 (a). A
finer mesh was created in the area of the glass walls and the stirring bar
to account for zones of high velocities and stressing. As evident in Fig. 1

air

suspension

stirring bar

(@

< glass walls —

rotational zone
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(b), a rotational zone with the OpenFOAM method of arbitrary mesh
interfaces (AMI) was generated to perform the rotation of the stirring
bar. The stirring bar velocity was set to 20.944 (200 RPM) and 31.416
rad s~ (300 RPM), respectively. The regions of suspension and air were
generated with “setFields” in such a way that the glass was filled with
suspension up to a height of 19 mm. The standard k-e model was used to
deal with turbulent flow in the stirred fluid. The basic governing equa-
tions (conservation of mass and momentum) were calculated using the
basic Navier-Stokes and Reynolds-Averaged equations. The equations of
continuity and motion were solved to attain velocities and velocity
profiles, eddy energy (k) and eddy dissipation (¢). Thereafter, shear rates
and shear stresses were calculated, with images of the setup and flow
pattern being generated using ParaView 5.4.0. For the initial conditions
at the walls, a zero flux was imposed to computational domains and
gravity was set to 9.81 m s 2 in the negative vertical direction. The
viscosity of the fluid was modelled as Newtonian in the relevant shear
rate range above 1 s~1. The viscosity parameters were determined by a
shear rate ramp (10’4 to 10% s~1) at 70 °C and 75 °C of 1.25 wt% BLG
and fibril solutions with a Bohlin Gemini rheometer (Rotometic drive 2,
Malvern Instruments, Malvern, UK) equipped with double gap geometry.

The shear-thinning behaviour of the fibrils and the specific viscos-
ities, which are passed through between the start and end time, were not
taken into account. The surface tension of the suspension was set to the
constant 72.75E-03 kg s 2.

3. Results & discussion
3.1. Screening for the threshold of amyloid aggregation

The influence of acidic pH values (i.e., pH 1-4), temperature (i.e.,
55-95 °C), protein concentration (0.1-5 wt%), stirring speed (0-1300
RPM) and ion concentration (0-15 mM NaCl) on fibril formation were
screened during a period of 5 h using the ThT-assay and FTIR. The in-
fluence of the pH value on morphology was also investigated by AFM.

The observed threshold parameters were observed to be in a tem-
perature range between 70 and 75 °C (Fig. 2 C and D) since no signifi-
cant aggregation was observed below 70 °C during 5 h incubation at pH
2. At 90 °C, the threshold pH value range was between pH 2.5 to 3 (Fig. 2
A and B) since evidence for the first occurrence of wormlike aggregates
together with fibrils was observed at pH 3. This indicates an altered
amyloid-like morphology and aggregation behaviour from straight fi-
brils to worm-like aggregates (Keppler et al., 2019), while only straight
fibrils were evident in representative AFM images at pH 2 (Heyn et al.,
2019). While higher protein concentrations resulted in higher ThT FL
intensities (Fig. 2 E and F), the proportion of intermolecular beta-sheets
did not differ significantly. Therefore, a range between 1 and 1.5 wt%
protein concentration was chosen at pH 2 and 90 °C. Low protein

fraction of suspension / -

(b)

Fig. 1. Meshing (a) and general geometrical setup of the CFD simulation (b).



T.R.

pH value

temperature

protein concentration

irring

st

Heyn et al.

A

2001
150
100+

50

ThT-Fl. intensity [A.U]

ThT-Assay

- pH1
= pH2
-+ pH3
—~ pH4

2001

1504

100+

ThT-Fl. intensity [A.U]

EREY
3

Time [h]

200~

1004

ThT-FL. intensity [A.U]

0+

£0

1501

5%
2,5%
1,5%
1%

EENE]

Time [h]

50

150+

1004

ThT-FI. intensity [A.U]
o
bd

04

- 1.300 RPM
- 700 RPM
-+ 350 RPM
- O0RPM

Time [h]

Time [h]

A intensity [A.U.]

A intensity [A.U.]

A intensity [A.U.]

A intensity [A.U.]

0.0021

FTIR

increase of intermolecular

pH2 beta-sheets (1 622cm'1)

-
-
—=
——

decrease of intramolecular

beta-sheets (1 632cm‘1)

-0.002
0

D

0.002-

1 2 3 4 5
Time [h]

increase of intermolecular
beta-sheets (1622cm'1)

0.001
0.0001

-
-0.001{ = 90°C

-+ 85°C

- 75°C .

- 70°C decrease of |ntramo|ect1xlar

5 beta-sheets (1632cm”
-0.002 55 .C T T ( T .)
0 1 2 3 4 5

F

0.002+

0.001+

0.000#

Time [h]

increase of intermolecular
beta-sheets (1622cm‘1)

- 1%
- 5% = 0.5%
- 25% 0.25%
.................................................... 0.1%

-0.001
decrease of intramolecular
beta-sheets (1 632cm'1)
-0.002 T T . . .
0 1 2 3 4 5

0.0021

0.0011

0.0004

-0.001

Time [h]

increase of intermolecular
beta-sheets (1622cm™)

-»- 1300rpm =
= 700rpm decrease of mtramolec_t:lar
-0,0024==_350rpm beta-sheets (1632cm™)
0 1 2 3 4 5

Time [h]

Journal of Food Engineering 283 (2020) 110005

Fig. 2. Influence of pH values (A and B), temper-
ature (C and D), protein concentration (E and F)
and stirring velocity (G and H) on Thioflavin-T-
fluorescence (ThT FL) and beta-sheet alteration
(FTIR) during the first 5 h of fibril production. For
improved visibility, a sigmoidal (ThT FL) or a
second-order polynomial (FTIR) fitting of mea-
surement points was conducted. Standard process
parameters were pH 2, 90 °C heating temperature,
2.5 wt% protein concentration, 350 RPM stirring
and 0 mM NaCl.
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concentration also excludes effects caused by the viscoelasticity of more
concentrated protein solutions. Concentrations lower than 1 wt% were
not possible due to the detection limit of the utilised methods. Moreover,
the addition of NaCl up to 15 mM showed no effect on amyloid aggre-
gation; therefore the chosen threshold was between 0 and 10 mM.
Higher stirring speed (between 350 and 1300 RPM) increased the ag-
gregation kinetics—especially at the beginning of the process at pH 2
and 90 °C (Fig. 2G and H). The stirring speed range of 200-300 RPM was
chosen since stirring speeds greater than 300 RPM resulted in increasing
air intake (Fig. 6) while stirring speed lower than 200 RPM did not result
in a continuous circulation.

The described screening results are mostly in agreement with other
observations on pH value (Jung et al., 2008; Krebs et al., 2009; Loveday
et al.,, 2011; Serfert et al., 2014), ion concentration, temperature
(Loveday et al., 2011), protein concentration (Schleeger et al., 2013)
and stirring speed (Ng et al., 2016).

3.2. Statistical experimental design

The 2° factorial design was conducted via 35 randomised experi-
ments using the threshold parameters determined in the screening ex-
periments (Table 2). The amyloid aggregation was measured by several
different methods, called “responses™ ThT-assay (responses “ThT FL
t0.5” - t5), centrifugal ultrafiltration (response “fibril yield”), FTIR
(response “Delta 1632 cm™'” and “Delta 1622 cm ™) and zeta potential
(response “zeta potential”). In addition, the ThT FL data from six time
points over 5 h of incubation were fitted by non-linear regression and the
correlation coefficient (R%) was taken (response “regression fitting”).

The limit of quantification for the ThT-assay was 1.58 a.u., while
0.73 a.u. was the limit of detection. As illustrated in Fig. 2, the level of
ThT FL—even just above the detection limit—was a suitable value to
describe the formation of fibrils. Analysis with centrifugal ultrafiltration
and FTIR did not reach detection limits in most of the cases and were
only listed as supportive results for ThT-assay. Nevertheless, the
observed secondary structural responses correlated well with the ThT FL
results: Intramolecular beta sheets (Delta 1632 cm™ ') decreased (cor-
relation factor (cf): 0.332) and intermolecular beta sheets (Delta 1622
cm ) increased (cf: 0.301) when the ThT FL t5 increased. In addition,
the fibril yield was also positively correlated with ThT FL t5 (cf: <0.603).

Consideration of the time factor during the process (only ThT-
assay) showed an initial decrease in ThT FL for all experiments, fol-
lowed by an increase after 3 h and a maximum average value of 2.69 +
2.66 a.u. after 5 h. If only runs with a high temperature (75 °C) were
considered, the initial ThT FL decrease was even lower and the first
significant increase was already reached after 2 h (instead of 3 h), while
a maximum ThT FL of 5.07 + 2.02 a.u. occurred after 5 h. When only
runs with a low temperature factor (70 °C) were considered, only weak

Table 3

Journal of Food Engineering 283 (2020) 110005

significant differences were observed after 5 h processing.

The pH value (factor A) influenced the regression fitting in a negative
manner (calculated coefficient (cc): 0.071) (Table 3). Furthermore, the
intramolecular beta sheets (Delta 1632 cm’l) seemed to increase at
higher pH values (cc: 0.432).

The temperature (factor b) showed the strongest influence on most
responses (Table 3). A significant positive temperature-dependent effect
was evident for the ThT FL after 3, 4 and 5 h incubation (cc: 0.393 to
0.622) (e.g. Run2 (ThT FL: 8.9 £+ 0.62 a.u.), Run7 (ThT FL: 7.9 £+ 0.61 a.
u.), Run31 (ThT FL: 7.3 £ 0.61 a.u.) and Run17 (ThT FL: 7.1 £+ 0.62 a.
u.)): all of these runs were at a high temperature level (75 °C). All runs
with a temperature equal to or above 75 °C were quantifiable. It has to
be assumed that some of the runs at 70 °C also produced fibrils (for
example run 23) (Fig. 3). Also, the regression fitting (cc: 0.253), fibril yield
(cc: 1.695), as well as the decrease of intramolecular beta sheets (Delta
1632 cm™Y) (ce: 0.603) were influenced by temperature (Fig. 4 A to C).

The ion concentration (Factor D) affected the increase of intermo-
lecular beta sheets (Delta 1622 cm’l) (cc: 2.589), while the zeta-potential
was negatively (cc: 1.383) influenced (Table 3).

No significant effects on any response were detected for the protein
concentration (Factor C) or the stirring speed (Factor e).

The pH value showed no effect on the threshold of fibril formation as
a single factor, however the response of ThT FL t5 was influenced by the
pH value in combination with the temperature (cc: 0.196) (Interaction
Factor Ab) (Table 3). This interaction occurred at high temperature
levels (75 °C) and led to higher ThT values at lower pH value levels (pH
2.5) (Fig. 4 G).

Another interaction was observed between the stirring speed and the
temperature (Interaction Factor be), which influenced the ThT FL in the
first 2 h (cc: 0.219 to 0.238) (Table 3). At low stirring speed (200 RPM)
ThT FL was negatively affected with increasing temperature, while
exhibited a positive effect at high stirring speed (300 RPM) (Fig. 4 D to
F).

Since amyloid aggregation and the associated ThT FL increase were
related to a shift from the intramolecular to the intermolecular beta-
sheets (Heyn et al., 2019), the correlation effect between fibril yield,
ThT-assays and FTIR results is explainable.

Observation of the ThT FL during the incubation period showed a
decrease in the first 2 h compared to the initial sample (t0 = native BLG).
Notably, a detectable amyloid aggregation did not occur until the third
hour of the process. This indicates conformational changes of the native
BLG being accompanied by a lower binding capacity of the ThT mole-
cule at the beginning of the process (Krebs et al., 2005). This can include
the unfolding as well as the accompanying hydrolysis of the protein
(Mishra et al., 2007). Therefore, the first 2 h of the present experiment
can be considered the preparatory lag phase of the process. The process
then enters into the growth phase, in which the nucleus begins to grow

Coefficient table of the statistical experimental design of significant factor-response combinations.

Responses Intercept Factors Factor interactions

A b D e Ab be
ThT FL int. t0.5 —0.198 —0.057¢ 0.065¢ 0.219°
ThT FL int. t1 -0.178 ~0.069° 0.068° 0.222"
ThT FL int. t2 —0.087 0.071°¢ 0.125°¢ 0.238°
ThT FL int. t3 0.293 0.393% 0.119¢ 0.216°
ThT FL int. t4 1.598 -0.107° 0.391% 0.044¢ —-0.159% 0.024¢
ThT FL int. t5 1.866 —0.111¢ 0.622° 0.087¢ —0.196% —0.0115°
Regression fitting 0.579 -0.071% 0.253% 0.034¢ —0.058°¢
Fibril yield 5.235 1.695° 0.367¢ 0.281°¢
Delta 1632 cm-1 4.037 0.432° —0.603% 0.003¢ —0.095°¢ —0.158° 0.049¢
Delta 1622 cm-1 3.108 1.203c 2.589% 1.386° 0.566°
Zeta potential 24.008 -1.383°

Significance level of calculated coefficient: ? p < 0.05, ®:p < 0.10, € p>0.10.

Factors: pH-value (A), temperature (b), protein concentration (C), NaCl concentration (D), stirring velocity (e).

ThT FL int.: Thioflavin-T fluorescence intensity.
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Fig. 3. Atomic force microscopy images of samples with 0.01 wt% protein. Factor combinations leading to fibril formation (black border): Run2 (ThT FL: 8.899 a.u.);
Run5 (ThT FL: 2.841 a.u.); Run14 (ThT FL: 6.74 a.u.); Run19 (ThT FL: 2.84 a.u.); Run23 (ThT FL: 1.633 a.u.); Centre point Run20 (ThT FL: 1.419 a.u.); Runs without
fibril formation (grey border): Run3 (ThT FL: 0.229 a.u.); Run8 (ThT FL: 0.578 a.u.); Run33 (ThT FL: 0.350 a.u.).

above a detectable size (Loveday et al., 2017). That these phases can be
reached slower or faster, depending on the temperature, has already
been described (Loveday et al., 2012b). The initiation phase is consid-
erably extended due to the selected low factor values. Therefore, the
present experimental setup at the threshold to amyloid aggregation can
be regarded as a closer look into the lag and initial stages of the growing
phase of amyloid aggregation. Notably, that the observed factor com-
binations at different time points are either strong effects that influence
the aggregation process in a timely manner—and can thus be directly
assigned to the different phases of amyloid aggregation—or weak effects
that accumulate slowly and reach a significant intensity with delay.

First and primarily, an effect of temperature on fibril formation was
observed during the growing phase (> 3 h). This is a confirmation of the
hypothesis that temperature might be an important factor for the
denaturation of BLG, its hydrolysis rate and/or the aggregation kinetics
of the building blocks. This question is investigated and discussed in
greater detail in Part 3.3.1.

After 4 h, an interaction between the pH value and temperature was
observed, with a stronger amyloid aggregation at lower pH values. This
effect opposes the increased electrostatic repulsion at lower pH values
(Bhattacharjee, 2016; Gilbert et al., 2014; Krebs et al., 2009). The lower
pH value had a decreasing effect on the required denaturing tempera-
ture of the protein and thus accelerated the amyloid aggregation. This
question is investigated in Part 3.3.2 with the help of a DSC investiga-
tion. A similar interaction at higher temperatures and more acidic pH
values (between pH 1.5 and 2.5) than applied in the present experiments
was described by (Loveday et al., 2011). The observed interaction could

be explained by the temperature and pH-dependent kinetics of hydro-
lysis and the associated supply of fibril building blocks (Kroes-Nijboer
et al., 2011). However, no pH-dependent threshold shift can be derived
from this since the effect only occurs at higher temperatures.

Another effect that influences the ThT FL during the lag phase (i.e.
below 3 h incubation here) was stirring speed in the incubation glass
vessel in combination with temperature. Notably, both factors influence
particle movement in the solution. In addition to the temperature-
dependent effect, a shear-dependent effect may also play a role in pro-
tein conformation (Rahaman et al., 2015). These effects are investigated
in greater detail in Part 3.3.3 via CFD simulation.

As expected, zeta potential decreased due to increased ion concen-
tration (Bhattacharjee, 2016). The increase of intermolecular
beta-sheets (~1622 cm’l) is described in the literature in the course of
amyloid aggregation (Baldassarre et al., 2016; Kavanagh et al., 2000).
The positive effect of NaCl concentration on the intensity increase of this
secondary structure can be attributed to the neutralisation of repulsive
electrostatic interactions by Na™' ions (Bryant and McClements, 2000).

3.2.1. Influence of temperature on amyloid aggregation

To determine whether the temperature is only crucial in the first
stage but not in the later stages of fibril growth, the standard heating
protocol was changed after a defined period of time. Therefore, the
temperature was lowered from 90 °C to either 30 °C or 60 °C after 2 h
and 3 h, while all other parameters were maintained.

As presented in Fig. 5, the ThT FL in the process of fibril formation at
90 °C reached an intensity of 38.2 + 7.1 a.u. after 2h and 53.9 + 1.3 a.u.
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Fig. 4. Influence of temperature on Thioflavin-T-fluorescence (ThT FL) after 5 h (A), fibril yield (B) and intramolecular beta sheets (C) at pH 2.75, 1.25 wt% protein
concentration, 5 mMol NaCl and 250 RPM stirring. Interaction of stirring*temperature as an influencing factor on ThT FL t0.5 (D), t1 (E) and t2 (F). Stirring at 300
RPM (A) and 200 RPM ([]) (Other parameters are pH 2.75, 1.25 wt% protein concentration and 5 mMol NaCl). Interaction of pH value*temperature (Ab) to influence
ThT FL t4 (G) and t5 (H). pH 3 (A) and pH 2.5 ([0J) (Other parameters are 1.25 wt% protein concentration, 5 mMol NaCl concentration and 250 RPM stirring
velocity). The curve between Level 1 and Level 2 values is hypothetical and the respective curvature was calculated using the position of the centre points.

after 3 h (Fig. 5). If the temperature was lowered to 30 or 60 °C at the
respective time points, the ThT FL increase (krpT) was significantly lower
with Aln kypr = —3.7 (30 °C) and Aln krpr = —2.1 (60 °C) compared to
90 °C in the two scenarios. Furthermore, SEC analysis illustrates that the
loss of BLG through hydrolysis was followed by a decreasing exponential
function, as previously described by (Kroes-Nijboer et al., 2011). The
level of hydrolysis reached ~30% after 2 h and ~41% after 3 h. More-
over, the temperature reduction to 30 °C led to a decrease in the hy-
drolysis rate by Aln k;, = —6.63 compared to 90 °C, while at 60 °C a
hydrolysis rate of Aln k, = —2.89 was calculated by the Arrhenius
equation described by (Kroes-Nijboer et al., 2011).

The results indicate that the fibril formation process was interrupted
by a temperature drop regardless of the incubation time. The strong
influence of temperature on amyloid aggregation during the initiation
phase was highlighted by the fact that protein denaturation—and thus
acid hydrolysis—was induced. However, the irreversible denaturation
of BLG at 90 °C might be completed in the first few hours of the process
(Keppler et al., 2014; Loveday, 2016), so that the reduced fibril forma-
tion after temperature reduction was not likely caused by reduced
denaturation. However, temperature strongly affects the hydrolysis rate
and thus the availability of fibril building blocks (hydrolysed/peptide
material) (Kroes-Nijboer et al., 2011; Ye et al., 2018).
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According to the measured hydrolysis level (i.e. after 2 h = ~30%,
after 3h = ~41%) (Fig. 5), as well as our previous studies on the amount
of peptides that are incorporated into the fibrils (i.e. after 2 h = ~13%,
after 3 h = ~19%) (Heyn et al., 2019) and the amount of peptides
required for fibril formation (i.e. after 2 h = ~26%, after 3 h = ~38%)
(Keppler et al., 2019) at pH 2 and 90 °C, there seems to be sufficient
surplus fibril building blocks available (i.e. after 2 h = ~4%, after 3h =
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~3%) to ensure a further fibril formation of approximately 10 a.u. ThT
FL after each temperature drop.

Therefore, it is hypothesised that this instant temperature-dependent
decrease is primarily related to the aggregation kinetics and less
dependent on the hydrolysis rate. In fact, there was an instant drop in
the aggregation kinetics (Aln kypr = —3.7 (30 °C) and Aln kypy = —2.1
(60 °C)) as soon as the solutions cooled down (Fig. 5). Additionally, the
amyloid-like aggregation of BLG is also possible without hydrolysation
(for example at pH 3.5 and 90 °C) where the depletion of building blocks
is independent of the peptide concentration (Heyn et al., 2019). A
further effect of temperature on the entire progression of amyloid ag-
gregation might also include other mechanisms. For example, it is
possible that reversible protein conformations are induced by higher
temperatures, that lead to amyloid aggregation (Bhattacharjee and Das,
2000). Another possible mechanism could be the dependence of the
diffusion coefficient of the protein on temperature (Macchioni et al.,
2008), which increases the frequency of molecular collisions and leads
to the accelerated formation of aggregates (Wang et al., 2010); however,
this would be affected by the turbulence in the system (Part 3.3.3).
Another factor is that the dielectric constant of the medium decreases
with increasing temperature, which favours interactions between pro-
teins—and thereby amyloid aggregation (Kayser et al., 2020).

However, since the observed acid hydrolysis rate at 30 °C and 60 °C
decreased compared to 90 °C (Aln ky = —6.63 (30 °C), Aln k,, = —2.89
(60 °C) (Fig. 5), the limiting factor in the long run of the fibril aggre-
gation process will ultimately be a depletion of building blocks, when all
available protein is finally hydrolysed, as previously mentioned before
by Kroes-Nijboer et al. (2011).

Ultimately, several overlapping mechanisms seem to explain the
observed strong positive influence of temperature on amyloid aggrega-
tion (Table 3).

3.2.2. Interaction of temperature and pH value

The investigation of a pH-dependent denaturation effect was per-
formed by DSC. The 1 wt% BLG samples were adjusted to pH values of
2.0, 2.5 and 3.0 to achieve parameters similar to those in the statistical
experiment.

Samples were heated to 110 °C at 5 °C min~* and cooled to 20 °C at
20 °C min~!. Notably decreasing energy absorption of the BLG solution
at increasing pH values (below the isoelectric point: pI = 4.7) during
heat development was observed: At pH 2.0, the denaturation enthalpy
was 448.13 + 8.37 kJ mol !, while at pH 2.5 it was 288.68 + 29.44 kJ
mol ! and at pH 3.0 it was 226.58 + 31.63 kJ mol~! (Table 4).

Simultaneously, the threshold of BLG denaturation increased with
increasing pH value. At pH 2, the onset temperature was ~72 °C, while
at pH 2.5 it was ~80 °C and at pH 3.0 it was ~82 °C (Table 4). The
maximum denaturation for BLG was reached at a pH value of 2.0 at ~84
°C, while this was observed at pH 2.5 at ~86 °C and at pH 3.0 at ~90 °C
(Table 4).

The results indicate that the denaturation of BLG depended on pH
values being below the isoelectric point. As previously described by
(Haug et al., 2009), the temperature at which BLG begins to denature
increases with increasing pH value in an acidic environment. Variations
in the literature (Griko and Privalov, 1992; Kella and Kinsella, 1988;
Wada et al., 2006; Wit and Swinkels, 1980) can be explained by the
utilised methods and the dependence of denaturation enthalpy and
temperature on other factors such as protein and ion concentration

Table 4
Differential scanning calorimetry (DSC) of beta-lactoglobulin (1 wt%) at pH 2.0,
2.5 and 3.0.

pH value Enthalpy [kJ mol 1] Onset [°C] Peak [°C]

pH 2.0 448.13 + 8.37 71.95 + 0.10 84.32 + 0.80
pH2.5 288.68 + 29.44 79.89 + 0.41 86.01 + 0.16
pH 3.0 226.58 + 31.63 82.14 £ 0.17 90.24 + 0.57
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(Dissanayake et al., 2013). In combination with the pH value, protein
and ion concentrations influence the BLG monomer/dimer equilibrium,
while dimers or multimers were subsequently found to stabilise the
native structure of BLG and thus affect the denaturation temperature
(Haug et al., 2009; Renard et al., 1998).

The present results prove that a pH value shift from pH 3.0 to pH 2.5
already leads to a reduction in temperature, which is required for the
protein to unfold. It could be speculated that increased reversible
conformational changes (Bhattacharjee and Das, 2000) can influence
the rate of aggregation, as fibrillisation prone peptide segments become
accessible (van der Linden and Venema, 2007). Thus, if the pH makes
the protein more prone to denaturation and the aggregation kinetics
depend directly on the protein conformation, this effect would shift the
threshold of amyloid aggregation. However, the lower thermal stability
of BLG at lower pH values not only increases the unfolding of the pro-
tein, but acid hydrolysis at lower pH values is also favoured, which is an
additional factor that amplifies together with temperature (see Part
3.3.1). Since this effect only led to increased ThT-values at high tem-
perature (Fig. 4 G and H), and no shift of the amyloid aggregation
threshold occurred, a direct effect of denaturation on aggregation ki-
netics is less conceivable.

3.2.3. Influence of fluid dynamics on amyloid aggregation

In Fig. 6, it can be observed that the region with the highest veloc-
ities—and thus the highest strain on the proteins—was located at the
tips of the stirring bar. The energy input of the stirring bar drove the
suspension outwards along the bottom of the glass container, where it
finally flowed upwards at the outer edge of the glass container and then
back towards the stirrer in the middle of the glass container due to the
conservation of mass (Fig. 6 A). This results in large flow vortices in
which the proportion of turbulence also varies (Fig. 6 B), thereby
resulting in variance in both turbulent and laminar flow. This results in
small areas with high shear and large areas with low shear, which can
lead to uneven stress distribution of the suspension—and thus of the
proteins as well. The distribution of the shear stress in the system may
have the same effect of causing short time impulses in a small volume,
thereby interrupting the laminar flow. Thus, the intense but short me-
chanical stress impulses over the small area around the stirrer (Fig. 6)
can lead to the obligatory unfolding of the protein (Dunstan et al., 2009)
or to a fracture of protofibrils to seeds (Hill et al., 2006), whereby a
primary or secondary nucleation of the building blocks can occur in the
large areas with low laminar stress (Akkermans et al., 2008a). The
aggregation-accelerating effect of 30 s shear pulses has been previously
described (Akkermans et al., 2006). This simulation clearly presents
fibril growth accelerating (Fig. 2 G) shear heterogeneity in the chosen
parameter range in a stirred glass container (Bolder et al., 2007).

As shown in Table 3, significant interactions between temperature
and stirring speed occurred, which positively influence amyloid aggre-
gation (i.e. ThT FL increase). The CFD model used here calculates the
averaged mean and maximum shear stresses during the simulated stir-
ring time, shear rate, turbulence eddy dissipation (¢) and energy (k) in
the turbulence model, depending on temperature, viscosity and stirring
speed. The viscosity depends on the degree of aggregation, protein
concentration and temperature, and was specifically determined for
time points t0 and t5 using a shear rheometer at a protein concentration
of 1.25 wt%.

The consideration of all flow-dependent parameters show an in-
crease as a function of stirring speed; for example, a mean shear stress of
t0 at 70 °C increase from 0.040 + 0.001 Pa to 0.064 + 0.002 (Fig. 7 A),
the mean shear rate from 50.1 £ 1.6 s t0 79.7 & 2.4 s~} (Fig. 7 C) and
the mean turbulence eddy dissipation from 0.0008 + 0.0002 to 0.0019
+ 0.0016 (Fig. 7 E). Stirring speed-dependent increases in shear stress,
shear rate and turbulence were also observed for the maximum values
(Fig. 7 B, D and F).

Although, significant Pearson correlations between the stress factors
(shear stress, shear rate, epsilon and k) and the measured ThT FL t0.5 to
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t5 were not observed, relatively high r-values were evident between
shear stress and ThT FL from time t2. Additionally, a temperature-
dependent increase was only achieved with rising shear stress. At t0,
200 RPM and 75 °C the mean shear stress increased to 0.067 4 0.002 Pa,
while it increased to 0.108 + 0.004 Pa at 300 RPM. A similar increase
was also observed at the maximum values. However, it should be noted
that this temperature-dependent increase was lost after 5 h. The reason
for this is the dependency of the shear stress on the respective viscosity:

7;:;7]/

where 7 is the shear rate and 7 is the dynamic viscosity. As listed in
Table 5, the tO sample had a dynamic viscosity of 0.8 mPa s at 70 °C and
rose to 1.5 mPa s at 75 °C. For the t5 sample, the viscosity at 70 °C
increased only slightly from 1.1 mPa s to 1.2 mPa s. The lower viscosity
of the sample (although heated for 5 h) can be explained by the shear-
thinning behaviour of the fibrillary component in the t5 sample.

Effects being detected mainly during the lag phase of the process
could be an indication that the shear stress exerts an effect on the
conformation of the unhydrolysed BLG (Rahaman et al., 2015). already
described a shear-dependent reduction of the hydrophobicity of BLG at
pH3 and a resulting increased polymerisation and compactness to which
the ThT could react.

The shear-induced effect on protein conformation would thus have
the potential to influence the threshold of amyloid aggregation. How-
ever, the ThT FL values during the growth phase showed no further
stirring-dependent effects. Perhaps the shear difference between the two
levels was insufficient for the detection of further effects. Another reason
could be that the increasing viscosity counteracts protein aggregation:
either by lower particle diffusion or because the associated increased
shear stress disrupts the forming nucleus again (Akkermans et al., 2006;
Dunstan et al., 2009). However, as described in Part 3.3.2, an irrevers-
ible change in protein conformation or denaturation may not be
responsible for amyloid aggregation alone.

4. Conclusion

The present experimental parameters were chosen to prolong the lag
and growth phase of the amyloid aggregation and thus give evidence for
important processing parameters at the onset of amyloid aggregation.
The experiments presented indicate that, at the threshold of fibril for-
mation, partly different interaction effects can occur than at the opti-
mum: however, the most important factor is the temperature in every
stage of amyloid aggregation, which could be due to manifold effects
that superpose each other. This is also confirmed by further interactions
between stirring speed and temperature during the lag phase and be-
tween pH and temperature during the growth phase.

With the help of a CFD simulation of the stirring process, higher
shear stress at higher stirring speeds and temperatures could be identi-
fied as the reason for the interaction, which likely negatively affects the
protein nativity and thus reduces the lag phase. The increased viscosity
of the protein solution at higher temperatures likely plays a major role in
this interaction.

The effect of pH value and temperature in the growth phase could be
explained by DSC experiments, which revealed that BLG was more likely
to denature at pH 2.5 than at pH 3.0 for the selected factor
combinations.

Thus, each of the chosen process parameters affects the underlying
forces of amyloid aggregation in multiple and sometimes opposing ways,
while only the sum of the effects can be observed here at a certain point
in the amyloid aggregation phase.

Due to the very slow aggregation kinetics of the selected parameters,
the investigations provide a more detailed view of the most important
factors and when they come into effect. Meanwhile, new interactions
could also be described. These do not seem to shift the threshold;
however, it is conceivable that other and more extreme factor
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Table 5
Viscosity data used for computational fluid dynamics (CFD) simulations.

Kinematic viscosity [m? Density [kg Dynamic viscosity

s’l] m’3] [mPas]

t0, 70 0.80E-06 1001.33 0.80
°C:

t0, 75 1.50E-06 998.44 1.50
°C:

t5, 70 1.10E-06 1001.33 1.10
°C:

t5, 75 1.20E-06 998.44 1.12
°C:

Air 15.35E-06 1.188 0.02

combinations might decrease the necessary temperature under 70 °C.
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