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Some of the most remarkable materials in nature are made from
proteins. The properties of these materials are closely connected
to the hierarchical assembly of the protein building blocks. In this
perspective, amyloid-like protein nanofibrils (PNFs) have emerged
as a promising foundation for the synthesis of novel bio-based ma-
terials for a variety of applications. Whereas recent advances have
revealed the molecular structure of PNFs, the mechanisms associated
with fibril–fibril interactions and their assembly into macroscale
structures remain largely unexplored. Here, we show that whey PNFs
can be assembled into microfibers using a flow-focusing approach
and without the addition of plasticizers or cross-linkers. Microfocus
small-angle X-ray scattering allows us to monitor the fibril orienta-
tion in the microchannel and compare the assembly processes of
PNFs of distinct morphologies. We find that the strongest fiber is
obtained with a sufficient balance between ordered nanostructure
and fibril entanglement. The results provide insights in the behavior
of protein nanostructures under laminar flow conditions and their
assembly mechanism into hierarchical macroscopic structures.

protein nanofibrils | amyloid | hierarchical assembly | flow focusing |
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Proteins are widely used in nature to create high-performance
materials that can have both extraordinary mechanical prop-

erties (similar to muscles, silks) and sophisticated functionalities
(e.g., adhesion, biological signaling) (1). The characteristics of
these materials are intimately connected to the hierarchical as-
sembly of the protein building blocks with well-defined organiza-
tion at all structural levels (2). Improved knowledge about how to
control the assembly of protein molecules into higher-order
structures would open the possibilities to create novel bio-based
materials for a variety of applications. In this perspective, the
ability of protein molecules to undergo nonnative self-assembly
into protein nanofibrils (PNFs) with highly organized supramo-
lecular structures is of significant interest (3). The formation of
PNFs was initially observed in association with diseases, such as
Alzheimer’s and Parkinson’s diseases, and type II diabetes, where
human organs are impaired by fibrous protein inclusions referred
to as amyloid (4). However, several non–disease-related proteins
have also been shown to form amyloid-like fibrils, e.g., the bovine
whey protein β-lactoglobulin (5), hen-egg lysozyme (6), and soy-
bean proteins (7). The unique fibrous structures of PNFs have the
potential for being the building block of protein-based nano-
materials and to be used as scaffolds for applications such as tissue
engineering, drug delivery systems, and biosensors (3). PNFs are
characterized by intermolecular β-sheet structures, where the
peptide backbones are oriented perpendicularly to the fibril axis
and connected through a network of hydrogen bonds (4, 8). This
provides them with stiffness equivalent to silk and strength com-
parable to steel (2, 8). Moreover, the PNFs are often found to be
polymorphic with respect to their molecular structure, length
distribution, and degree of curvature, depending on the starting
material and the conditions for fibril synthesis (2, 4, 9, 10), which

might open for design of material properties by the use of dif-
ferent nanoscale building blocks.
In bottom-up assembly of materials based on PNFs, it is crucial to

gain control over the microscale structures formed by them. The
phase behavior of PNFs in relation to physiochemical parameters
(e.g., pH, protein concentration, and ionic strength) has been studied
in bulk solution (11), providing some understanding of their microscale
assembly mechanisms. However, forced extension toward alignment
of fibrils is a common component of wet spinning techniques, which
have emerged as promising procedures for controlled fiber forma-
tion (12–18). We here make use of recent insights into the be-
havior of nanofibrils under elongational flow and the developments
in X-ray transparent small-scale flow devices and high-brilliance
microfocused X-ray beams (13, 17, 19) to carry out in situ investi-
gations of the assembly of PNFs during the flow orientation.

Results and Discussion
Preparation and Characterization of Whey PNFs. The whey protein
β-lactoglobulin forms amyloid-like fibrils under several different
conditions, including high concentrations of urea (20), in the
presence of alcohols (21), and at low pH and elevated temperature
(5, 22). At low pH and high temperature, the fibrillation proceeds
through hydrolysis of the protein into smaller peptide fragments
and some of these peptides spontaneously assemble into PNFs
(23). In the current study, we used whey protein isolate (WPI) as
starting material because it gives us access to large amounts of
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PNFs and is a potential raw material for industrial-scale production
of protein-based materials. PNFs formed from WPI when in-
cubated at pH 2, 90 °C, and low ionic strength for 1–3 d (Fig. 1 A
and B). Although WPI is a mixture of different proteins, previous
studies have shown that PNFs formed under the applied conditions
are built from β-lactoglobulin–derived peptides (24). Interestingly,
vandenAkker et al. demonstrated that pure β-lactoglobulin can
assemble into fibrils with different morphology depending on the
initial protein concentration (10). In their study, low protein con-
centration (3%) resulted in long and straight fibrils whereas short,
worm-like structures were formed at higher concentrations (7.5%).
We find that a similar morphological switch exists for PNFs formed
from WPI solution. At lower WPI concentrations (<4%), we ob-
tain straight and long (up to several micrometers) PNFs (Fig. 1A),
whereas at higher concentrations (>6%) the fibrils are short, more
aggregated, and have a higher degree of curvature (Fig. 1B). A
brief quantification of the morphological differences in terms of
persistence lengths showed that the average value of the straight
fibrils is ∼1,960 nm, which is almost 50× higher than for the curved
fibrils (41 nm) (Fig. 1C). Moreover, the straight fibrils have an
apparent height of 4.1 ± 1.1 nm whereas the curved fibrils are
thinner (2.5 ± 0.5 nm). Assuming that the straight fibrils are built
from 2–3 protofilaments, as described by others (10, 25), and that
these filaments have the same cross-sectional area as the curved
fibrils, we can get an estimate of the relative elastic moduli of the
two classes of PNFs. The straight fibrils then appear to have an
elastic modulus that is 15–25× higher than the curved fibrils. Val-
ues for PNFs similar to the straight fibrils have previously been
reported to be ∼5 GPa (26), which means that the curved PNFs
would have an elastic modulus between 0.2 and 0.4 GPa.
The PNF solutions were extensively dialyzed to remove non-

fibrillated proteins and peptides. The dialyzed dispersions of
straight, as well as curved, PNFs undergo a phase transition to a
gel (arrested state) when the pH is increased to 5.2 (Fig. 1 D and
E), which is close to the isoelectric point of β-lactoglobulin (11).
Importantly, the corresponding changes in pH for nondialyzed
samples resulted in macroscopic phase separation with opaque

aggregates rather than a gel, signifying that nonfibrillated pro-
teins could impede the gel network formation.

Flow-Induced Formation of PNF Microfibers. The pH-induced gel
transition of the PNF dispersions was explored in combination with
flow-induced alignment to assemble fibrils into microfibers. We
used a double-focusing millimeter-scaled device (Fig. 2 and Fig. S1)

Fig. 1. Two distinct morphological classes of PNFs formed from WPI. (A and B) AFM images of straight (A) and curved (B) fibrils prepared from initial WPI
concentrations of 4% and 8%, respectively. [Scale bars: 1 μm (A) and 0.3 μm (B).] (C) Plot of the squared end-to-end distance versus contour length for straight
and curved PNFs with the best-fit curves used to calculate the persistence lengths. (Inset) Final values of persistence lengths for straight and curved fibrils. (D and
E) Photographs of PNF dispersions, before (Left) and after (Right) the addition of acetate buffer (pH 5.2) for straight fibrils (D) and curved fibrils (E).

Fig. 2. Schematic of the double flow-focusing device used for fiber assembly.
All channels have a cross-section of 1 × 1 mm2. The PNF dispersion is injected in
the core flow. Deionized water injected in the first sheath causes alignment of
PNFs and prevents shear from the channel wall. Acetate buffer (pH 5.2) in the
second sheath further increases the alignment and initiates the transition to a
hydrogel through a change in pH, as illustrated in the zoomed view (Bottom).
The channel ends in a bath containing acetate buffer (pH 5.2).
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with a core flow of PNF dispersion and two focusing steps of the
sheath flows (27). The laminar flow conditions along the channel
enable precise control of pH, which is required for the transition
into a gel state for the PNF dispersions. At the first focusing step,
deionized water was used to enable the alignment of fibrils in the
presence of an elongational flow field, whereas the flow at the
second step contained acetate buffer at pH 5.2, which in turn
locked the aligned structure of PNFs. We first examined the as-
sembly of straight fibrils, where the concentration of PNF in the
core flow varied from 0.45% to 1.8% (the concentrations are
lower than the above-mentioned initial concentrations as they
refer to the pure PNF content of the dialyzed dispersions). Sur-
prisingly, no conditions were found where fibrils could be assem-
bled into fibers that were strong enough to be picked out from the
bath solution. Weak hydrogel fibers were obtained that were un-
able to withstand the surface tension at the liquid–air interface
when pulled out. The curved fibrils, on the other hand, were able
to produce hydrogel fibers that were strong enough to overcome
the surface tension (Fig. 3 A and B and Fig. S2). Notably, the fiber
formation with curved fibrils was possible at a concentration of
1.8%, where straight fibrils were not able to produce strong
enough hydrogel fibers. Importantly, nonfibrillar solutions of
WPI could not produce fiber-like structures at any concentra-
tion, highlighting the importance of ordered nanostructures in
the starting material.
The extracted hydrogel fibers were dried in air (Fig. S3) and

investigated with scanning electron microscopy (SEM). The im-
ages reveal a smooth surface with constant cross-section along the
diameter (Fig. 3E). From the close-up view of the fiber surface
(Fig. 3F), it can be seen that the PNFs are assembled into closely
packed graupel-like units of the dimensions of a few hundred
nanometers. Interestingly, this surface morphology is similar to
previous observations of the assembly of recombinant spider silk
proteins, where colloidal aggregates clustered together to form

higher-order structures (16). It is, however, different from mechan-
ically more rigid particles like cellulose nanofibrils, where rod-like
linearly arranged units were observed on the fiber surface (13). The
presence of amyloid-like structure in the fibers was confirmed by
fluorescence microscopy (Fig. 3 C and D), where a homogeneous
binding of the amyloidophilic dye thioflavin T over the fiber surface
was observed. This indicates that the fibers can be functionalized with
fluorophores as shown in other PNF materials (28). We also char-
acterized the mechanical properties of the fibers. Stress–strain curves
reveal a rather brittle material with modulus up to 288 MPa and
strain at break of ∼1.5%, as shown in Fig. 3G. Hence, the stiffness of
fibers is in the same range as expected for individual PNFs (2),
whereas the ultimate tensile strength is significantly lower. Interest-
ingly, the measured elastic modulus is in good agreement with the
estimated values for curved fibrils (vide supra).

In Situ Investigations of PNF Alignment. To understand the be-
havior of straight and curved PNFs in the flow-focusing
channel, we carried out synchrotron microfocus small-angle
X-ray scattering (μSAXS) experiments (29). A channel with
slightly modified geometry was used for these experiments. In
this channel the second focusing step was replaced by a con-
traction (Fig. 4A), because the gel transition was not required
for this study. However, both channel geometries function by
the same principle of elongational flow. The behavior of PNFs
was studied in terms of alignment defined by the order pa-
rameter calculated from the obtained μSAXS images (see
Methods for detail). An order parameter of 1 represents fully
aligned fibrils in the streamwise direction, whereas 0 repre-
sents an isotropic distribution (random orientation). The var-
iation of the order parameters along the channel indicated
increased alignment of fibrils immediately after the focusing
and the contraction steps (Fig. 4 B and C). Subsequently, the
order parameters decreased again, indicating relaxation of the

Fig. 3. Characterization of microfibers obtained from curved PNFs. (A) Photograph of a hydrogel fiber in the bath solution after spinning in the flow-focusing
setup. (B) The fibers made from curved PNFs can be picked up from the bath. (C) Fluorescence microscope image of a fiber stained with thioflavin T. (D) Optical
microscope image of the fiber shown in C. (E) SEM image of a dried fiber. (F) Zoomed SEM view of the fiber surface. (G) Representative stress–strain curves of
dried fibers. [Scale bars: 1 cm (A and B), 30 μm (C–E), and 1 μm (F).]
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aligned fibrils toward isotropy, which is primarily due to
Brownian motion. Substantial differences between the behav-
iors of straight and curved PNFs were observed: The curved
fibrils were poorly oriented in the flow direction, as indicated by
the lower values of order parameter (Fig. 4C). The maximum
order parameter reached by the straight fibrils was 0.41, which
is almost twice the highest value for the curved fibrils (0.21).
The μSAXS results are in agreement with observations by po-
larized optical microscopy (Fig. 4D) in which the straight fibrils
displayed birefringence at the location where we observed in-
creased order parameter in the μSAXS measurements. How-
ever, no birefringence was observed for the curved fibrils, which
confirms a lower degree of alignment.

Micro- and Molecular Structure of PNFs in the Gel State.To assess the
interfibrillar interactions for the two morphological classes of
PNFs, we investigated the fracture behavior of the gel networks
under macroscopic strains using rheometry (Fig. S4). At similar
concentrations of straight and curved fibrils, a large difference in
the value of initial storage modulus (G′) was observed (Fig. 5A).
The higher modulus for the straight fibrils might be associated
with an initial alignment of fibrils in a nematic phase (30). The
results also reveal a difference in response to the increasing os-
cillatory strains before gel fracture. Gels from the straight fibrils
undergo a gradual fracture as indicated by the slow decrease of
storage modulus, whereas for the curved fibrils, a sudden drop of
the modulus close to the fracture point is detected (Fig. 5A). The
slow deformation for gels formed by straight fibrils is presumably
associated with rotation and sliding of the fibrils, which plastically
deforms their network. On the other hand, the gel of curved fibrils
fractured without plastic deformation, indicating that fibrils might
be interlocked to a higher degree due to the entanglements. Thus,
the network fractures distinctively when these entanglements
break. The difference in responses to the oscillatory strain in the

Fig. 4. Alignment of PNFs in the microchannel. (A) Schematic of the channel
geometry used for the SAXS experiments. White circles show the locations
where in situ measurements were carried out. The experiments were per-
formed at the center of the channel at different downstream positions.
(B) μSAXS patterns at selected locations in the channel for straight (Upper
Row) and curved (Lower Row) fibrils. (C) Local order parameters calculated
from SAXS patterns as a function of downstream position z in the channel.
The locations marked with circles in A correspond to the data points shown
in C. (D) Images of the channel placed between two crossed polarization
filters rotated 45° from the vertical axis (white arrows). For straight fibrils,
birefringence due to the alignment is observed after the focusing step. In
contrast, no birefringence is detected for the curved fibrils.

Fig. 5. Characteristics of PNF gels and fibers. (A) Mechanical behavior of
PNF gels. Subjected to oscillatory strain in a parallel plate rheometer, a
gradual decrease of storage modulus is observed for the gel made from
straight fibrils whereas the storage modulus drops more suddenly for the gel
made from curved fibrils. (B) Hypothetical model for the interactions of
straight and curved PNFs. (Left) In bulk, the gel deformation for straight
fibrils under strain is governed by the joint motion (rotation and sliding) of
the fibrils, whereas curved fibrils resist the strain due to the higher degree of
entanglement. (Right) In the flow-focusing channel, straight fibrils are ori-
ented to a higher degree in the flow direction. In contrast, curved fibrils with
shorter persistence length have a lower degree of alignment, which allows
for interlocking by entanglement resulting in sufficient interaction between
the fibrils to form a fiber.
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gel state gives us a clue about the reason for different behaviors of
straight and curved PNFs in the fiber spinning process. When the
straight fibrils are aligned in the flow, the possibilities of further
optimizing the interaction network decrease, resulting in sub-
optimal cross-linking of PNFs. In contrast, when the entangled
network of curved fibrils is extended and thus redistributed by the
flow focusing, their interlocking might be enhanced, and a stron-
ger network is achieved (Fig. 5B). A highly entangled network of
fibrils is in agreement with the SEM image in Fig. 3F, where
dense packing of PNFs can be seen.
To confirm that the molecular structure of the PNFs stays intact

during fiber formation, we acquired FTIR spectra in amide I and
amide II band regions that report on the protein secondary struc-
tures (31). The amide I and II bands are centered at ∼1,625 cm−1

and ∼1,517 cm−1, respectively (Fig. S5), which is in agreement with
a high content of β-sheet structure. The spectrum of the acetate-
induced hydrogel is essentially the same as that of the PNF dis-
persion at pH 2. However, for the solid fiber made from curved
PNFs in the flow-focusing geometry, the amide II band becomes
broader, and the peak center is shifted to ∼1,550 cm−1. This change
most likely originates from a higher content of acetate in the fiber
sample. Increased spectral intensity at ∼1,400 cm−1 (Fig. S5), where
acetate has another absorption peak, supports this hypothesis. The
β-sheet core of the PNFs is, however, intact as the peak position of
amide I band is unchanged.

Implications for the Design of Hierarchical PNF-Based Materials. In
many other systems, the alignment of nanofibrils (of any origin)
provides an opportunity to improve mechanical properties. For
example, alignment of cellulose nanofibrils using a similar device
as in this study resulted in filaments with superior mechanical
properties (13). The results presented here show the opposite
effect for PNFs. Although the size and shape of PNFs and cellulose
nanofibrils might appear similar, the structural and chemical
properties of these nanostructures are indeed different. The origins
of the materials further elucidate the differences. Cellulose nano-
fibrils from wood are extracted through chemical pretreatment
followed by mechanical decomposition of cellulose, which refers to
their intrinsic crystallinity and ability to form higher-order struc-
tures, e.g. in trees. PNFs, on the other hand, are self-assembled
from protein monomers that might not correspond to any higher-
order structures that already exist in nature. Hence, despite the
similarities in size and aspect ratio, PNFs and cellulose nanofibrils
are distinct classes of nanomaterials with essentially different be-
havior during assembly into macroscopic materials.
Interestingly, our results suggest some similarities between

the formation of PNF microfibers and the assembly mechanism
of recombinant spider silk proteins (16). Like the PNFs, spider
silk has a high degree of β-sheet secondary structure and the
fibers are formed in a spinning process based on elongational
flow and pH alterations (32). However, the structural charac-
teristics are different as the silk fibers contain significant parts
that are disordered and the orientation of the β-sheets relative
to the fiber axis is perpendicular to that expected for aligned
PNFs (33). From this perspective, it is interesting that the lower
degree of fibril alignment associated with the curved PNFs
resulted in a stronger microfiber. Furthermore, the assembly
process of spider silk also differs from our system because the
molecular- and supramolecular structures are formed simulta-
neously during the spinning process. This allows for formation
of entangled structures with optimized intermolecular inter-
actions at the same time as highly ordered β-sheet regions are
created. The present study shows that sufficient balance between

ordered regions and interchain entanglements to create a coherent
fiber can be achieved also with preformed β-sheet elements. Con-
sidering that not even artificially assembled silk fibers reach the
same mechanical performance as natural silk, it is indeed fascinat-
ing that we can produce pure protein fibers from a rather crude raw
material and with a fairly simple experimental setup. Further ex-
ploration of processing conditions and/or protein building blocks will
elucidate the parameter space (mechanical entanglements, fibril ori-
entation, spatial distribution of fibrils and chemical bonds) of PNF
assembly in detail and provide the basis for design of novel materials
with tailored properties.

Methods
Preparation of PNFs. WPI (Lacprodan Di-9224) was kindly provided by Arla
Food Ingredients. PNFs formed in the solution during incubation at 90 °C for
3 d. Concentrations of 40 g/L or 75–80 g/L were used to obtain straight and
curved PNFs, respectively. The PNF solutions were dialyzed using a 100-kDa
molecular weight cutoff for 7 d. The concentration of the straight fibrils was
increased by centrifugal membrane filtration (100-kDa cutoff).

Atomic Force Microscopy. PNF morphology was investigated using a Dimen-
sion FastScan atomic force microscope (AFM) (Bruker) operating in tapping
mode. Samples were diluted between 1:500 and 1:10,000 in 0.01 M HCl and
applied on a freshly cleaved mica surface. End-to-end lengths and the con-
tour lengths of the fibrils were measured from AFM images using Image J
software. At least 300 fibrils were measured for each fibril morphology.
Calculations of persistence lengths and estimation of elastic moduli is de-
scribed in SI Methods.

Flow-Focusing Setup and Fiber Formation. The flow setup (13, 27) is described
in Fig. S1. The flow rates were 4.1 mL/h for the core flow, and 4.7 mL/h and
24.9 mL/h for the first and second sheath flows, respectively. For the second
sheath flow and bath solution, sodium acetate buffer at a pH of 5.2 was
used. After spinning, hydrogel fibers were extracted from the bath and
dried at room temperature for 2 h (Fig. S3) to obtain solid fibers.

Fiber Characterization. The sample for SEMwas prepared by sputtering a 10-nm
gold–palladium layer on the dried fiber. SEM images were acquired with a
Hitachi S-4800 Field-Emission SEM operating at an acceleration voltage of 1.0 kV.

For fluorescence microscopy, the obtained fiber was dipped in 120 μM
thioflavin T solution and then dried at room temperature. The fiber was
investigated using an inverted Nikon Eclipse Ti fluorescence microscope with
excitation at 455−490 nm and emission at 500−540 nm.

Tensile tests were carried out using a Deben Micro tester with a 2.0-N load
cell. The length and cross-section of each fiber were measured by an optical
microscope.

FTIR spectroscopy was recorded in the frequency range of 600–4,000 cm−1

using a Bruker Tensor instrument.

In Situ μSAXS Measurements. μSAXS measurements were performed at the P03
beamline, at the PETRAIII storage ring at Deutsches Elektronen-Synchrotron
(DESY) (29). A slightly modified flow setup was used, where the second focusing
step is mimicked by the contraction step. The flow rates were the same as the
ones used for core flow and first sheath flow for the fiber formation. To quantify
the alignment of PNFs, order parameters were calculated from μSAXS scattering
patterns using a similar method as previously reported (13).

Rheology. Rheology measurements of the PNF dispersions were carried out at
room temperature using a DHR-2 rheometer (TA Instruments). After placing
300 μL of dispersion between the plates, 1 mL of pH 5.2 acetate buffer was
added along the circumference to attain gelation.
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