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ABSTRACT: Silk proteins obtained from the Bombyx mori
silkworm have been extensively studied due to their remarkable
mechanical properties. One of the major structural components of
this complex material is silk fibroin, which can be isolated and
processed further in vitro to form artificial functional materials.
Due to the excellent biocompatibility and rich self-assembly
behavior, there has been sustained interest in such materials
formed through the assembly of regenerated silk fibroin feedstocks.
The molecular mechanisms by which the soluble regenerated
fibroin molecules self-assemble into protein nanofibrils remain,
however, largely unknown. Here, we use the framework of chemical
kinetics to connect macroscopic measurements of regenerated silk
fibroin self-assembly to the underlying microscopic mechanisms.
Our results reveal that the aggregation of regenerated silk fibroin is dominated by a nonclassical secondary nucleation processes,
where the formation of new fibrils is catalyzed by the existing aggregates in an autocatalytic manner. Such secondary nucleation
pathways were originally discovered in the context of polymerization of disease-associated proteins, but the present results
demonstrate that this pathway can also occur in functional assembly. Furthermore, our results show that shear flow induces the
formation of nuclei, which subsequently accelerate the process of aggregation through an autocatalytic amplification driven by the
secondary nucleation pathway. Taken together, these results allow us to identify the parameters governing the kinetics of regenerated
silk fibroin self-assembly and expand our current understanding of the spinning of bioinspired protein-based fibers, which have a
wide range of applications in materials science.

■ INTRODUCTION
Native silk from the silkworm Bombyx mori consists
predominantly of two proteins, sericin and fibroin. The latter
is one of the most common protein-based feedstocks used in
biomaterial science,1−4 and even though extraction of this
protein is quite crude, regenerated silk fibroin (RSF) has been
extensively studied in biomedically related applications.5 Due
to its abundance and biocompatibility as well as its remarkable
mechanical properties, such as high strength and flexibility, this
material is a promising candidate for a wide range of
applications, including biomedicine,6 bioelectronics,7 and
microphotonics systems.8 Macroscopic materials formed from
regenerated silk feedstocks consist of supramolecular nano-
fibrillar structures self-assembled from monomeric protein-
building blocks.9,10 During self-assembly, RSF undergoes a
conformational change from random coil to form ordered β-
sheets, which are stabilized through a dense intermolecular
hydrogen-bonding network. This network contributes in a
central manner toward the remarkable mechanical perform-
ance of regenerated silk fibroin materials.11−17 The self-
assembly of RSF is a complex process that can be induced and
modulated by various factors including chemical environment,
ion concentration, pH and solvent conditions18,19 as well as

physical parameters such as temperature20 and hydrodynamic
shear forces.21−24 However, the molecular mechanism of RSF
aggregation, and in particular, the effect that hydrodynamic
shear has on the fibrillization of this protein remains largely
unresolved.25,26

To date, regenerated silk fibroin self-assembly has been
studied using rheology, where the gelation process gives an
indication on the quantity of fibrils formed.27−32 However,
with such approaches, self-assembly is typically observed
through its effects on the mechanical parameters, including
storage modulus or viscosity. Moreover, several techniques
including circular dichroism,33−36 infrared spectroscopy,37−40

and X-ray scattering41 have been used to monitor the
formation of β-sheets during self-assembly. An orthogonal
approach toward monitoring fibrillar self-assembly that allows
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the kinetics of this process to be tracked in real time exploits
the use of intrinsic fluorescence from the aromatic amino acids
such as tryptophan.42 Moreover, the use of extrinsic
fluorophores such as Thioflavin T (ThT), which has the
propensity to increase its quantum yield upon binding to β-
sheet rich fibrils, have proven invaluable in monitoring
aggregation reactions.43,44 By coupling such approaches to
the framework of chemical kinetics, recent work has been able
to discover the assembly mechanisms of a number of fibrillar
self-assembly systems, including amyloid fibrils.45−49

Here, we apply the framework of chemical kinetics to
investigate the self-assembly of regenerated silk fibroin (RSF).
This approach provides a means of sampling a wide range of
initial conditions in a systematic manner and connecting
experimental measurements to molecular mechanisms, allow-
ing us to elucidate the relative importance of different kinetic
processes involved in RSF self-assembly. Our results
demonstrate that the self-assembly of RSF is strongly
dominated by nonclassical secondary nucleation process, in
which the formation of new nuclei is strongly catalyzed by
existing aggregates. Such secondary pathways have been
initially discovered in the context of pathological protein
polymerization,50 including sickle hemoglobin51 and the
amyloid-β peptide associated with Alzheimer’s disease,52 but
the present results demonstrate that this process can also take
place in the assembly of functional materials without any
association with a disease state. We further applied this
approach to investigate the effect of hydrodynamic shear on
RSF self-assembly. Through this approach, we demonstrated
that the aggregates formed by shear promote fibrilization
through the secondary process. These findings shed light on
the molecular mechanisms of regenerated silk fibroin self-
assembly and provide new opportunities to fabricate next-
generation RSF-based materials.

■ MATERIALS AND METHODS
Preparation of Protein Solutions (Regenerated Silk Fibroin

and Insulin). B. mori silk cocoons (Mindsets (U.K.) Limited) were
used to extract the silk fibroin protein using a previously established
protocol.53 Initially, the cocoons were cut into pieces and placed in a
beaker containing a solution of 0.02 M sodium carbonate (Sigma-
Aldrich). This was then boiled for 30 min, ensuring that the sericin
that was present within the silk fibers dissolved while the insoluble
fibroin remained in the beaker. The fibroin was then removed from
the beaker, rinsed with cold water three times, and left in a fume hood
to dry out.
A 9.3 M lithium bromide (Sigma-Aldrich) solution was prepared

and added to the dried silk fibroin in a 1:4 ratio of silk fibroin to
lithium bromide. The mixture was heated to 60 °C and left for 4 h,
resulting in a translucent silk fibroin solution. Lithium bromide was
removed from the silk solution through dialysis against ultrapure
water using 3 kDa dialysis membrane at 4 °C. The water was changed
a total of five times in 48 h. Finally, the silk fibroin solution was
collected and then centrifuged at 9000 rpm at 4 °C for 20 min to
remove small impurities. The process was repeated twice, and the final
solution was stored at 4 °C.
As a comparison to RSF, insulin (from bovine pancreas, Sigma

Aldrich) was also sheared, and its aggregation kinetics were studied.
Fresh insulin solution was prepared by dissolving insulin powder in
pH 1.4 hydrochloric acid.

Kinetic Curve Acquisition Using Thioflavin T. The aggregation
kinetics of RSF was studied by means of a Thioflavin T (ThT)
fluorescence assay. ThT has the ability to increase its quantum yield
upon binding to β-sheet structures and is thus commonly used for
studying the formation of amyloid fibrils. The protein solutions were
loaded into a 96 well microplate (Corning 3881) and mixed with

ThT. For each cell, 100 μL of protein solution and 1 μL of 10 mM
ThT solution were added. The plate was sealed with aluminum tape
and incubated at 37 °C for RSF and 50 °C for insulin in the plate
reader (FLUOstar Omega microplate reader, BMG Labtech). The
fluorescence intensity during the incubation was measured with filters
at 440 nm excitation and 480 nm emission. All measurements were
performed without agitation.
For the experiments involving seeds, pre-made aggregates were

used, which were obtained from incubating 1 mg/mL RSF solutions
for one month at 37 °C. The seeds solution was sonicated for 2 min
using an ultrasonic homogenizer (Bandelin HD4200 with 10% power,
0.5 s pulse per second) and added to the monomer solution right
before the incubation.

Shearing of Proteins. To study the effect of shear by Couette
flow, a rheometric setup (ARES controlled strain rheometer,
Rheometric Scientific) was used. 400 μL of protein solution was
placed on the rheometer and sheared using 1.003 radians angled cone
plate with 25 mm diameter. The shear rate was fixed at either 100 or
500 s−1, and samples were collected immediately after the certain time
of shearing had finished. The temperature of the bottom plater was set
at 10 °C during the shearing using a water jacket, and all samples were
kept in an ice bath before and after the shearing to minimize protein
self-assembly during the transfer of the solutions from the rheometer
to the plate reader.

Kinetic Analysis. The obtained ThT intensity curve as a function
of time was first normalized. It should be noted that RSF monomer
contains a small amount of β-sheet, leading to the initial absolute
fluorescence intensity corresponding to ca. 10% of the absolute
fluorescence signal of the final aggregate mass. However, the initial
intensity was set to zero after the normalization, assuming that the
initially present β-sheets are not aggregates. The seeded data were
normalized with respect to the amount of fibrils present in solution,
i.e., a 10 w/w% seeded solution starts at a normalized intensity of 0.1
rather than at 0. The normalized kinetic curve was then analyzed
using Amylofit. The data were first fitted using a secondary nucleation
dominant model described by the following differential equations
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where P and M refer to the aggregate number concentration and the
aggregate mass concentration, respectively. The primary nucleation
rate kn, secondary nucleation rate k2, and elongation rate k+ were fitted
globally, whereas the primary nucleus size nc and secondary nucleus
size n2 were fixed at 1 and 2, respectively. The initial monomer
concentration m(0) was set to 1 μM for 1 mg/mL RSF, assuming that
the molecular weight of RSF is ca. 100 kDa.50 Additionally, the kinetic
data were fitted using a primary nucleation and elongation model
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The primary nucleation rate kn and elongation rate k+ were fitted
globally, whereas the primary nucleus size nc and the depolymerization
rate koff were fixed at 1 and 10−15 h−1, respectively. For both models,
the initial aggregate mass M0 and the initial aggregate number
concentration P0 were set as free fitting parameters. For the seeded
kinetics (1 mg/mL RSF with 0−10 w/w% seeds), the initial aggregate
mass M0 obtained from the fitting was correlated with the actual seed
concentration (0−10 w/w%). This correlation was then used to
calculate the seed concentration formed by shear using the initial
aggregate mass M0 obtained from the fitting of the sheared RSF
kinetics.

Atomic Force Microscopy (AFM). The aggregates formed due to
shear and subsequent incubation at 37 °C were characterized through
atomic force microscopy (Park NX10, Park Systems). The sheared
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samples were collected from the rheometer and immediately diluted
100 times in water. The incubated samples were also diluted 100
times in water. A 10 μL aliquot of the diluted solution was then placed
on a freshly cleaved mica and incubated at room temperature for 5
min. The mica was gently washed with Milli-Q water and dried with
compressed nitrogen gas. The images were obtained using a
noncontact mode immediately after the sample preparation.
Fourier-Transform Infrared Spectroscopy (FTIR). The conforma-

tional changes of regenerated silk fibroin were conducted using an
FTIR equinox 55 spectrometer (Bruker). The samples were first
loaded onto the FTIR sample holder and were analyzed by
subtracting a water reference. Additionally, a carbon dioxide
atmospheric compensation was performed by subtracting this from
the FTIR spectra. All FTIR measurements were conducted at room
temperature.

■ RESULTS
Kinetic Analysis Reveals Secondary Processes in

Regenerated Silk Fibroin Self-Assembly. To discover
the molecular mechanisms underlying regenerated silk fibroin
assembly (RSF), we used chemical kinetics to analyze kinetic
measurements of the assembly process. This approach has
successfully been used to solve the mechanism of aggregation
of a number of filamentous systems associated with disease,
and we apply this strategy here for the first time to the process
of regenerated silk fibroin assembly. To this effect, a silk fibroin
monomer solution was regenerated from natural feedstocks of

silk cocoons from the silkworm B. mori, using a previously
established protocol.53 This resulted in the formation of a
regenerated silk fibroin system, RSF, which is used in the
generation of artificial functional materials. This solution was
then incubated at 37 °C to induce the self-assembly, while the
fluorescence signal from an extrinsic fluorophore, ThT, was
monitored using a microplate reader. During the incubation,
RSF changes its conformation from random coil to β-sheet,
leading to an increase of ThT fluorescence intensity.33,42,54−56

To investigate the kinetic processes involved in RSF self-
assembly, we first examined the effect of preformed seed
aggregates on the monomeric protein. Such seeding experi-
ments allow us to control initial concentration of aggregate
mass, thus enabling to elucidate the relative importance of the
two fundamental processes responsible for generating new
aggregates: classical primary nucleation, which converts
monomers directly into aggregates, and nonclassical secondary
processes, which generate new aggregates in processes which
facilitated by the presence of existing aggregates.52 The
formation of the seed structures was carried out by incubating
1 mg/mL RSF solution at 37 °C for a week to induce complete
self-assembly, followed by ultrasonication treatment to
generate fragmented fibrils. The obtained seeds were then
added to a fresh 1 mg/mL monomer solution with different
initial concentrations. We found that the addition of only 1 w/
w% seeds bypassed primary nucleation entirely, leading to a

Figure 1. Seeded aggregation kinetics of regenerated silk fibroin. (a) Schematic illustration of the experimental approach. The kinetic behavior of
regenerated silk fibroin (RSF) was studied using Thioflavin T (ThT). (b, c) Normalized ThT fluorescence intensity as a function of time for 1 mg/
mL RSF with a seed concentration of 0−10 w/w%, incubated at 37 °C. The plots with the same color indicate replicates. The fits to each data set
are shown as the solid lines. The solid lines show the best fitting for a primary nucleation and elongation model (b) and for a primary nucleation,
elongation, and secondary nucleation model (c).
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significantly shorter lag time as compared to the unseeded
sample. Crucially, however, the shape of the kinetic profiles
maintained an initially convex shape, a characteristic that
indicates the formation of new aggreges through an active
nucleation process. This high sensitivity of RSF aggregation to
such small seed amounts suggests that there is a strong self-
replicating secondary process where the formation of new
fibrils is catalyzed by the existing fibrils�the signature of
secondary processes. To further corroborate the presence of
the secondary processes, the kinetic data were fitted to

microscopic rate laws describing filament formation through
either primary or secondary nucleation using the software
platform Amylofit.45 The results show that the best fit for the
primary nucleation and elongation model was not capable of
replicating the experimental data (Figure 1b, solid lines).
However, the addition of secondary nucleation to this model
leads to a good global description of the entire data set over
different seed concentrations (Figure 1c, see Methods for
parameter details used for fitting).

Figure 2. Aggregation kinetics of regenerated silk fibroin following exposure to a shear force. (a) Schematic illustration of the experimental setup,
where regenerated silk fibroin was mechanically sheared through the use of a rheometer and subsequently incubated with ThT to monitor the
increase of fluorescence intensity. (b−e) ThT fluorescence intensity as a function of time for a 2.5 mg/mL regenerated silk fibroin solution, sheared
with different shear rates, 100 s−1 (b, c) and 500 s−1 (d, e). (b, d) Best fitting using primary nucleation and elongation model. (c, e) Best fitting
using primary nucleation, elongation, and secondary nucleation model.
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Role of Hydrodynamic Shear on the Primary
Nucleation Process. We further expanded the kinetic
experiments to investigate how hydrodynamic shear affects
the fibrillization process of RSF. This was achieved by flow-
shearing monomeric protein solution under various shear
conditions and subsequently incubating with ThT using a plate
reader (Figure 2a). A rheometer with a cone and plate
geometry was used to introduce a Couette flow, where the
shear rate was chosen at either 100 or 500 s−1. The kinetic data
for RSF treated with the shear rate of 100 and 500 s−1 are
shown in Figure 2b−e, respectively. For each shear rate, a
shear duration ranging from 100 to 1000 s was used. It was
observed that with longer shear duration, faster aggregation
kinetics were detected, which is confirmed by the shift of the
typical sigmoidal kinetic curve toward shorter half-times
(Figure 3a). While this effect was observed for both shear
rates, higher shear rates (500 s−1) promote faster aggregation
when compared to lower shear rates (100 s−1). Furthermore, a
similar effect on aggregation kinetics following shear flow was
observed for lower RSF concentrations, 0.5 mg/mL (see
Supporting Figure S1). Interestingly, this level of enhancement
of the primary nucleation rate of regenerated silk fibroin by
shear is significantly higher than that observed for other
amyloid-forming proteins, including insulin (Supporting Figure
S2).
It was observed that the maximal gradient of the kinetic

curves during the growth phase is approximately the same for
all samples of sheared RSF, independently of the shearing time.
However, the lag time was significantly reduced for increased
shearing time. This behavior is characteristic of systems
polymerizing under the action of secondary nucleation in the
presence of seeds.45 Indeed, this behavior was strikingly similar
to the seeded data shown in Figure 1 and suggested that shear
promotes the formation of primary nuclei capable of further
growth by elongation and multiplication through secondary
pathways.
To gain further insights into the molecular-level steps

involved in this process, we fitted the kinetic data to a series of
molecular rate laws to test specific mechanisms of assembly.
The fitting results (Figure 2) demonstrate that the kinetic
behavior of sheared RSF was not captured by a primary
nucleation and elongation model alone. However, when the
secondary nucleation was added to the primary nucleation and
elongation model, it was possible to fit the experimental data
for both samples sheared at the high shear rate (500 s−1) and
the low shear rate (100 s−1). The seed concentration estimated

from the fitting was 3.8 w/w% for the sample sheared at the
high shear rate (500 s−1, 1000 s) and 1.5 w/w% for the sample
sheared at low shear rate (100 s−1, 1000 s, Figure 3b).
Taken together, these data show that the basic molecular

architecture of the mechanism by which shear accelerates the
formation of RSF nanofibrils is an autocatalytic cycle where the
existing aggregates catalyze the formation of new fibrils (Figure
4). As seen in the seeded experiment (Figure 1), the self-

assembly of RSF is dominated by a secondary process, where
the formation of new fibrils is catalyzed by the formed nuclei.
Such secondary processes include the secondary nucleation
pathway by which the monomers form oligomers at the surface
of the existing fibrils. When shear is applied to RSF solution,
some monomers are transformed into seeds, which are
relatively small amount by weight (only up to 3.8 w/w% of
total protein even after long shearing at a high shear rate).
However, due to the strong dependency of RSF to self-
assemble via a secondary process, the seeds formed due to
shear can significantly accelerate fibril formation and thus lead
to faster formation of RSF nanofibrils.
Finally, the structural transitions undergone by the sheared

silk fibroin were determined by conducting FTIR measure-
ments. The monomeric regenerated silk fibroin solution (blue
curve) has peaks at 1650 and 1545 cm−1 that are characteristic
of random coil conformation and correspond to the amide I
and II bands, respectively (Supporting Figure S3). The sample
was then sheared at a shear rate of 500 s−1 for 100 s. As can be

Figure 3. Estimated amount of seeds formed by shear. (a) Plot of aggregation half-time as a function of shearing time for different shear rates (100
and 500 s−1). (b) Estimated amount of seeds (% to total protein weight) formed by shear calculated through fitting with Amylofit.

Figure 4. Schematic illustration of secondary processes and the effect
of shear on regenerated silk fibroin self-assembly. Shear force can
induce the formation of seeds, which bypass the primary nucleation
and thus accelerate the fibrillization via secondary pathways.
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seen from the spectra, the amide I and amide II peaks have
slightly shifted toward lower wavenumber, suggesting partial
aggregation (or the formation of some seeds) has occurred
(green curve). An FTIR spectrum following a 72 h incubation
at 37 °C was obtained (red curve). Both amide I and II peaks
have further shifted to around 1630 and 1520 cm−1,
respectively, confirming the structural transition from random
coil to β sheets. These results are all summarized in Supporting
Figure S3.

Morphology of Regenerated Silk Fibroin Aggregates
Formed by Hydrodynamic Shear. To further investigate
the morphologies of the aggregates induced due to shear, AFM
micrographs were taken for the RSF samples sheared at 500 s−1

for 500 s. The images revealed that following shearing, a small
amount of filaments could be observed (Figure 5a), whereas
such filaments were not present in the absence of shear (Figure

5c). Furthermore, both no nsheared and sheared RSF solutions
were incubated at 37 °C for 72 h to induce self-assembly and
their morphologies were again imaged. It was found that the
morphologies of the fibrils formed following incubation do not
show a significant difference between the sheared and
nonsheared samples (Figure 5b,d). The height of fibrils
formed after incubation is ∼4 nm (Figure 5f), which
corresponds to the diameter of silk nanofibrils reported
previously.57,58 By contrast, the filaments formed after shearing
were much thinner, having average height of ∼0.3 nm (Figure
5e). This height is comparable to the dimensions of main
repetitive sequence of silk fibroin (GAGAS and GAGAGY),
yet the length (>1 μm) is significantly longer than the chain
length of native silk fibroin. This may indicate that the shear
promoted the formation of intermolecular β-sheet through the
main repetitive sequence of silk, connecting the multiple

Figure 5. Morphology of regenerated silk fibroin fibrils under no-shear and high shear conditions. (a, b) AFM micrographs of regenerated silk
fibroin sheared for 500 seconds with a shear rate of 500 s−1 using the rheometric setup with a cone and plate geometry. The images were taken
before (a) and after (b) the self-assembly through incubation at 37 °C for 72 h. (c, d) AFM micrographs of the protein without shearing. The
images were taken before (c) and after (d) self-assembly through incubation at 37 °C for 72 h. All scale bars are 1 μm. (e, f) Height profiles of
fibrils formed due to shear (e) and fibrils formed after incubation (f).
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molecules and resulting in a micrometer-length filament. These
filaments formed by shear presumably act as seeds and
promoted the aggregation, as seen in the kinetic data of
sheared samples (Figures 2 and 3). The thicker fibrils ∼4 nm
(Figure 5f) are then presumably a bundle of nanofibrillar
filaments that have come together.

■ CONCLUSIONS
Silk is a material that has a plethora of biotechnological
applications, most of which revolve around the self-assembly of
soluble monomer to insoluble fibrils, which can be molded into
different nanoarchitectures. Regenerated silk fibroin (RSF) is
widely used for artificial functional silk-based materials, which
possess remarkable properties. However, the mechanism by
which monomers of this protein self-assemble into nanofibrils
still remains largely unknown. Here, we provide a nano- and
microscale understanding into the fibrillization of regenerated
silk fibroin using a chemical kinetics approach. We determine
that the nonclassical secondary pathway is the dominant
process involved and that the presence of preformed seeds
augments protein aggregation (Figure 1). Moreover, by
employing a similar strategy, the effect of shear on the
aggregation of RSF was determined. Our results suggest that
the shear flow induces the formation of seeds, which catalyzes
the formation of new fibrils through the secondary process
(Figures 2 and 3). In addition, it was determined that the seed
formation was enhanced when either the shear rate or the
duration of shear was increased, indicating that both
parameters contribute to the formation of primary nuclei.
Finally, the morphology of both shear- and nonshear-formed
aggregates were investigated using AFM (Figure 5). It revealed
that the seeds formed by shear (∼0.3 nm thickness) are much
thinner than mature fibrils (∼4 nm thickness). The presented
kinetic approach allowed for the investigation of the nanoscale
mechanism behind regenerated silk fibroin aggregation and the
elucidation of the effect of hydrodynamic shear on the RSF
self-assembly. Taken together, these results lead to a
mechanistic description of the molecular-level processes
governing RSF aggregation and forward the exploration of
new possibilities for the development of next-generation
bioinspired protein-based materials.
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