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ABSTRACT: Amyloid ﬁbrils are characterized by a structural arrangement of cross
β-sheet as a common motif. However they can also experience a more complicated
packing into a variety of 3D supramolecular structures (polymorphism). Conﬁnement and ﬂow rate play a crucial role in protein aggregation in living systems, but
controlling such parameters during in vitro experiments still remains an unsolved
problem. Here we present evidence of the eﬀect of ﬂow rate on the aggregation
process in a conﬁned environment using microﬂuidics. Speciﬁcally, we show that a
gradual transition from spherical aggregates, that is, spherulites, to thick ﬁber-like
structures takes place as a result of increasing the ﬂow rate. Such results have
implications both for a basic understanding of the mechanism behind aggregation
phenomena and in the development of novel biomaterials.
SECTION: Biophysical Chemistry and Biomolecules
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biophysics to medicine, where this knowledge is urgently
needed.12
Here we exploit microﬂuidic channels to study the eﬀect of
ﬂow rate on protein aggregation reaction in a conﬁned
environment with a focus on its eﬀect on the ﬁnal large-scale
aggregate morphology. Speciﬁcally, we prove for the ﬁrst time
that the aggregate morphology undergoes a transition from
spherical aggregates (amyloid spherulites) and thin ﬁbrils to
elongated superstructures as a direct consequence of the
increasing ﬂow rate. We characterize such superstructures by
cross-polarized and ﬂuorescence microscopy, Fourier-transform
infrared spectroscopy (FTIR), and scanning electron microscopy (SEM), revealing a ﬁber-like arrangement with a
signiﬁcant content of β-sheet structures.
The eﬀect of shear force on protein stability has been studied
using diﬀerent approaches, such as a Couette setup,13,14
mechanical shaking of the sample holder, and stirring the
protein solution.14,15 Such approaches have mainly led to the
conclusion that shear force accelerates the rate of ﬁbril
formation.13 Interestingly, the capability of shear ﬁelds to
drive the unfolding of the native structure was suggested for Aβ
peptide with the formation of single amyloid ﬁbrils being
favored at high shear rate.15,16 Moreover, the shear-induced
formation of conformationally diﬀerent amyloid ﬁbrils (microscopic polymorphism) has been reported for insulin, pointing to

ndergoing a non-native self-assembly reaction is a
possible and general pathway for many proteins and
peptides.1,2 Such aggregation processes are mainly related to
high-impact neurodegenerative diseases such as Alzheimer’s
and Parkinson’s, in which the role of elongated aggregates (i.e.,
amyloid ﬁbrils) is still a matter of debate.3,4 Moreover, ﬁbrils
present peculiar properties such as size and structure that
suggest their exploitation as new biocompatible materials for
bionanotechnology and nanomedicine.5
Single amyloid ﬁbrils are only one of the possible ﬁnal results
of an aggregation reaction. In fact, ﬁbrils may generally preserve
their basic structural arrangement of cross β-sheet yet
experience diﬀerent packing into 3D supramolecular structures
(macroscopic polymorphism).6,7 Interestingly, diﬀerent morphologies could be associated with a variety of biological activities.8
Therefore, understanding which factors determine the growth
of a speciﬁc morphology is crucial.
Most of the current scientiﬁc activities are focused on studies
performed in bulk solution. On the one hand, such an approach
gives the opportunity to tune physicochemical parameters of
the solution (e.g., pH, protein concentration, and salt),
providing key information about some of the molecular
mechanisms behind aggregation reactions.9−11 On the other
hand, such studies do not include the possibility for a
geometrical conﬁnement of the protein molecule in a ﬂow
regime, which is a typical scenario for in vivo protein
aggregation.12 As a consequence, fully mimicking in vivo
conditions during in vitro experiments still represents a
challenging task with a broad relevance that spans from
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and time-lapse cross-polarized optical microscopy analysis was
performed in the x−y plane. The temperature in the
polydimethylsiloxane (PDMS) microﬂuidic device (see the SI
for fabrication details) was controlled through a programmable
heating stage set to 60 °C (Figure 1). The design of the channel
allowed for conﬁnement in the z direction (∼16 μm in height),
whereas the width (x axis) and the length (y axis) were 1 mm
and 1 cm, respectively (see the SI).
In the regime of low ﬂow rate (0.1 μL/min) and after 24 h of
injection in the heated device, cross-polarized images reveal the
well-known Maltese cross pattern of amyloid spherulites7
(Figure 2a) with the ﬁrst spherulites already occurring after
∼300 min (see Figure S2a in the SI).
This result resembles the observation obtained under
quiescent conditions (Figure S1a,b in the SI), with a massive
occurrence of such spherical aggregates. Interestingly, using
quantitative image analysis, signiﬁcant diﬀerences in the average
radius of spherulites are detectable depending on the area of the
channel. Diameters of spherulites within 100 μm of the edges of
the channel show an average value of 29 ± 3 μm (Figure 2b),
whereas spherulites within the central part of the channel are
signiﬁcantly smaller (20 ± 3 μm, Figure 2c). Moreover, the
spherulites’ shape deviates from a perfect sphere, especially in
the central part of the channel, and some of them present a
rather evident ellipsoidal appearance in the x−y plane (inset in
Figure 2c). Using ComSol simulations, we calculate the ﬂow
velocity along the channel (see Figure S2b in the SI). In
proximity of the edge, the proﬁle clearly shows a drop of the
velocity compared with the central part of the channel. This
evidence could, in principle, account for the diﬀerences in size
and shape between spherulites of diﬀerent areas, suggesting a
change in the aggregate morphology at increasing ﬂow rate.
To test this further, we performed two experiments at higher
ﬂow rates while keeping all other experimental parameters
unchanged. At a ﬂow rate of 0.5 μL/min, only a few spherulites
appear in the channel at the end of the kinetics (∼800 min,
arrows in Figure 2d). Moreover, birefringent areas can be seen
in the central part of the channel (Figure 2d). Such areas are
already present after ∼300 min, and their intensity grows over
time following a three-step process with a plateau at ∼800 min
(Figure S3a,b in the SI). At an even higher ﬂow rate (1 μL/
min) no signiﬁcant occurrence of spherulites is detected, and at
the end of the kinetics only highly birefringent superstructures
are present (Figure 2e). The latter occur already after 150 min,
and the birefringence grows along the channel until a plateau is
reached at ∼400 min (see Figure S3a,c in the SI). Under the
action of mechanical stirring, thin elongated ﬁbrils tend to align
laterally to form bundles of ﬁbrils.17 In our system, an increase
in the ﬂow rate combined with the conﬁnement of the system
both prevents the formation of spherical aggregates and favors
the formation of diﬀerent superstructures. Importantly, for the
experiments at 0.1 and 0.5 μL/min, even longer injection/
incubation times (up to 3 days) never lead to the development
of the superstructures of Figure 2e (data not shown).
Moreover, it is worth noting that in the quiescent regime,
even at very high concentrations, solutions of insulin
undergoing aggregation do not result in the formation of the
structures as observed in Figure 2e.29 This all suggests that the
applied ﬂow rate and the accompanying shear force play a
major role in the drastic change in morphology observed in
Figure 2.
The secondary structure of the clusters observed under 1
μL/min ﬂow rate was investigated by Thioﬂavin T (ThT)

the potential eﬀect of this parameter on both the microscopic
ﬁbril morphology and speciﬁc chemical properties of ﬁbrils.17,18
However, how the large-scale arrangement of aggregates of
amyloid assemblies (μm range) is inﬂuenced by shear ﬁelds is
still not clear. This lack of knowledge is partially due to the fact
that the above-mentioned methods do not allow for either
quantitative control of the ﬂow rate in a conﬁned environment
or a real-time morphological investigation. Moreover, in most
of these settings the ﬂow is highly heterogeneous in the sample
volume, providing poorly controlled shear conditions that are
diﬃcult to quantify.19,20
Microﬂuidic setups can process small amounts of ﬂuid in a
laminar ﬂow regime within channels ranging from a few to
some hundreds of micrometers in width and height.21 These
advantages lead to a wide use of microﬂuidics in cell biology,22
drug delivery,21 and screening.23 The possibility of inducing
protein aggregation in microchannels was previously reported
by Lee and coworkers,24−26 and recently a microdroplet assay
has been shown to be eﬀective in studying the early stages of
the aggregation process.27
In this letter, we use insulin as a model system. The
aggregation processes of this protein are also of practical
importance within the context of controlling the stability of
formulations in diabetes treatments.27 Samples were prepared
in HCl solution (pH 1.75) at a protein concentration of 1 mg/
mL (see Supporting Information, SI). We preliminarily
investigated the aggregation process under quiescent conditions
and in the absence of conﬁnement. After 24 h of incubation at
60 °C, proteins aggregate and form thin elongated ﬁbrils and
spherical aggregates, that is, amyloid spherulites (see Figure S1
in the SI). In agreement with previous reports, spherulites with
an average radius of ∼20 μm are the dominant species,28 and
they are easily detectable using environmental scanning
electron microscopy (ESEM, see Figure S1a,b in the SI) and
cross-polarized microscopy.28 To monitor aggregation under
controlled shear ﬂow, we then investigated the aggregation
process in microﬂuidic channels. Figure 1 shows a schematic of
the experimental setup used for our experiments.
A solution of native insulin was injected at controlled ﬂow
rates (in the range 0.1 to 1 μL/min) into the microﬂuidic chip,

Figure 1. Experimental setup for the investigation of the ﬂow-induced
polymorphism. Native protein solution is injected into the microﬂuidic
chip via a pump. The chip temperature is kept at 60 °C using a heating
stage. Protein aggregation is followed in real time by cross-polarized
optical microscopy.
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Figure 2. Cross-polarized optical microscopy images at the end of the aggregation kinetics for 1 mg/mL bovine insulin pH 1.75 at 60 °C. (a)
Spherulites formed after 24 h of incubation under 0.1 μL/min ﬂow rate. Distribution of spherulite diameters (b) close to the edges and (c) in the
central part of the channel for spherulites formed at 0.1 μL/min ﬂow rate. (d) 0.5 μL/min ﬂow rate after 800 min and (e) 1 μL/min ﬂow rate after
400 min. Dotted lines in panels a, d, and e highlight the channel lateral walls (1 mm width). Arrows in panel d indicate spherulites.

Figure 3. (a) Thioﬂavin T ﬂuorescence of aggregates obtained after incubation at 60 °C under 1 μL/min ﬂow. (b) FTIR-ATR of native structure
(red) and aggregates obtained under 1 μL/min ﬂow (blue). (c) High-magniﬁcation view of the structures. Arrows indicate ﬁbers aligned with the
ﬂow.

structure (1651 cm−1, Figure 3b). This clearly indicates that the
ﬂow acts on a higher hierarchical level: large-scale packing is
strongly modulated by the ﬂow rate, whereas the building
blocks of the aggregates are still characterized by a high content
of β-sheets. A higher magniﬁcation image shows the appearance
of the superstructures: worm-like morphology together with
ﬁbers in the range of several micrometers can be distinguished
(Figure 3c). Moreover, ThT ﬂuorescence shows that some of
the structures are aligned with the ﬂow, resembling what has

staining 30−32 and ex situ FTIR (ATR conﬁguration).
Fluorescence microscopy analysis of the channel after 400
min shows a brightly ﬂuorescent ThT signal (Figure 3a).
This proves that the observed superstructures are able to
bind to ThT, suggesting the presence of β-sheet cavities
available for the binding.30 This has been further corroborated
by FTIR investigation of these superstructures that reveals an
enrichment in intermolecular β-sheet (1627 cm−1) and β-turn
structures (1670 cm−1)33 with no evidence of native α-helical
2805
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previously been observed with collagen ﬁbers in microchannels.34 Interestingly, in our system the aligned structures
are mainly localized in the central part and at the edge of the
channel (arrows in Figure 3c).
We then used SEM to single out structural details of the
observed superstructures. Very thick and long ﬁbers are
detected with length up to ∼100 μm and thickness of several
micrometers (Figure 4a,b) together with randomly oriented
aggregates (arrows in Figure 4a and higher magniﬁcation in
Figure 4c).

also show that the shape of large spherical aggregates (i.e.,
spherulites) can radically change as an eﬀect of the shear ﬂow.
Our work provides an experimental tool for mimicking in
vivo conditions during in vitro experiments. In fact, hydrodynamic ﬂows of physiological ﬂuids,12 geometric conﬁnement
of the molecules,36 and interaction of proteins with surfaces
with diﬀerent characteristics37 are key factors in the development of in vivo protein aggregation and in determining the
course of pathogenesis. Our well-controlled and low-cost
experimental setup allows one to simultaneously control all of
the above-mentioned parameters. We show that microﬂuidic
technology coupled to numerical simulations can be easily used
to study the quantitative eﬀect of shear ﬂow on the aggregate
morphologies. However, controlling the fabrication of the
channel and the coating of its internal surfaces easily oﬀers the
possibility of systematically studying the eﬀect of diﬀerent
degrees of conﬁnement in the presence of either hydrophobic
or hydrophilic surfaces.
Finally, our ﬁndings may also have implications for
controlling the production of novel biomaterials. Amyloid
ﬁbrils have potential in a variety of biotechnology applications.38 However, realization of amyloid-based devices is limited
by the lack of control over the morphology and alignment, both
crucial for applications.38,39 Our results show how the size of
the ﬁbers can potentially be modiﬁed by the ﬂow rate,
providing a new framework in which to rationalize and control
the processing of these technological relevant materials.

■

Figure 4. (a) SEM images of elongated ﬁbers and randomly oriented
aggregate close to the ﬁber surface (indicated by arrows) obtained
under 1 μL/min ﬂow. (b) Higher magniﬁcation view of the ﬁber and
of (c) randomly oriented aggregates. (d) Simulation of the velocity
proﬁle along the channel at 1 μL/min and in the presence of a 100 μm
long stationary object (white rectangle). The velocity scale
corresponds to shear rates from 10 (dark blue) to 500 s−1 (dark red).

EXPERIMENTAL METHODS
Bovine insulin was obtained from Sigma Aldrich (I5500) and
dissolved at 1 mg/mL protein concentration in solution at pH
1.75 (see SI for details), and experiments were performed as
shown in Figure 1. Please refer to the SI for full details of
sample preparation, device fabrication, theoretical simulations,
and experimental techniques.

■

The former ﬁbers could be imagined to form by a variety of
routes: the coalescence of thin ﬁbrils, subsequent addition of
single protein molecules, or further association of disrupted
ﬁbrils. However, they are not observed under quiescent
conditions, where the length and thickness of amyloid ﬁbrils
are in the range of few micrometers and nanometers,
respectively (see Figure S1c,d in the SI). Regarding the
randomly oriented aggregates, their origin could be related to
the highly stochastic nature of insulin aggregation process.35
Few stable aggregates are generally formed in the early stages
aﬀecting the ongoing process.11 Under ﬂow, once they are
formed they could aﬀect the map of velocities within the
channel. Simulation in the presence of a stationary object
indeed shows deviations from the laminar ﬂow close to the
object surface (Figure 4d). Such a scenario can likely be the
case in our system, and irregularity in the ﬂow can potentially
modify the further growth, favoring the onset of randomly
oriented aggregates, as observed in Figure 4a,c.
Our data show that geometrical conﬁnement and ﬂow rate in
microﬂuidics control the aggregate morphology type. In the
quiescent regime, amyloid spherulites and (thin) amyloid ﬁbrils
are formed, whereas increasing the ﬂow rate in a conﬁned
geometry leads to the formation of clusters of very thick ﬁbers.
The ﬂow rate aﬀects the 3D packing of the ﬁnal aggregate but
leaves the structural β-sheet arrangement as a constant. These
ﬁndings match recent reports suggesting that an abrupt and
highly cooperative collapse of early stage ﬁlaments can occur in
the presence of intensive agitation.17 Importantly, our results
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