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ABSTRACT: Silk fibers are one of the most attractive natural materials which exhibit enchanting
lustre and superior mechanical properties. Exploring the unique hierarchical architecture structures
of natural silk fibers is the basis to understand these unique properties. Here we report observations
of 3.1£0.8 nm silk nanofibrils and 3.7+0.9 A silk molecule chains exfoliated from natural silkworm
silk fibers. Interestingly, the individual nanofibrils and protein chains show periodic diameters
fluctuating along their axes. We further find the thicker regions are relatively softer and the thinner
regions stiffer, and these can be assigned to alternatively distributed a-helix and f-sheet domains,
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respectively. Based on these observations, we proposed a refined structure model of natural silk,
which ranges from the molecular level to the fiber scale. These findings provide new opportunities
to understand and exploit the unique structure-property relationships found in natural silk fibers,

including inspiring the design of new artificial materials.

Nature has its own secrets in the design of material structures to achieve the required performance.
Many natural materials, such as silk, wood and mollusc shells, show superior mechanical
properties even though their components consist of relatively simple components or building
blocks.!~ The secret to these structures lies in their hierarchical assembly, spanning angstrom to
macroscopic levels, starting from the basic building blocks.6-® Therefore, scientists continue to
explore these structures to understand the origins of the unique mechanical properties of the nature
materials, while also looking for inspiration in the design of artificial materials. Silk is a well-
known natural protein fiber which exhibits superior mechanical properties including high tensile
strength (0.3-1.3 GPa) and high elongation at break (4-38%).>-!! These mechanical features enable
natural silk fibers to absorb tremendous energy before breaking, resulting in extraordinary
toughness (70-200 MJ m-3) that is higher than steel (6 MJ m~) or Kevlar fibers (50 MJ m3) 8. 12-14
Many studies have reported the fabrication of artificial silk fibers using regenerated silks.!>-!7
However, the mechanical properties of such artificial silk fibers remain inferior to the natural
counterparts although the main components are the same. Therefore, it is important to investigate
the sophisticated hierarchical structure of natural silk fibers to further understand the origins of

these properties.
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Early work was carried out to investigate the structure of natural silk fibers.® 12 13-22 For instance,
Miller et al.?° reported that the observation of nanofibrils with diameters of ~59 nm extending
parallel to the fiber axis using atomic force microscopy (AFM) and small angle X-ray scattering
(SAXS) from freshly exposed internal surfaces by peeling silk fibers. Similar results were reported
by Liu et al.® 2 2! and Putthanarat et al.??, showing that silk fibers consisted of a bundle of silk
fibrils, with diameters of the fibrils around 20-100 nm. The secondary structural analysis by X-
ray diffraction and ?H solid state nuclear magnetic resonance (NMR) indicated that B-sheet

crystallites in these natural silk fibers were predominantly aligned with the fiber axis.?3->4

Based on these experimental results, structural models, such as the two-phase cross-linking
network model,> mean field theory based order/disorder fraction model?6-?” and Maxwell
model,??° were proposed to interpret the mechanical properties of silks. For example, two-phase
cross-linking network model regards silk fibers as a rubber-like network structure, in which -
sheets serve as crosslinkers to connect the amorphous regions together.?> Mean field theory based
order/disorder fraction model simplifies the silk fibroin molecular chain to polyalanine chain and
transfer the condensed state structure of silk fiber into ordered/unordered fraction.?6-2” Maxwell
model treats the B-sheet nanocrystals and amorphous structures as purely elastic springs and
viscous dampers.?®?° In these models, silk fibers were simplified into uniform semicrystalline
polymer-like fibers with highly-oriented antiparallel B-sheet nanocrystals embedded in the
amorphous matrix (consisting of random coil and/or helix structures).>? As a result, these models
can predict the mechanical behavior of silk fibers as also found in other polymers, such as thermo-

mechanical properties and viscoelasticity.
However, those models cannot interpret the unique mechanical behavior of silk fibers that are not

found in common polymer materials. For example, defects usually are seeds for polymer materials
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failure due to the localized stress concentrations. However, defects in silk fibers (e.g., cavities,
cracks, tears), which can reach several hundred nanometers in size, have no significant impact on
the mechanical response of the fibers.3! In addition, silk fibers exhibit ductile failure even at
ultralow temperatures (-196°C).3? In contrast, polymer materials that are flexible at room
temperature, such as nitrile rubber, lose elasticity or break during immersing in liquid nitrogen due
to polymer chain segments are frozen when the environmental temperature lower than its glass
transition temperature. The lack of deeper experimental observations into the hierarchical
structures in natural silk fibers prevents further insights into the underlying structure-property

dependence of silk fibers.

The most significant obstacle to experimentally examine the structure of silk fibers at multiscale
levels, especially at the nanoscale and sub-nanoscale, is the lack of an effective approach to
controllably reverse engineer silk fibers while keeping the structure of the building blocks at each
level undamaged. Binary-solvents, such as LiBr/H,0% and CaCl,/formic acid®, are established as
extraction solvents for silk fibers, but dissolve the silk fibers into silk fibroin molecules with
unwanted degradation. In addition to chemical exfoliation approaches, peeling process have been
developed,?®?2 which can expose the inner structures of silk fibers. This approach provides
opportunities to see the rough surface of the randomly exposed fiber sections and some nano-fibrils
(20-100 nm) on the surface. However, the 3D structures of the nano-fibrils and the sophisticated

architectures below 20-100 nm remain unknown.

Herein, we report a new top-down strategy to gradually exfoliate silkworm silk fibers into their
basic building blocks, only breaking the hydrogen bonds within the aligned nanofibrils and the
polypeptide chains. Individual silk nanofibrils (SNFs) with diameters down to 3.1+0.8 nm, and
even silk molecule chains with diameters of 3.7+0.9 A, which retained their pristine structures,
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were successfully obtained. In addition, the secondary structure organization of silk fibroin protein
in these nanofibrils was investigated using force-modulation AFM (FM-AFM) and Fourier-
transform infrared spectroscopy (FTIR). The experimental results reveal the basic building blocks
of natural silk fibers and their assembled structures. Based on the characterization, we propose a
refined structural model of natural silkworm silk fibers regarding their hierarchical structures.
Understanding the hierarchical architectures in silk fibers offers fundamental insight into natural
structure design strategies and also inspires the design and construction of high-performance

artificial materials.

Figure 1a illustrates the hierarchical exfoliation of B. mori silkworm cocoon silk fiber and Figure
1b shows the raw silk fiber. First, the outside layer of silk fibers, consisting of sericin and
glycoprotein, was removed by boiling in 0.5% (w/w) Na,COj; solution for 30 min. The degummed
silk fibers were washed thoroughly with distilled water and allowed to air dry at room
temperature.®> Scanning electron microscopy (SEM) examination confirmed the thorough removal
of the residues. The resultant silk fibroin filaments present typical triangular cross-sections with a
diameter of ~10 um (Figure 1c¢). Recently, we found that hexafluoroisopropanol (HFIP), a well-
known hydrogen-bond-breaking denaturant,’® can partially dissolve B. mori silkworm cocoon silk
fibers to microfibrils with diameters of 5-50 um and contour lengths of 50-500 pm after incubating
silk fiber/HFIP (at a weight ratio, 1:30) mixtures at 60°C.3” Herein, we reasoned that silk fibers
could be gradually exfoliated into nanostructures and even molecular scale proteins using the same
dissolution process but a longer incubation time. A modified HFIP-based procedure was applied
to exfoliate the hierarchical structures of the silk fibroin filaments (see Methods for details). During
the incubation process, the gradual transition of silk fiber/HFIP solution from opaque to

transparent with increasing incubation time within 48 h implied that the visible microscale fibers
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were dissociated into smaller structures with dimensions smaller than the visible wavelength
(Figure S1). High-resolution SEM images (Figure 1d and Figure S2) disclosed silk filaments
directly exfoliated into fibrils with diameters of 20-100 nm and lengths up to several microns.
Interestingly, we observed periodic height fluctuation along the contour of the fibrils with pitches
of 75-100 nm, which are proposed to correspond to helical structures similar to those found in

amyloid fibrils,?® but not previously observed in silk fibers.

a . .
& | Degumming ( 2 ‘h‘--,,,umcubating oy s 4{@ _w Incubating R
‘ 48h TG, % 72h
! \Q?gg&
o . o %,
Raw silk Degummed silk fiber Silk fibrils

C

Figure 1. Exfoliation process for silk fibers and images of silk fibers/fibrils that range from
micro to subnano scales. a, Schematic of the process to exfoliate silk fibers from raw silk fiber
into silk molecular chains. b-d, SEM images of raw silk fiber, degummed silk fiber and silk fibrils.
e-f, AFM images of silk nanofibrils and silk molecular chains. Scale bars, 10 um (b), 5 um (c),
200 nm (d), and 2 pm (e), 500 nm ().

For further exfoliation, we extended the incubation time from 48 h to 72 h and found the silk fibrils
were further split into nanofibrils with diameters of 2-4 nanometers (Figure 1e and Figure S3).
Figure 1e shows that a thicker fibril was composed of a bundle of parallel aligned nanofibrils.
When we further extended the incubation time to 96 h, some fibrous aggregates (Figure 1f) with
diameters of only several angstroms were observed. The dimensions of the sub-nanometer fibrils
were several times smaller than that of protein secondary structures, i.e., B-sheet, random coil
and/or helix. The size was closer to that of amino acids.3® Based on these observations, we propose
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that these aggregates are the assembly of single silk fibroin molecular chains. Previously, only
globular structures of silk fibroin chains with sizes of 20-100 nm were observed using AFM and
SEM.19-20.40 Ag has been verified by various characterization methods, the nanocrystalline regions
in natural silk fibers are partially oriented along the axis of the fiber. 4!-4? This oriented nanocrystal

structures play essential roles in the high strength of silk fibers.

With the aim of insight into the structural details of these nanofibrils and molecular chains in silk
fibers, high-resolution AFM was accessed to image these structures. In these experiments, we
focused on analyzing the height of the structures rather than the width, since the width information
extracted from AFM measurements can be affected by the shape and radius of the AFM tip. The
topological structures of single silk nanofibrils are given in Figure 2a-c and Figure S4. The
diameter of these nanofibrils was around ~3 nm with the length reaching 10 pum. The partially
exfoliated silk fibrils were a few times higher than the typical 3-nm silk nanofibrils. The
longitudinal height profile along the blue trace in Figure 2a demonstrates the periodic diameter
fluctuation of the nanofibrils with a periodicity of ~0.24 um (the blue line in Figure 2b). After
performing statistical analysis on the diameter of single nanofibrils (100 individual nanofibrils and
930 data points), we found the diameter distribution fit well with a Gaussian distribution with a
center value of 3.1 £ 0.8 nm (Figure 2¢). This feature indicates that the diameter of the natural silk
nanofibrils is around 2-4 nm, which agrees well with the average height of the silk nanofibrils (2-
4 nm) formed from silk fibroin aqueous solution in bottom-up methods.** Previous experiments
proved that AFM images are the result of a convolution of the imaging-tip's shape with the object's
actual shape, so the width of silk nanofibrils can not be measured by AFM.*+4 Our previous
simulation results disclosed that the nano-confined scale of B-sheets makes the most efficient use

of hydrogen bonds and leads to the emergence of dissipative molecular stick-slip deformation,
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achieving higher strength, stiffness, and toughness than that found in larger nanocrystals.'® The

diameter of the obtained silk nanofibrils fit well with the size of nano-crystalline B-sheets.
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Figure 2. Topological AFM images, profiles and the distribution of silk nanofibril and silk
molecular chain diameters. a, Topgraphic image of silk nanofibrils. Scale bar, 2 um. b,
Longitudinal (blue curve) and transversal (red curve) height profiles of the silk nanofibrils as
indicated in (a). ¢, Histogram and Gaussian fit showing the diameter of nanofibrils around 3.0 nm.
d, Topgraphic image of silk molecular chain. Scale bar, 1 um. e, Longitudinal (blue curve) and
transverse (red curve) height profiles of the silk molecular chain as indicated in d. f, Histogram
and Gaussian fit of silk molecular chains showing the diameter of molecuar chains around 3.7 A.

We also characterized the structures of single silk fibroin molecular chain exfoliated from the ~3
nm nanofibrils. Some typical AFM images of these chains are shown in Figure 2d and Figure
S5. The statistical diameter of the silk fibroin molecular chains was 3.7 = 0.9 A (Figure 2f),
corresponding to the dimensions of the repetitive sequence of the heavy chain of B. mori silkworm
silk fibroin (GAGAGS and GAGAGY).!* However, the length of the molecular chain (more than
4 um) was larger than the length calculated from the average molecular weight of silk fibroin. This
difference might be ascribed to the complex compositions of silk fibroin and the potential chelating

effects of chain termini between two chains. The silk fibroin molecule chains also showed a
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periodical necklace-like morphology with a period of ~0.1 um (the blue line in Figure 2e), similar

to the observed fluctuation in diameter of the silk nanofibrils.

In order to investigate the protein conformation in individual silk nanofibrils, particularly the
distribution of the tightly packed B-sheets and poorly orientated a-helix,*-*” FM-AFM was used
to simultaneously obtain topography images and relative stiffness maps.*8-4° Figure 3 a-e show
the topography and corresponding relative stiffness contrast mapping of silk nanofibrils deposited
on mica. Figure 3f shows the topography on a polydimethylsiloxane (PDMS) substrate. Both the
two topography images show periodic variation in the height of the fibril along the axis direction.
Similar to the periodic height of individual silk nanofibrils, the relative stiffness also displayed a
periodic distribution (Figure 3¢, Figure 3e and Figure 3g). The higher regions in the images
along the single nanofibrils were relatively softer and the lower regions were relatively stiffer.
These results can be attributed to protein heterogeneity in secondary structure. The stiffer regions
can be assigned to B-sheets and the relative soft parts can be assigned to a-helices. Thus, the thicker
and thinner regions along the silk nanofibrils are mainly composed of a-helices and B-sheets,

respectively.
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Figure 3. FM-AFM images of silk nanofibrils deposited on mica and PDMS showing acqured
topography and relative stiffness mapping. a, Topgraphic image of silk nanofibrils on mica.
Scale bar, 1 um. b,d, AFM images of silk nanofibril in (a). Scale bars, 0.5um. ¢,e, Relative stiffness
mapping of silk nanofibrils using force-modulation mode of AFM corresponds to (b) and (d),
respectively. f, Topography of SNFs on PDMS. Scale bar, 1 um. g, Relative stiffness mapping of
SNFs using force-modulation mode of AFM corresponds to (f). To exclude the effect of the
substrate, nanoscale relative stiffnes mapping of SNFs deposited on PDMS also conducted.
Different from mica substrate, SNFs is relatively stiffer compared with PDMS.

Futhermore, we also compared the secondary structures of silk nanofibrils and silk fibers by FTIR
spectra (Figure 4). Standard deconvolution of amide I band of silk nanofibrils dispersed in water
and HFIP showed similar shapes to degummed silk fibers. Three major peaks in 1639, 1670, and

1697 cm™! were assigned to B-sheet, a-helix, and B-turn, respectively. Quantitative analysis reveals
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that silk nanofibrils and silk fibers are consist of 40-42% [B-sheet crystallites, confirming that silk

nanofibrils and natural silk fibers shared the similar secondary structures.
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Figure 4. Deconvolution of FTIR spectra in amide I band of SNFs and silk fibers. First column
spectra (a,d) correspond to SNFs despersed in water. Second column spectra (b,e) correspond to
SNFs despersed in HFIP. Third column spectra (c,f) correspond to degummed silk fibers. The plots
show the original spectra (black solid line), the fitting line (blue dotted line), and their
deconvoluted traces (three smooth Gaussian curves).

Based on the above experimental observations and previously reports,*”- 3 we proposed a refined
hierarchical structural model of natural B. mori silkworm silk fiber (Figure 5). At the molecular
scale, it is composed of highly repetitive amino acid sequences, alternating between hydrophilic
(GAGAGY) and hydrophobic (GAGAGS) segments, and flanked by the highly conserved shorter
terminal domains (N- and C-termini). During natural spinning, the hydrophilic regions maintain
random coil and/or form into helical structures, while the hydrophobic domains transform into
highly ordered B-sheet structures through extrusion and shear flow. These amorphous (random coil

and/or helical) and nanocrystal (B-sheet) components are organized into silk nanofibrils with a
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diameter of ~3 nm, and then bundled into fibrils with diameters in the range of 20-100 nm, which
are further assembled into silk fibroin fibers with a diameter of ~10 um. This model contains two
newly refined parts: (i) The B-sheet and random coil structures are arranged alternately in a single
nanofibril, and there are mainly weak interactions (hydrogen bonds) rather than tangled molecular
chains between neighboring silk nanofibrils. In contrast, the B-sheets served as cross-linkers to
connect the neighboring nanofibrils in previous models.?? 23 3! (ii) The globular topological
structure (globular protrusions) exists in three hierarchical levels, that is, molecular chain,
nanofibril, and fibril, which contribute to the superior mechanical strength of silk fibers. When a
silk fiber is subjected to tensile strain, the shear interlock between globules can increase shear
stress transfer and lead to excellent resilience by ‘shear locking’, which was only demonstrated by
previous molecular dynamics-based computational models.’® Additional globules allows the

tuning of free volume to adapt to wettability and against defects in silk fibers.
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Figure 5. The proposed hierarchical structure of natural silkworm silk fiber. a, The silk
molecular chain is composed of highly repetitive amino acid sequences (GAGAGS and
GAGAGY). The random coil and/or helical structures and nanocrystal B-sheet components are
organized into silk nanofibrils with a diameter of ~3 nm, which are bundled into fibrils with
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diameters in a range of 20-100 nm. b, Illustration showing the hierarchical structre of silkworm
silk fiber.

In summary, we investigated the sophisticated hierarchical structures of natural silk fibers by
utilizing a step-by-step exfoliation process with natural silk fibers. By incubating silk fibers in
HFIP, individual silk nanofibrils with diameters down to 3.1+0.8 nm and even silk molecule chains
with diameters of 3.7+0.9 A, which retained their pristine conformations, were selectively obtained
by controlling the duration of incubation. This is the first report of extracting nanofibrils at the
sub-nanometer scale from silk fibers. Intriguingly, both the ~3 nm nanofibers and the ~3.7 A
nanofibrils showed periodic fluctuations in diameters. We studied the morphology and the relative
stiffness of individual silk nanofibrils using FM-AFM and found that the heterogeneity of
secondary structures was consistent with the periodic variation in diameter of the individual silk
nanofibrils. Based on the experimental findings, we proposed a refined hierarchical structure
model of natural silks, ranging from the molecular level to the fiber scale. According to this refined
model, the B-sheets and random coil structures are arranged alternately in a single nanofibril and
these nanofibrils are parallelly aligned and form bundles in the natural silk fibers. The globular
topological structure contributes to the superior mechanical strength of natural silk fibers. The
findings in this work provide new opportunities to understand the structure-property relationships
of natural silks, while also providing inspiration to the design and construction of superior

engineering materials.

Liquid exfoliation of silk fibers. B. mori silkworm cocoons were cut into pieces and boiled in
0.02 M Na,COs; for 30 min, then rinsed thoroughly with Milli-Q water for three times and allowed

to air dry at room temperature. Then, the degummed silk fibers were immersed in pure HFIP
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(Sigma-Aldrich, USA) with a weight ratio of 1:100 and then the airtight silk fiber/HFIP solution
was incubated at 60°C without any destabilization. Previously, we used HFIP/filament mixtures
with weight ratios of 30:1 or 20:1 to isolate the microfibrils.>2-33 In order to improve the exfoliation
efficiency of HFIP, we increased the weight ratio to 100:1 and extended the incubation time to 48
h, while the temperature was still maintained at 60°C to avoid the evaporation of HFIP. Because
the HFIP is a toxic solvent, all of these steps should be conducted in a chemical hood with the
necessary precautions. The container used for liquid exfoliation must be tightly sealed to avoid
evaporation of HFIP. With the increase of incubation time from 48 h to 108 h, the silk fibers were
gradually exfoliated into silk fibrils, silk nanofibrils, and silk molecular chains. After incubation
for the desired time, the containers were transferred to a chemical hood and used for preparing test

samples.

Characterization. In order to characterize the dispersed individual nanofibril/molecular chain
more clearly and conveniently, the silk/HFIP solution was diluted with Milli-Q water to a desired
concentration of silk (100-200 pg/ml). 5 ul solution was deposited on a freshly cleaved mica
surface for AFM characterization. Then, the sample was incubated for 10 min and dried under a
stream of compressed air. All of these operations were carried out in the chemical hood. The
morphologies of silk nanofibrils or silk molecular chains were characterized using a Cypher AFM
(Oxford Instruments Asylum Research, Inc.). AFM imaging was performed by standard
procedures in tapping mode at a scan rate of 1 Hz. AFM images were captured, flattened, and
analyzed with Asylum Research software. SEM characterization was carried out using a Zeiss
Ultra Plus filed emission scanning microscope (Carl Zeiss AG, Harvard University Center for
Nanoscale Systems) operated at an acceleration voltage of 10 kV. To mitigate electrical charging

effects, a 2-nm-thick Pd/Pt conductive layer was deposited on the surface using an EMS 300T D
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Dual Head Sputter Coater. FTIR measurements were carried out using a Nicolet 6800 FTIR
spectrometer with a diamond attenuated total reflectance accessory. For each measurement, 64
interferograms were co-added with a resolution of 4 cm™!. Three kinds of samples, including silk
nanofibrils dispersed in water, silk nanofibril dispersed in HFIP and silk fibers, were prepared on
silicon wafers. The force-modulation atomic force microscopy characterizations were carried with
an NtegraEx AFM (NT-MDT Spectrum Instruments, Inc.). The force modulation mode was
performed with a rectangular silicon tip (cantilever B of CSC37, spring constant 0.3 N/m; conical
shape tip with typical radius of 10 nm) at a frequency of 75 kHz and a driving amplitude of 1 mV.

All of the characterization was carried out in air (RH ~25%) at room temperature.

Supporting Information.

Supplemental Information includes 5 figures.
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