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ABSTRACT: Using atomic force microscopy, we present the
first molecular-scale comparison of two of the most important
silk dopes, native (NSF) and reconstituted (RSF) silkworm
fibroin. We found that both systems depended on shear to
show self-assembly. Significant differences in the nature of self-
assembly between NSF and RSF were shown. In the highest
studied concentration of 1000 mg/L, NSF exhibited assembly
into 20−30 nm-wide nanofibrils closely resembling the surface
structures found in natural silk fibers. RSF, in contrast, showed
no self-assembly whatsoever at the same concentration, which
suggests that the reconstitution process significantly disrupts silk’s inherent self-assembly capability. At lower concentrations,
both RSF and NSF formed fibrils under shear, apparently denatured by the substrate. Using image analysis, we quantified the
properties of these self-assembled fibrils as a function of concentration and found low-concentration fibrils of NSF to form larger
continuous structures than those of RSF, further supporting NSF’s superior self-assembly capabilities.

■ INTRODUCTION

Silk has promise as a next-generation engineering and
biomedical material. A natural polymer, silk is spun by spiders
and insects at ambient temperature and pressure to form a
biocompatible, biodegradable fiber of exceptional toughness.1,2

Yet despite the increased development of silk-based devices
with interesting (and potentially important) bioengineering and
medical applications,3−5 the mechanical properties of silk-
derived “artificial” fibers and films remain inferior to those of
their natural prototypes.6 Silk structure determines its function,
hence our current inability to mimic the intricate spinning
process and hierarchical structure of natural silk limits the
performance of artificially made silks.1,7 Further investigation of
silk assembly and structure is needed in order to improve the
properties of artificial silks and synthesize their molecules
effectively, be it de novo or from reconstituted silk fibroin
(RSF).8,9 Here, we compared the morphological differences of
molecular-scale self-assembly of two of the most important silk
dopes in order to further our understanding: native silk fibroin
(NSF) and RSF, which are both produced by the silkworm
Bombyx mori.
The natural spinning of silk is a sophisticated process that,

for both insects and spiders, involves an internal draw-down,
pH drop, exchange of ions, and removal of water to yield a
tough, water-insoluble fiber from aqueous dope.10 In the case of
the silk spun by the domesticated silkworm, Bombyx mori, the
dope primarily consists of the 350 kDa heavy-chain, 25 kDa
light-chain, and 30 kDa P25 silk proteins (fibroins).11 Bombyx
fibroin is composed of hydrophobic and hydrophilic blocks,

which induces micellular folding in an aqueous environ-
ment.12−14 Together, the three fibroinscollectively referred
to as NSFform a 6:6:1 complex of heavy-chain, light-chain,
and P25, respectively, when stored at high concentration (20−
30 wt %) in the silkworm’s middle storage gland.11,15 Just prior
to entering the anterior spinning duct, the silk dope is in a
liquid crystalline state10,16 with a characteristic secondary
structure (Silk I) distinguished by a type-II ß-turn signa-
ture.17,18 As the dope moves through the exponentially
decaying diameter of the silkworm’s duct, the forces of flow
elongation, tensile pulling and possibly also shear experienced
at the duct walls further align the fibroin molecules, causing
shear thinning and expulsion of water from the dope.10,19,20

Once extruded from the silkworm’s spigot, the resulting fiber is
water-insoluble and readily characterized by its antiparallel β-
sheet structure (Silk II).17,21 Shear and water loss are regarded
as the key factors in silkworm silk assembly:10,19,22 their
combination is suggested to cause the hydrophobic regions of
the fibroin molecules to interact and form β-sheets,12,23 and
near-native structure and fibrillar morphology has been
achieved through shear force alone.24,25 While shear is known
to be crucial, the precise details of how it transforms fibroin
molecules into the fibrillar, hierarchical morphology observed
in natively spun fibers remain elusive.26
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In this study, we were particularly interested in the behavior
of fibroin produced via reconstitution of silkworm cocoons.
Typically, this RSF is synthesized by first boiling away the
proteinacious sericin that coats the silken cocoon, dissolving the
degummed silk in a chaotropic salt like LiBr or an ionic liquid,
and dialyzing the resulting aqueous solution to remove the
salt.27 Cocoons are harvested in massive quantities for
commercial textile production and can be stored for months.28

Moreover, the reconstitution process can be instituted in bulk,
which makes RSF an affordable, convenient, and thus very
popular source of fibroin: a major fraction of all silk studies and
the majority of all silk applications and devices use RSF as their
source of silk.8 There is mounting evidence, however, that the
reconstitution process disrupts the native structure and bonding
character of the fibroin molecule,6,26,29,30 which motivated us to
study whether the self-assembly behavior of fibroin is retained
after the reconstitution process.
The experimental investigation of silk assembly is challeng-

ing; a variety of analytical techniques have been employed for in
vitro studies. NMR,17,18,31 X-ray scattering,21,32 and other
techniques26,33 have been vital in discerning fibroin’s secondary
structure transition, while rheology has provided quantitative
assessment of the influence of shear on silk’s viscoelastic
properties.20,26 For a detailed view of the morphology of
assembled silk structures, however, bulk techniques prove
inadequate. Optical and electron microscopy have contributed
valuable morphological insight,25,34 but optical microscopy
cannot resolve molecular-scale features, and electron micros-
copy necessitates dehydration and metallic coating of the
sample. On the other hand, the imaging technique used in this
study, atomic force microscopy (AFM), is capable of yielding
3D morphology of a protein sample with nanometer
resolutions in the absence of harsh treatment or forces.35

AFM has been employed to image silk and other biomolecules
with unprecedented resolutions, providing valuable confirma-
tion of existing theories and novel insight into assembly and
other processes.34−37

In this work, we employed AFM imaging to directly compare
the molecular-scale morphologies of RSF and NSF for the first
time. In particular, we were interested in the intermolecular
assembly of fibroin in response to shear and rapid water loss,
which are likely to be the most important elements of in vivo
assembly.10,19,22 This is in contrast to previous studies, which
have used heat,34,38 cyclic concentration and dilution,34,39−41

slow-drying,42,43 alcohol,8 pH,44,45 flow in a rheometer,25,26 or
electrospinning39,43mostly unnatural conditionsto facili-
tate silk assembly. We simply spin-coated a droplet of aqueous
silkworm fibroin onto a substrate, which effectively applied the
desired shear and rapid dehydration.46 We previously described
the result of spin-coating NSF:24 the fibroin spontaneously
formed straight nanofibrils, hundreds of micrometers long and
often bundled, resembling the fibrillar meso-structure observed
on the surface of naturally spun silkworm and spider silk
fibers.47−49 In this study, we applied shear to RSF as well as
NSF via spin-coating and then visualized the obtained
structures with molecular-resolution noncontact AFM. Com-
parison between these two essential fibroin dopes is important,
especially regarding the viability of the widely used RSF as a
fully functional silk source.

■ EXPERIMENT (MATERIALS AND METHODS)
Sample Preparation. RSF was prepared by first degumming

Bombyx mori silk cocoons (Aurora Silks) to remove the sericin coating

by heating at 70 °C in 0.5 wt % Na2CO3 for 3 h. After drying
overnight, the silk was then stirred in a solution of 9 M LiBr at 70 °C
until dissolved (about 30 min). A ratio of 2 g silk: 10 mL 9 M LiBr was
preserved in each sample in order to preserve the consistency of the
RSF molecular weight.29 To extract the protein, we dialyzed the
dissolved silk in 12000−14000 MWCO cassettes (Medicell Interna-
tional) against an excess of Millipore water (Millipore Synergy UV) for
48 h, changing the water twice. A silver nitrate test confirmed that no
significant amount of LiBr was present in solution following dialysis.
The concentration of the resulting RSF was determined by weighing
an aliquot before and after heating in a vacuum oven at 70 °C for 30
min.

NSF was extracted directly from the middle storage glands of
mature Bombyx mori silkworms. The silkworms were raised on a diet
of mulberry leaves until their fifth instar, when their silk glands were
dissected, with care taken to avoid shearing the silk dope. The
extracted silk protein was gently washed in Millipore water to remove
the sericin coating, then left overnight at 4 °C in Millipore water.

To prepare AFM samples, serial dilutions in Millipore water were
first performed on each stock solution to achieve the desired
concentrations. Five microliter drops of each concentration were
placed on cleaved, atomically smooth mica substrates and either
exposed to shear or allowed to deposit without shear. Only fresh
solution (<1 h of incubation) was employed to create the samples. For
shear-free conditions, the RSF solution was allowed to rest on mica at
ambient temperature and humidity (20−25 °C, 20−50% relative
humidity) for 5 min to promote the deposition of RSF proteins
without significant evaporation. The nonsheared sample was then
gently rinsed with Millipore water to remove the excess solution and
dried with N2 gas (Nitrogen 5.0, GTS Welco), with low flows of rinse
and N2 gas employed to avoid shearing the sample. To induce a radial
shear field, the mica substrate was spin-coated for 3 min at 2000 rpm
using a WS-650SZ Spin Processor (Laurell Technologies Corpo-
ration).

Atomic Force Microscopy. Samples were imaged with an
NTEGRA Prima Scanning Probe Laboratory (NT-MDT) atomic
force microscope at ambient conditions in sample scanning mode,
using the Universal Head (SF005NTF, NT-MDT) and a 100 μm ×
100 μm × 10 μm closed-loop piezo scanner (SC100NTF, NT-MDT).
We used AppNano ACTA 200 silicon AFM probes (APPNANO),
with a tip radius <10 nm, a resonant frequency of ≈300 kHz, and a
nominal spring constant of 25−75 N/m. Noncontact AFM imaging
conditions (the presence of net attractive forces) were confirmed by
observation of a positive phase shift with respect to the free cantilever
oscillation,50 which we found at ≈80% of the free amplitude. To
facilitate direct quantitative comparison between our AFM images,
consistent values for scanning range (5 μm × 5 μm), resolution (1024
pixels ×1024 pixels), and scanning speed (0.7 Hz) were employed in
most cases.

Image Analysis. NOVA Image Analysis (NT-MDT) and
Gwyddion (http://gwyddion.net) were used to process our AFM
scans. Cross sections of fibril height and width were made using
NOVA Image Analysis. A sample size of n = 40 was utilized for all but
the 1000 mg/L concentration NSF scans, where sample sizes of n = 26
reflected the lower number of visible unique fibrils. In order to assess
width and height of the fibrils, full width at half-maximum, and height
of the cross sections were calculated and analyzed using MATLAB.
Volumes of individual globules and silk fibrils were calculated using a
rotated-solid model (see Supporting Information).

Quantitative analysis of the fibril network was performed using Fiji/
ImageJ (http://fiji.sc/Fiji) and MATLAB (Mathworks, Inc.). There-
fore, a topography threshold was first applied to the AFM images in
order to establish a binary distinction between particles/fibers and the
substrate background. The Analyze Particles routine in ImageJ was
then employed to determine the area and number of continuous
fibroin particles/assemblies. To compensate for differences in tip size
and scanning parameters between different experiments, a correction
factor was used (see Supporting Information). Additionally, a
minimum cutoff in particle area was imposed to keep individual
outlier pixels from artificially distorting the particle size distribution
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(see Supporting Information). In order to analyze the branch length of
the fibril network, a separate image analysis procedure was used. The
binary topography images were skeletonized using the Skeletonize and
AnalyzeSkeleton plugins; Skeletonize iteratively and symmetrically
erodes particles outlined in a binary image until only a single,
characteristic string of pixels remains.51 Prior to skeletonization, a 2
nm Gaussian blur was applied to each topography-thresholded image
in order to smooth the effects of thresholding and reduce spurious
branching, and a minimum cutoff set at the width of a single fibril was
also imposed to prevent fibril nodes, point topographies, and other
irregularities from being counted as fibrils (see Supporting
Information). The AnalyzeSkeleton plugin returned the length of
each fibril and the number of fibrils. To average over sample
inhomogeneities, multiple scans from different areas of the each
sample were tested. The resulting fibril length distributions were
similar enough that a rigorous statistical analysis presented strong
evidence that they were sampled from the same population (Kruskal−
Wallis Test, see Supporting Information).

■ RESULTS

Comparison of Natural Silk Fibroin and Reconstituted
Silk Fibroin Assembly. In order to compare the molecular-
scale behavior of NSF and RSF under shear, we first spin-

coated dope samples onto mica. Prepared at a concentration of
1000 mg/L, NSF formed long, straight fibrils atop a bed of
globular protein (Figure 1a), as previously described.24 These
nanofibrils exhibited the typical “beads-on-a-string” morphol-
ogy,24 reaching an apparent height52 of 3.4 ± 0.5 nm and width
of 27 ± 4 nm. The very same experiment with RSF, also at a
concentration of 1000 mg/L, revealed that RSF failed to show
any assembly into fibrils or any other discernible morphology
(Figure 1b); instead, we only observed a uniform, globular bed
of protein. This experiment already demonstrates that the self-
assembly of RSF is substantially different from NSF: while NSF
assembles into nanofibrils atop an underlying distribution of
globules when exposed to shear via spin-coating, RSF forms
only the globular bed.
Molecular self-assembly under shear was also observed when

even lower concentrations were studied. Spin-coating 10 mg/L
NSF dope yielded long, coiled nanofibrils of apparent height
and width of 0.8 ± 0.1 nm and 13 ± 3 nm, respectively (Figure
1c), matching previous observations.24 However, these fibrils
are distinctly different from the 3.4 nm-high, 27 nm-wide,
straight, beaded fibrils formed at higher concentrations (Figure

Figure 1. Noncontact AFM scans revealing the morphology of native silk fibroin (NSF, top row, red frame) and reconstituted silk fibroin (RSF,
bottom row, blue frame). Under shear, 1000 mg/L NSF formed long, straight fibrils atop a bed of globular protein (a), while sheared 1000 mg/L
RSF produced only globules (b). Shearing 10 mg/L dope resulted in long, coiled NSF fibrils (c) and short, branched RSF fibrils (d). Nonsheared
samples at lower concentrations displayed a globular protein morphology: 10 mg/L NSF (e) and 100 mg/L RSF (f). Color bar: 7.5 nm for panels
(a) and (b); 2 nm for panels (c)−(f).
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1a). In contrast, the low-concentration fibrils displayed a more
irregular morphology: interspersed globules, rod-like junctions,
and other disordered components appear to form the fibril
substructure (inset, Figure 1c). Interestingly, the RSF, which
did not show any tendency of shear-induced assembly at the
higher concentration of 1000 mg/L (Figure 1b), did exhibit
assembly into nanofibrils when sheared at the lower
concentration of 10 mg/L (Figure 1d). Compared to NSF,
the RSF nanofibrils appear shorter and more branched, with
slightly greater height (1.0 ± 0.2 nm) and nearly equivalent
width (13 ± 2 nm). Similar self-assembling morphology of RSF
has been reported in the literature, except that assembly was
triggered by treatments other than shear in these cases, e.g.,
slow-concentrating, drying with compressed air, heating, or
alcohol treatment.34,36,37,42,53−55 The size of the fibrils rules out
the possibility that they are individual, denatured proteins, as
their volumes (>1000 nm3) are far greater than the 180−450
nm3 volume of a single NSF molecule.37,53 We note that the
lateral dimensions of the imaged protein structures are of the
same order as the size of the AFM probes used, and
consequently, the apparent widths are most likely over-
estimated and heights underestimated relative to their true
values.52,56 Therefore, precise determinations of dimensions
and volumes are very challenging. Nevertheless, relative

comparisons to other AFM data, as well as coarse general
assessments are feasible and useful.
In order to determine the role of shear in the molecular self-

assembly of NSF and RSF fibroin, nonsheared low-concen-
tration NSF (10 mg/L) and RSF (100 mg/L) samples were
studied (Figures 1e,f). In both cases, the evidence suggests the
presence of individual fibroin molecules with a globular
morphology, which aggregated into small clusters in many
cases. However, many globules were isolated enough to allow
us to estimate their dimensions: 15 ± 4 nm in width and 1.0 ±
0.2 nm in height for NSF;13 ± 3 nm in width and 0.6 ± 0.1 nm
in height for RSF. The calculated volumes of the globules fell
into the range 100−350 nm3, which is in agreement with
previous volume calculations of an individual fibroin molecule
(180−450 nm3).37,53 Assigning a globular morphology to an
individual silk protein is also in agreement with previously
published AFM data of nonsheared fibroin24,40,57 and computa-
tional assessments of native fibroin conformation based on
scattering results.32,40 Even at higher concentrations (1000 mg/
L), scans showed only globules on the surface, albeit
completely covering the surface (Figure S1). It is notable that
for both RSF and NSF, shear was necessary for the silk to adopt
fibrillar assemblies, where only globules were observable in
nonsheared samples.

Figure 2. Shear-induced assembly of RSF at concentrations of 10 mg/L (a), 20 mg/L (b), 50 mg/L (c), 100 mg/L (d), 200 mg/L (e), and 500 mg/
L (f). The 500 mg/L sample displayed a globular structure ((f) inset), while all other concentrations showed RSF assembling into short, branched
fibrils (a, inset). The a, e, and f insets feature multilayer globular aggregates observed at all concentrations. Scale bars: 1 μm. Color bar: 3 nm for
panels a−e, 7 nm for panel f.
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Transition from Low to High Concentration Regimes
of RSF Assembly. In our experiments, RSF exhibited shear-
induced self-assembly only at the low concentration of 10 mg/L
and not at the much higher concentration of 1000 mg/L. At
what concentration does this highly significant change in
behavior occur, and why? To address these questions, we
sheared RSF at “quasi-logarithmically” increasing intermediate
concentrations20 mg/L, 50 mg/L, 100 mg/L, 200 mg/L,
500 mg/Land imaged the resulting structures (Figure 2). At
concentrations of 10−200 mg/L (Figures 2a−e), the fibrils
share a similar morphology as those observed in the 10 mg/L
scans: they are short, branched structures. At concentrations of
200 mg/L and below, the protein coat was mostly restricted to
the height of a monolayer, i.e. it did not stack, and fibers did not
cross each other to form structures more than one layer high.
There are areas, however, where protein appears to have
accumulated past the single layer in larger globules (insets of
Figures 2a,e,f). These globules protrude from clumps of fibrils
to heights of 6−7 nm and widths of 60−80 nm, about six times
wider and taller than the fibrils (Figure 2g). At a concentration
of 500 mg/L (Figure 2f), fibrils are no longer visible, and the
surface is completely covered in a globular layer similar to that
observed in sheared 1000 mg/L RSF (Figure 1b).
Quantitative Analysis of Low-Concentration Assem-

bly. The low-concentration scans of NSF and RSF displayed
distinctive qualitative differences in morphology. We were
interested to objectively verify these differences in a
quantitative way and thus applied image analysis tools and
carried out a rigorous statistical analysis of the results. As
schematically shown in Figure 3a, we measured two
morphological aspects for each continuous protein assembly:
its total footprint area, and branch length of its fibrillar network.
These processing procedures were carried out for the AFM data
of the 10 mg/L NSF and 10 mg/L, 20 mg/L, 50 mg/L, and 100
mg/L RSF samples. For the higher concentrations of 200 mg/
L, 500 mg/L, and 1000 mg/L, the protein formed a fully
connected network on the substrate, rendering our procedure
ineffective due to the lack of individually assembled structures
with finite size.
For the 10 mg/L NSF and RSF samples, our analysis showed

that the areas of the assemblies featured highly skewed
distributions. These distributions were therefore displayed on
a logarithmic scale in Figure 3b (purple axes), in which they
interestingly appear relatively symmetric; their medians and
first and third quartiles are indicated. NSF particles displayed a
median area of 6.50 × 103 nm2, with a first quartile at 1.56 ×
103 nm2 and third quartile at 19.1 × 103 nm2; the RSF particles
exhibited a median of 1.22 × 103 nm2, with first and third
quartiles at 0.600 × 103 nm2 and 2.89 × 103 nm2, respectively.
Hence, the assembly sizes were far greater for NSF casts, with a
median area ≈5 times larger than median area of RSF casts; the
NSF median area was even more than twice as large as the third
quartile of RSF assembly areas. To further test the magnitude
of the difference between the asymmetric RSF and NSF
distributions, two nonparametric measures of effect size were
applied. The skew of the sample data and the large difference in
sample size (NRSF = 655, NNSF = 51), which is unavoidable due
to the nature of the sampling, made a nonparametric measure
of effect size preferred over an analytical null hypothesis
significance test.58 The two measurements we employed,
Cohen’s U3 and the area under the receiver operating curve
(AUROC), both indicate the overlap between two distribu-
tions, with a result of 0.5 returned in cases of perfect overlap

and a result of 1 indicating minimal overlap (see Supporting
Information). Additionally, a result near 1 is strong evidence
that the population underlying the second tested distribution
(for us, NSF) is greater than the first underlying population
(RSF). Our tests returned 95% confidence intervals in the 0.7−
0.9 range (Figure 3c, purple bars), suggesting fairly strong
support for the conclusion that 10 mg/L NSF assemblies
formed under shear possess a greater continuous area than
those of RSF.
Fibril length was also tested as another quantitative metric to

determine whether one starting product produced longer
segments without branching than the other. Skewed distribu-
tions were again obtained, but the separation between NSF
median branch length (65.7 nm) and that of RSF (51.2 nm)
was not nearly as wide as between particle area medians (Figure
3b, green axes). When the same measures of effect size as were
applied (see Supporting Information), 95% confidence intervals
in the 0.5−0.7 range were returned, indicating a weaker case for
longer NSF fibrils (Figure 3c, green bars). These results could
indicate either that NSF fibrils are perhaps only slightly longer
than RSF fibrils, or that our method of assessing branch length

Figure 3. (a) Illustration of our processing procedure. (b)
Distributions of continuous particle area (purple axes) and fibril
branch length (green axes) for 10 mg/L RSF (blue points) and NSF
(red points). The right-skewed data was plotted on a log scale with
overlaid boxes to indicate the first quartile, median, and third quartile
of data. (c) Effect size measurements and 95% confidence intervals of
the difference between RSF and NSF particle area (purple) and fibril
branch length (green) as assessed by Cohen’s U3 (U3) and the area
under the receiver operating curve (A, see Supporting Information).
(d) Mean particle area and (e) mean fibril length observed in scans of
RSF assembled structures. The dotted lines represent the first-order
lines of best fit to the means.
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masks the true effect. For instance, a loop in an unbranched
fibril would be recognized as three distinct branches by our
algorithm.
For RSF, we further analyzed the concentration regime from

10 mg/L−100 mg/L and found that the mean particle areas
increased with concentration in an approximately linear fashion
(Figure 3d), in parallel with the observed monotonic increase
in surface coverage as a function of concentration (Figure S4).
This increase in the mean particle area reflects the apparent
growth in continuous particles with increasing concentration
(compare Figures 2a and 2c), as the mean is more affected by
large outliers. No such increase was observed in plots of particle
area medians (see Supporting Information, Figure S5) or fibril
length means (Figure 3e).

■ DISCUSSION
Similarities between Native and Reconstituted Silk

Fibroin. Based on our analysis of the results, we found
similarities as well as differences in the self-assembly of NSF
and RSF as a function of concentration and shear (Figure 4). In
the absence of shear, we only observed globular features for
both NSF and RSF that, by their size and morphology, are
likely individual fibroins or clusters thereof (Figures 1e,f, 4a,b).
As expected, aerial densities of globules increased with

concentration, up to full coverage of the substrate (see
Supporting Information, Figure S1). Self-assembly (other
than trivial clustering) was not observed in any unsheared
NSF or RSF sample of any concentration.
When sheared, a low 10 mg/L concentration of both RSF

and NSF produced fibrils (Figures 4c,d). The fibrils were much
larger than the unsheared globules and far too large to
represent individual proteins; they are assemblies of several
molecules and/or molecular fragments. Other groups have
achieved similar fibrillar assembly through heating, treatment
with alcohol, electrospinning, simply incubating the solution, or
applying cyclical incubation and drying.34,38−41,43,44,54,57 Our
experiments, which were conducted with freshly made fibroin
solution in the absence of any other treatment, reflect the
importance of shear as a trigger for fibroin self-assembly. We
suspect that the sensitivity of fresh fibroin to shear is so high
that even samples inadvertently exposed to sheare.g. by
blow-drying, shaking, or vigorous mixingwould undergo self-
assembly.59 This may explain why some studies in the literature
report self-assembly in freshly prepared silk samples, even when
shearing of samples is not explicitly mentioned.42,53 Our results,
and those of other past studies of NSF24 and RSF,40,57 suggest
that fibroin forms only a distribution of globules when freshly
applied to a mica surface, requiring shear, incubation, or other
treatment to assemble into fibrils.
Close inspection of the 10 mg/L RSF and NSF fibrils

revealed that both shared a similar substructure: rod-like
junctions and disordered regions between globular nodes
(Figures 1c,d).24 These observations suggest that both the RSF
and NSF proteins may have been denatured during casting,
likely by the combined influences of shear, low concentration,
and the substrate surface. This is in line with previous reports
that shear partially unfolds the silk molecule, triggering
oligomerization with other fibroins,12 as well as a small angle
neutron scattering study demonstrating unfolding of the native
silk protein in dilute aqueous solutions.28 Denaturation due to
surface interactions and spin-coating has also been reported for
other large amphiphilic molecules.60−62

When NSF and RSF were spin-coated at higher concen-
trations, surface coverage increased, as expected (Figure 4e−g).
For RSF, we observed complete coverage for the highest
concentrations 500 mg/L and 1000 mg/L (Figures 2f and 1b,
respectively). Interestingly, the protein morphology was
globular and not fibrillar at these concentrations, which caused
us to suspect that the first layer of adsorbed protein may shield
subsequently adsorbing proteins from the denaturing influence
of the surface. Similarly, sheared NSF exhibited complete
coverage with a globular bed of proteins at the highest studied
concentration of 1000 mg/L. Although our studies were carried
out on mica surfaces, which are distinctly different from the
material on the surface of a lubricated silkworm spinning
duct,19,63 one could use our results to speculate about the
molecular protein conformation on the surface in vivo.
Accordingly, our findings could mean that a first layer of
protein covers the spinning duct, avoiding the denaturing of
subsequent protein layers. Shearing against this first immobile
protein layer, the proteins may then self-assemble into
nanofibrils, as was observed in the case of sheared 1000 mg/
L NSF, which produced long, straight, beaded protein
nanofibrils sitting on top of this globular bed (Figure 1a and
4f). In this hypothetical scenario, the flowing protein would
always be in contact with this immobile surface layer of protein.
Due to the amphiphilic nature of proteins, they might be

Figure 4. Schematic of NSF and RSF assembly on mica substrate.
Nonsheared NSF (a) and RSF (b) formed globules that sporadically
aggregated. (c−g) Shearing NSF and RSF triggered protein assembly
into fibrils. 10 mg/L NSF (c) assembled into more continuous, coiled
fibrils, while 10 mg/L RSF (d) formed shorter, more branched fibrils.
While the fibrils mostly occupied a single layer, globular islands pushed
past a single layer of coverage at an increased RSF concentration of
200 mg/L (e). At 1000 mg/L, sheared NSF (f) and RSF (g)
completely covered the surface in a globular layer, but only in NSF
scans were long, beaded fibrils (yellow) observed atop the globules.
The apparent differences in NSF and RSF assembly morphology are
likely due to disruption of the fibroin molecule during reconstitution.
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capable of forming such a layer on any material, which would
have an interesting consequence with respect to the design of
future artificial spinning systems: the spinning process would
not depend on the material of the spinning duct itself.
Differences between Native and Reconstituted Silk

Fibroin. A key outcome of our work is that only the native
NSF formed a nanofibrillar structure (Figure 1a) at 1000 mg/L
dope concentrations, closely resembling that observed on the
surface of native silk fibers.47−49 This was particularly
interesting, since this highest concentration came closest to
natural concentrations and was thus arguably the most relevant
one. In contrast to NSF, RSF only exhibited randomly
distributed, globular protein if prepared under identical
concentration and shear conditions (Figure 1b). The loss of
native fibrillar morphology in silk assembly observed in RSF
would clearly affect the macroscopic material properties. All
natural spider and silkworm silks appear to display a
nanofibrillar substructure, and there is ample evidence that
these fibrils contribute significantly to the prodigious
mechanical properties of silks.64,65 Assembly of RSF into fibrils
wi th nat ive - l ike s t ructure has been demonstra -
ted;34,38−41,43,44,54,57 however, while such fibrillar artificial silks
are relatively robust compared to other biological materials and
promise a novel range of properties in composite applica-
tions,38,44 their mechanical properties still fall short of their
natural silk counterparts.9,38,40,43,44,54,57

The diminished capability of RSF to self-assemble is in line
with past studies that have revealed deviations in the structure
and bonding character of the RSF molecule. Gel electro-
phoresis has shown that reconstitution can fracture the fibroin
molecule into 30−200 kDa fragmentsfar smaller than the
native 350 kDa heavy-chain fibroin molecule.29,66,67 Recon-
stitution also appears to affect fibroin’s bonding character,6 as a
rheological comparison between RSF and NSF revealed vast
differences in viscosity response and a stark decrease in the
intermolecular association and energy absorption capacity of
RSF versus NSF molecules.26,30

We find that the “beads-on-a-string” morphology, in which
native-like nanofibrils are formed in the 1000 mg/L native
fibroin, might point toward an underlying mechanism. One
hypothesis is that there are two specific binding sites per fibroin
molecule (or per fibroin complex) that bind exactly to two
other molecules (or complexes) and thus give rise to the
observed linear, “1D” assembly. Potentially related to this
phenomenon, recent studies of spider silk protein have revealed
that the two highly conserved terminal domains of this protein
play a key role in the ordered assembly of a silk fiber.31,68 While
it is as of yet unclear whether these terminal domains similarly
facilitate the formation of intermolecular meta-structures in
silkworm silk, it has been suggested that the 30 kDa P25
protein associates in storage with the primary components of
silkworm fibroin, the 350 kDa heavy chain and 25 kDa light
chain, via hydrophobic interaction.69 Thus, in the same manner
that the carboxyl terminal domain of spider silk prealigns the
silk molecule for a precise exposure of hydrophobic regions
under shear,14,31 it has been suggested that the alignment of six
disulfide-bonded heavy−light chains by a single P25 molecule
facilitates the proper folding and assembly of these molecules
by interaction of their hydrophobic regions.69

RSF does not exhibit the same ordered, 1D assembly as NSF,
which could mean in terms of our hypothesis that the
reconstitution process yields a significant proportion of fibroin
molecules (or complexes) with less than two working binding

sites. Accordingly, the highly guided self-assembly that we
observed in NSF would be disrupted for RSF. Interestingly,
differences we observed in the self-assembly behavior of RSF vs
NSF at 10 mg/L are in line with this explanation. First, both
dopes formed fibrils under shear, but fibril aggregate sizes and
branch lengths were significantly larger for NSF (Figure 3b,c),
which further supports our conclusion that the potency for self-
assembly is diminished in RSF. Furthermore, RSF fibrils
exhibited pronounced branching. The emergence of branching
marks a departure from the one-dimensional organization
observed in NSF; in our simplified picture, making a branch
would require an assembling entity to connect to at least three
partners. We hypothesize that when some of the active binding
sites and their guiding influence is missing, random assembly
takes place, with branching being one of the consequences.
Removal of binding sites potentially happens due to the
disruptive effect of chaotropic salts on proper terminal domain
dimerization, or due to molecular fragmentationremoving
enough of the terminal domains altogether. Interestingly,
chaotropic agents similar to those used in reconstitution
disrupted a crucial salt bridge in the dimeric structure of the
carboxyl terminal domain in spider silk, causing the domain to
unfold and preemptively expose its hydrophobic regions.31

Another, potentially related outcome of our quantitative
image analysis is that the distributions of fibril length and
particle area were highly skewed for RSF and appeared almost
normally distributed when plotted on a log scale. We think that
the shape of such distributions may provide insights in the
underlying mechanism of self-assembly at these low concen-
trations. In this particular case, the obtained distribution might
be supportive of a nucleation-dependent model of assembly,
whereby the rate of fibril growth is proportional to the number
of available nucleation sites.70 This scenario is incompatible
with a strictly one-dimensional assembly into linear fibrils,
where the number of allowed docking sites per assembly is
constantnamely two. Instead, in such an exponential growth-
type assembly mode, the growth rateand thus the number of
docking sites for additional proteinwould have to be
proportional to the aggregate size. This would be fulfilled if
branching is allowed. Therefore, the fact that we observe
strongly skewed distributions can be interpreted as an
additional indicator of disordered and disrupted assembly in
RSF.
It is worth noting that the low dope concentration,

uncontrolled pH, and salt concentrations in this and many
other studies of silk deviate significantly from native in vivo
conditions. Regarding concentration, the equilibrium and
aggregation behavior of a protein is known to be drastically
different in a highly “crowded” or concentrated state,71,72 and
past works showed that fibroin concentration affected several
aspects of silk assembly.30,42 Here it is important to consider
that in spin coating, the solvent evaporates until the sample is
completely dry, thus continuously increasing the concentration.
We only observed the dry end product of this sample
preparation procedure, and we do not know at which actual
concentration the observed structures were generated, or how
close the corresponding conditions were to the in vivo
situation. However, since the concentrations in natural silk
dope are very high (ca. 24 wt %, about 240,000 mg/L),15 it is
likely that the highest concentration we studied, 1000 mg/L,
was closest to natural conditions. To facilitate AFM visual-
ization of molecular-scale features (which tend to be obscured
in thicker polymer films), we did not prepare samples from
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higher solution concentrations. Similarly, our experiments likely
also deviated from the complex pH19,68 and salt68,73 conditions
of in vivo assembly.
Nevertheless, the simple spin-coating routine and imaging by

noncontact AFM presented here adds a generic in vitro
technique to reveal different regimes of self-assembly as a
function of concentration and to test the obtained morphol-
ogies for different silk dopes. The quantitative, molecular-scale
techniques explored in this work provide a detailed view of
morphology at a key level in the hierarchy of silk assembly in
response to shear, establishing clear standards of “natural” and
“unnatural” assembly. Our approach can be used both for
fundamental studies of natural silks and to optimize synthesis
and testing of future artificial silk products and assembly
procedures. Interesting systems to be tested using our method
would be terminal domain-deleted silkworm silk mutants,
silkworm silks reconstituted using solvents other than LiBr,43

and native and recombinant spider silks.9

■ CONCLUSIONS
Our study represents the first molecular-scale comparison of
native and reconstituted silkworm protein. In particular, we
used AFM to visualize the molecular structures from aqueous
NSF and RSF solutions at different concentrations deposited
on mica, with and without shear. Several significant qualitative
observations were made. First, we found that in the absence of
shear, neither NSF nor RSF showed any tendency to self-
assemble whatsoever. Instead, we only observed globular
protein molecules in varying densities, according to the
solution concentrations. Second, we found that at the highest
concentration we studied, 1000 mg/L, NSF and RSF exhibited
dramatically different behaviors under shear: NSF showed long,
straight, nanofibrillar assemblies, closely resembling the
structures observed on the surface of natural silk fibers. RSF,
in contrast, showed no self-assembly under the same
conditions. From this, we concluded that the reconstitution
process significantly diminished silk’s inherent natural self-
assembly capabilities. Furthermore, the quality, consistency, and
quantity of our AFM data allowed us to employ quantitative
image analysis, which provided us with additional insights.
Qualitatively, both NSF and RSF protein solutions at lower
concentrations exhibited self-assembly. However, our quantita-
tive analysis of AFM images revealed that NSF assemblies at
the same concentration of 10 mg/L were significantly larger
than RSF assemblies, further supporting our conclusion of
disrupted self-assembly in RSF. Hence, on the basis of our
results, we suggest that RSF may not be considered a fully
functional silkboth for silk studies and applications. We
suggest that an AFM-based morphological characterization of
silk assembly, which becomes ever more valuable with the
emergence of increasingly powerful quantitative tools,74 be
employed for the comparison of different silks to one another
and/or a native standard in future studies of artificial silks.
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