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ABSTRACT: A diverse range of proteins can assemble into amyloid fibrils, a process that
generally results in a loss of function and an increase in toxicity. The occurrence and rate of
conversion is strongly dependent on several factors including molecular structure and exposure
to hydrodynamic forces. To investigate the origins of shear-induced enhancement in the rate of
fibrillization, a stable rotating Couette flow was used to evaluate the kinetics of amyloid
formation under uniform shear for two similar insulin species (human and bovine) that
demonstrate unique fibrillization kinetics. The presence of shear-induced nuclei predicted by
previous studies is supported by observations of a lag between the consumption of soluble insulin
and the precipitation of amyloid aggregates. The apparent fibrillization rate generally increases
with shear. However, a two-parameter kinetic model revealed that the nucleation rate has a
maximum value at intermediate shear rates. The fibril elongation rate increases monotonically with shear and is similar for both
insulin variants, suggesting that increased elongation rates are related to mixing. Differences between human and bovine insulin
kinetics under shear are attributable to the nucleation step.

■ INTRODUCTION
The link between protein misfolding and assembly into amyloid
fibrils and numerous neurodegenerative diseases has motivated
the investigation of amyloid assembly pathways.1,2 Amyloid
fibrils are long, crystalline structures that assemble from many
polypeptide monomers combining in a templated fashion into
thin fibers. The generic mechanism for fibril formation is as
follows: (i) protein conformational change or assembly into a
fibril nucleus, (ii) proto-fibril elongation driven by the
interaction of protein monomers with nuclei, and (iii) proto-
fibrils intertwining into mature fibrils.2,3 Amyloid fibril
formation is difficult to quantify because of the large variety
of proteins of different shapes, sizes and functions that undergo
amyloidogenesis to form fibrils. Many different proteins are
known to fibrillize despite large differences in their structure
and sequence.2 Adding to this complication is the influence of
several factors on fibril formation. Ionic strength, pressure, and
temperature, as well as hydrodynamic forces and extreme pH
values, have been shown to modulate the rate of amyloid
formation for diverse proteins.2,3

Numerous agitation studies have demonstrated that fibrilliza-
tion increases with increased fluid flow, yet the mechanism
responsible for this deleterious effect on protein stability
remains unclear.4−17 One proposed mechanism suggests that
the increase in fibrillization with shear occurs because protein
molecules are stretched and deformed when placed in an
extensional flow field.5−7 The initial deformation exposes
buried hydrophobic residues such that a nucleation site can
form. This hypothesis is supported by the observation that the
increase in nucleation rate occurs at the onset of shear for some
types of protein.8,9 Similar extensional-deformation mecha-

nisms have been reported for unfolding of polymers within a
shear field.10 In the case of proteins, however, the monomers
are often small enough that the extensional force on individual
molecules from tip to tip is negligible. Molecular dynamic
simulations and simple calculations suggest that the shear force
required to induce protein unfolding is much larger than the
forces that have been experimentally shown to result in
increased fibrillization.9,11 On the basis of this observation, it
has been suggested that the influence of shear is instead to align
the protein monomers and promote intermolecular inter-
actions.5,9,12

Alternative explanations for the shear effect on fibrillization
kinetics reject the notion that shear influences protein structure
or molecular alignment. The simplest of these explanations
posits that shearing flows act by increasing the degree of mixing
such that reaction rates are no longer diffusion limited.13 The
mixing hypothesis has been rejected by some reports.14,15

Other factors, namely the air−water interface that often
accompanies agitation, may also contribute to the effects of
shear on fibrillization kinetics.15−17 The lack of consensus
regarding the mechanism warrants further investigation into the
hydrodynamics and role of shear in amyloid fibril formation.
To investigate whether increased fibrillization kinetics under

flow are the simple result of increased mixing or due to other
shear-induced effects, it is necessary to perform experiments in
a uniform shear field. However, imposition of a uniform shear
field can be difficult to achieve under laboratory conditions.
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The flat-plate geometry of Couette in which fluid is contained
between two infinite plates (one moving at a fixed velocity, the
other stationary) yields uniform shear.18 In practice, concentric
cylinder devices are used to imitate this ideal scenario in a
cylindrical system. Fluid is placed in a small gap between two
concentric cylinders, and one cylinder is rotated while the other
remains stationary. This geometry is known as either “Couette”
or “Taylor-Couette.” Rotation of the inner cylinder is common
because outer cylinder rotation generally requires a more
complicated apparatus. Nevertheless, outer cylinder rotation
devices such as the one used in the present study are valuable
because they result in a flow that is more resistant to
turbulence. This is because centrifugal instability is avoided
and secondary flows are much weaker.18,19

Here we study fibrillization using two variants of insulin,
human and bovine. Bovine and porcine insulin display similar
behavior in humans relative to human insulin and have been
used to treat diabetes before recombinant human insulin
became widely available.20,21 Recently there has been renewed
interest in animal-derived insulin due to the significant cost of
producing recombinant human insulin and the lack of
worldwide accessibility.21 Human and bovine insulin both
contain 51 residues and are highly similar in structure. In
human insulin, the residues at positions 8 and 10 are threonine
(polar) and isoleucine (nonpolar), respectively, while in bovine
insulin both residues are valine (nonpolar).20 The other
difference between the two molecules is at position 30, where
threonine (polar) in human insulin is replaced by alanine
(nonpolar) in bovine insulin.20

Mutation of even a single residue within a protein can result
in vastly altered fibrillization kinetics.20,22−24 Under quiescent
conditions, bovine insulin typically fibrillizes faster when heated
than human insulin.20,22 A systematic comparison of human
and bovine insulin can facilitate investigation of the molecular
basis of shear-induced fibrillization, as different proteins should
respond differently to shear if the mechanism is related to
conformational changes caused by shear. Therefore, the kinetics
of bovine and human insulin are compared under uniform
shear, and the nucleation and elongation rates are evaluated.

■ MATERIALS AND METHODS
Pretreatment of Insulin. Both human (91077C) and

bovine insulin (I6634) were purchased from Sigma-Aldrich.
Because of the sensitivity of fibrillization to seeding and
contamination, all glassware was thoroughly cleaned before use.
Insulin was dissolved in a solution at pH 1.6 (0.025 M HCl)
containing 0.1 M NaCl in deionized water. Once the insulin
was dissolved, the solution was cooled to 10 °C before being
filtered twice through a 0.2 μm syringe filter. Finally, pH cycling
was used to precipitate the insulin and then redissolve it to
maximize purity and homogeneity. Filtration combined with
pH cycling has been shown to significantly decrease variability
between experimental trials.25,26 All experiments were
performed at an insulin concentration of 1 mg/mL after
filtration. The fibrillization rate was increased by the use of low
pH, high ionic strength, and elevated temperature (65 °C) such
that seeding and/or preincubation were not necessary. Mass
spectroscopy data for human and bovine insulin processed in
this way are given in Figures S11 and S12.
Turbidity Measurements and Flow Apparatus. The

rotating Couette apparatus used for this experiment is
composed of a stationary inner cylinder (Ri = 2.22 cm) and a
rotating outer cylinder (Ro = 2.5 cm) constructed from

precision bore borosilicate glass (height h = 0.9 cm). The
system was dismantled, and the two cylinders were thoroughly
cleaned between each use and recentered for every experiment.
A system for in situ detection of amyloid formation from
soluble insulin was developed using a 1 mW Helium−Neon
laser. The laser is directed through the sample, and laser
intensity is recorded with a digital camera at intervals of 10 s. As
protein aggregates begin to form, the sample becomes turbid
and the laser transmission decreases. The increase in turbidity
was shown to correspond to the formation of amyloid fibrils by
comparing the laser signal to the increase in fluorescence when
using protein tagged by Thioflaven T (See Figure S10). The
experimental apparatus (shown in Figure 1) was placed inside
an insulated enclosure and heated by a temperature-controlled
radiator.

It is notable that the formation of amyloid fibrils from bovine
insulin is retarded by continuous laser exposure.27 Because of
this effect, control experiments were conducted to test the
influence of the laser within the system (Figure S5). This
experiment demonstrated that both bovine and human insulin
fibrillize slower with laser exposure, but the difference is modest
and the effect is similar for both insulin variants. To control for
this effect, all experiments were performed with consistent laser
exposure.
The insulin solutions placed in the rotating Couette flow

system were covered with a layer of mineral oil (Sigma-Aldrich,
M5904) for a variety of reasons. First, the aqueous protein
solution would evaporate if left open to the environment
because the system operates at a high temperature (65 °C).
Evaporation would lead to increased protein concentration and
influence the fibrillization kinetics in a manner that would be
difficult to control.3 Second, the air−water interface has been
shown to have a significant influence on fibrillization
kinetics.15,17 Mineral oil is commonly used to eliminate the
air−water interface in biological applications because of the
relatively low propensity of proteins to interact with it.28

Microplate Absorbance Measurements. A BioTek plate
reader was used to measure the absorbance of the insulin
solutions at 280 nm, and Gen5 Data Analysis software
determined the concentration of soluble insulin from sample
aliquots. Aliquots of 20 μL were removed from the Couette
flow device at specified times throughout the fibrillization
experiments and placed in 0.2 mL PCR tubes. The tubes were
centrifuged at 6000 rpm for a period of 10 min to remove
aggregated protein prior to measurement. Following centrifu-
gation, each time point was measured in duplicate using 4 μL of
solution in each well. Control experiments at much higher

Figure 1. Schematic of the flow apparatus consisting of a rotating
Couette device and laser probe to detect changes in solution turbidity
(not to scale).
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centrifugation speeds demonstrated no changes to the signal
(Figure S9).
Atomic Force Microscopy. After amyloid fibril assembly

was complete, 30 μL of protein solution was deposited onto
mica disks (Ted Pella, 50) and protein was allowed to adsorb
for a period of 20 min. Samples with adsorbed protein were
then rinsed with DI water and left to dry. Samples were sparged
with an air stream immediately before imaging to reduce dust
accumulation. An AFM (Agilent, MFP3D) was used in tapping
mode using cantilever tips with a spring constant of 2 and
frequency of 70 kHz (Asylum Research, AC240TS).
Circular Dichroism Spectroscopy. Fifty microliter

aliquots of solution taken from the Couette flow device were
diluted in DI water for a total volume of 300 μL. These samples
were then analyzed using a CD Spectrometer (Jasco, 815) at
wavelengths of 190 to 260 nm. Relative values for different
protein structures could then be determined using the size and
position of spectrum peaks in relation to a set of calibration
standards for insulin. Representative circular dichroism plots
are presented in Figure S4.
Data Analysis and Parameter Determination. Two

different models were used to study the kinetics of the
fibrillization process, a traditional sigmoidal fit and a two-
parameter crystallization model. For both models, nonlinear
regressions in MATLAB were used to fit time series data to find
the best curve fits using data obtained from both the UV
measurements and from the turbidity probe. The traditional
sigmoidal equation typically used in analyzing fibrillization
kinetics is
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where C is the concentration of monomeric protein, Co is the
initial concentration, and t is the time. This equation provides
intuitive mathematical parameters for the time at which the
signal is at 50% (t1/2) and the slope (n) of the curve. The
kinetics for sigmoidal models are often interpreted using an
apparent rate constant, and fibrillization kinetics have been
traditionally quantified using such a constant. This rate constant
is a function of both the time required for fibrillization and the
slope of the curve, and captures the general reaction speed for a
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constant was determined as

= −k
t t

2
app

1/2 lag (2)

where tlag is related to the onset of conformational change and
was calculated by finding the maximum slope of the sigmoidal
curve and extrapolating to the pretransition base.29

The second model used was the two-parameter Finke−
Watzky crystallization model, which was originally derived to
describe transition-metal nanocluster formation
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where k1 is the rate constant for nucleation and k2 is the rate
constant for growth. The two independent parameters,
nucleation and elongation, make this model useful for
determining which steps are most altered by shear. The
Finke−Watzky model has proven valuable for accurately
describing amyloid fibril kinetic data.30,31 The assembly of
proto-fibrils into fibrils is not captured mathematically by either
model, and was instead evaluated using AFM imaging.

Determination of Mean Shear. For the concentric
cylinder geometry with a rotating outer wall described here,
the mean shear rate can be determined as

γ ̇ = Ω

+ ( )
2

1 R
R

2
i

o (4)

where γ ̇ is the mean shear rate, Ω is the rotation rate of the
outer cylinder in radians per second, Ri is the radius of the inner
cylinder, and Ro is the radius of the outer. It should be noted
that the shear rate presented here is the mean, two-dimensional
shear rate while in reality the level of shear in the channel is not
perfectly uniform and is dependent on the three-dimensional
boundary conditions.

■ RESULTS AND DISCUSSION
Measurements of soluble protein obtained via the microplate
reader for both human and bovine insulin were performed at six
different mean shear rates (0, 20, 40, 75, 110, and 150 s−1), with

Figure 2. Soluble insulin concentration as a function of time for different shear rates measured using the microplate reader. Curves were produced by
averaging the sigmoidal parameters of four experiments and then plotting the average fitted curves.
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the results presented in Figure 2. All experiments were repeated
four times. The data exhibited typical sigmoidal trends and
were analyzed using eq 1. Examples of raw data obtained from
both the soluble protein measurements and from the laser
turbidity measurements are presented in Figures S1−S3, which
also demonstrate the accuracy of both curve-fits.
Figure 2 shows significant difference between the assays in

the absence and presence of shear. The difference between the
largest (150 s−1) and the smallest shear rates (20 s−1) is small
compared to the significant difference between zero shear and
the lowest shear rate (20 s−1), a result that has been observed
by previous studies.32 Human insulin is modestly more
responsive to different shear levels than bovine insulin. The
assays presented in Figure 2 were created from the average
parameters of the sigmoidal fit (t1/2 and n) from four
independent experimental trials.
The laser probe (see Figure 1) was originally incorporated to

provide a real-time signal for fibrillization and to reduce the
number of experiments that required physical aliquots to be
withdrawn and analyzed using the microplate photometer.
However, it was discovered that the reduction in the soluble
insulin concentration occurred well before the laser trans-
mission was reduced by increased solution turbidity, as seen in
Figure 3. This result was unexpected because quiescent
experiments have previously demonstrated that the decrease
in insulin concentration is well correlated with the increase in
fibrillar aggregates (Figure 3, top panel).3,13 Our results indicate

that imposition of shear alters this behavior. The curves
presented in Figure 3 are the sigmoidal fits from discrete
experiments (both the laser and soluble data were obtained
during the same experiment), as opposed to the average curves
presented in Figure 2.
It is notable that the difference between the data for laser

transmission and the soluble insulin concentration increases
with increasing shear. The laser transmission detects the
concentration of fibrils and aggregates that are large enough to
result in increased turbidity. The soluble insulin concentration
provides an indirect measurement of protein aggregates, as the
difference between the initial concentration and the remaining
soluble concentration after sedimentation is equal to the
concentration of insulin that has aggregated. The difference
between the two curves may be attributable to the presence of
small, aggregated species that form under shear and are not
detected via turbidity measurements. Previous investigations
have also found evidence of shear-induced precursor nuclei
species that form at the onset of shear but are not present in
experiments with heating.8,17,32 In addition, molecular dynamics
simulations have predicted the existence of intermediate species
in shear-induced protein unfolding that do not form via other
unfolding pathways.11

There are modest differences between the overall fibrilliza-
tion rates of bovine and human insulin as a function of shear.
Both molecules respond strongly to the onset of shear, and
demonstrate nearly identical t1/2 values at all values of mean
shear rate (Figure 4). This result is unexpected, as previous

experiments have concluded that bovine insulin fibrillizes much
faster than human insulin under quiescent, heated condi-
tions.20,22 Indeed, we confirmed the latter result by conducting
quiescent control experiments using a heat bath (using the
same protein solutions used for the shear experiments). At a
constant temperature of 65 °C, bovine insulin fibrillized
approximately three times faster than human insulin (Figure
S6). These results suggest bovine insulin fibrillized at nearly the
same rate as human insulin within the Couette device for
reasons other than simple differences in protein preparation
and analysis. Additional control experiments were performed to
eliminate uncertainties regarding the effect of the hydrophobic

Figure 3. Sigmoidal model fits for the normalized turbidity data
(detected by laser transmission) and concentration of soluble human
insulin (detected by photometry). Discrete points for the soluble
insulin concentration are shown.

Figure 4. Time required to reduce the initial insulin concentration by
half (t1/2 from eq 1) as a function of shear rate. Error bars represent
standard deviations for four trials.
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mineral oil interface on fibrillization kinetics, with the
conclusion that mineral oil affects human and bovine insulin
in similar ways (Figure S7).
AFM images of the aggregates resulting from the shear

experiments highlight differences between the shear responses
of the human and bovine insulin fibrillization processes (Figure
5). Within the rotating Couette device it was observed that
both types of insulin formed fibrils under shear and that the
addition of shear resulted in shorter fibrils, a finding that is
consistent with previous reports.6,17 The decreased fibril length
may be due to fracturing of the fibrils at high shear rates or to
shear-related inhibition of growth from proto-fibrils into mature
fibrils.17 While both types of insulin demonstrated some
resistance to forming long fibrils at high shear rates, the physical
structures of the two generally differ. Under quiescent
conditions, bovine insulin formed fibril-like structures in
which individual aggregate “beads” are observed. This suggests
that nucleation seeds may have formed first, and the connection
of these beads into fibrils occurred later. Numerous AFM
images showing these bead-like structures were obtained for
bovine insulin under quiescent conditions, while no beads were
found in any of the images of human insulin aggregates. A
previous report also found that bovine insulin formed
nonfibrillar aggregates under low shear and fibrils under high
shear within a Couette device.6 Additional images showing
aligned bead aggregates from different quiescent bovine
experiments are presented in Figure S8. Under all conditions,
bovine insulin fibrils are thinner and rougher than human
insulin fibrils.

Fibrillization kinetics of human and bovine insulin were
compared by plotting the apparent rate constant eq 2) against
the mean shear rate (Figure 6. This analysis suggests that
bovine insulin fibrillizes slightly faster than human insulin. This
is due to the bovine insulin assay curves having modestly larger
slopes, despite the value of t1/2 being similar for the two insulin
variants.

Figure 5. AFM images of insulin samples after exposure to different shear rates. The samples were obtained at the end of the shear experiments and
deposited on mica. The micrographs are 3 × 3 μm.

Figure 6. Apparent rate constant (kapp from eq 2) for insulin
fibrillization as a function of the shear rate. Error bars represent
standard deviations for four trials.
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Although the apparent rate constant captures the general
mathematical trend of the reactions, it fails to capture the actual
kinetic rates of discrete steps in amyloid formation. For a more
detailed analysis, the Finke−Watzky crystallization model eq 3
was used to separate the nucleation and elongation steps.
Figure 7 compares the nucleation constant k1 for human and

bovine insulin obtained from a regression fit of the data.
Interestingly, there appears to be a peak value of the nucleation
rate constant at intermediate shear rates for both human and
bovine insulin. This peak indicates that shear above a critical
value inhibits nucleation. Previous work has demonstrated that
there is a minimum fibrillization time (t1/2) at intermediate
values of shear for apolipoprotein-C,7 and that whey protein
has a peak fibrillization rate at intermediate values of shear.33

This suggests that a critical shear rate for maximum nucleation
rate occurs for different types of proteins.
An analog to this observation was recently reported in which

pressure-jump kinetics of protein folding and unfolding were
investigated.34 It was determined that there exists an
intermediate pressure where neither folding nor unfolding
rates dominate and the value of the inverse sum of the two rates
has a maximum peak. The position and size of the peak
depended on the protein structure, and specifically on the
volume of internal cavities within the protein. Similarly, many
nucleation-dependent crystallization reactions are known to
exhibit a peak rate at intermediate temperatures.35−37

It is possible that the primary effect of shear on nucleation is
to increase the number and energetics of molecular interactions
between insulin monomers. Increasing shear allows more
successful reactions to occur until a point at which molecules
are moving too fast for collisions to successfully result in
reaction and nucleation. Previous reports have posited that
shear increases polymerization of nuclei at low shear rates, but
at higher shear rates the extensional component of the flow
overwhelms the strength of the hydrogen bonds required to
stabilize aggregating nuclei.17,33

The nucleation rate constant for human and bovine insulin
exhibit different peak values, and the difference between the
two is particularly notable at 75 s−1. Figure S4 gives the circular
dichroism analysis of experiments conducted at 75 s−1. It is

interesting to note that the human insulin spectrograph shows
only small losses in α helix structure for the first 16 min, but by
the time the 20 min sample was taken the α helix structure had
decreased significantly, giving way to β sheet structures. This
same large drop was not observed for the bovine insulin at 75
s−1. It is likely that this difference is related to the nucleation
rate constant, as a faster nucleation rate results in a much faster
transition between soluble and fibrillized protein.
The second parameter of the Finke−Watzky model is the

elongation rate constant, k2, plotted in Figure 8. The elongation

constant refers to the rate that native monomers are removed
from solution following nucleation. At higher shear rates the
effect of mixing in solution will be more pronounced because of
the increased velocity gradient. Because human and bovine
insulin have similar rate constants when exposed to the same
flow field, it can be inferred that this constant is better
correlated to the effect of mixing than it is to the effects of shear
on the molecules themselves. This is contrasted to nucleation
where higher velocity gradients do not correspond to an
increased rate. It can be observed that the compensatory effects
of the two Finke−Watzky rate constants combine in a way that
recovers kapp.
Unfolding and aggregation of protein has been demonstrated

to be vastly increased by flow here and in many previous
studies. However, the mechanism for this kinetic increase is
unclear. The theory that shear-induced extensional force results
in breaking of the tertiary structure hydrogen bonds is
supported by observations of large polymeric proteins under
shear fields. For example, the effect of shear on multimeric
human von Willebrand Factor (VWF) is thought to be
responsible for clotting behavior of blood at the site of an
injury. It has been found that shear forces are able to disrupt
domain interactions and induce stretching of the VMF
molecule, leading to conformational changes and aggrega-
tion.38,39 However, it is not possible to apply this hypothesis to
smaller molecules because the force required to break the
hydrogen bonds of proteins is far too great to have been
imposed by shear. VWF multimers range between 500 and
20 000 kDa in size, while insulin is only 5 kDa and unlikely to

Figure 7. Nucleation rate constant for human and bovine insulin
fibrillization (k1 from Finke−Watzky model, eq 3). Error bars are
standard deviations for four replicates.

Figure 8. Elongation rate for insulin fibrillization as a function of shear
rate (k2 of Finke−Watzky model, eq 3). Error bars are standard
deviations for four replicates.
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experience the extensional strain required for conformational
change. Other theories predict that alignment of monomers
within a shear field results in fibril formation. However, it can
be argued that proteins on the order of 5 kDa are essentially
isotropic and too small for significant alignment to occur. Flow-
induced alignment may play a role in elongation but not in
nucleation.

■ CONCLUSIONS
The observed nonmonotonic effect of shear on the nucleation
rate of insulin aggregation is novel. Previous studies7,33 had
reported peak fibrillization rates at intermediate shear but the
present results are the first to demonstrate that nucleation is the
mechanism responsible for this observation. It is clear that
nucleation is not a simple function of increased shear, but
rather is dependent on the energetics of molecular interactions.
These results suggest that shear-induced mixing is an important
mechanism that may have been underestimated by previous
reports. It should be noted that a previous investigation
asserted that the effect of agitation on fibrillization was not due
to increased mixing and mass transfer, but was instead due to
effects of hydrophobic interfaces in conjunction with
agitation.15 Only a small proportion of the interface was
hydrophobic in the present experiments, but it may have played
a role in fibrillization. However, the fact that a peak nucleation
rate was observed at intermediate shear levels with a fixed
hydrophobic proportion suggests that interfacial effects alone
do not fully explain shear-induced fibrillization.
While many fibrillization studies report kinetics in terms of

the apparent rate constant or via the raw data that comprises
fibrillization assays, there is opportunity to further probe
molecular mechanisms via kinetic models. The Finke−Watzky
model proved useful in isolating the effect of shear on the
separate stages of fibrillization. The compensatory behavior of
the nucleation and elongation rate constants effectively
demonstrates that while apparent rate constants can be useful
for making general statements about fibrillization kinetics, the
individual steps should be considered separately to ascertain
sufficient information about the process.
The lag between the curves showing the decrease in soluble

insulin concentration and the increase in turbidity (Figure 3)
necessitates caution in interpretation of data when using
turbidity methods to detect aggregates under flowing
conditions. The variation of the observed lag with shear rate
suggests the existence of small aggregates that are created by
shear. These intermediate species are likely related to the
differences observed between quiescent and shear-induced
fibrillization rates and mechanisms, particularly in regard to
nucleation pathways.
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