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ABSTRACT: In this study, nascent silk nanoribbons (SNRs) with
an average thickness of 0.4 nm were extracted from natural
silkworm silk by partially dissolving degummed silk (DS) in
sodium hydroxide (NaOH)/urea solution at −12 °C. In this gentle
treatment, the solvent could not destroy the nanofibrillar structure
completely, but the chosen conditions would influence the
dimensions of resulting SNRs. Molecular dynamics simulations
of silk models indicated that the potential of mean force required
to break hydrogen bonds between silk fibroin chains was 40%
larger than that of van der Waals interactions between β-sheet
layers, allowing the exfoliating treatment. It was found that the
resulting SNRs contained a single β-sheet layer and amorphous silk fibroin molecules, which could be considered as the
basic building block of DS consisting of hierarchical structures. The demonstrated technique for extracting ultrathin SNRs
having the height of a single β-sheet layer may provide a useful pathway for creating stronger and tougher silk-based
materials and/or adding functionality and durability in materials for various applications. The hierarchical structure
model based on SNRs may afford more insight into the structure and property relationship of fabricating silk-based
materials.
KEYWORDS: NaOH/urea solution, low temperature, silk nanoribbons, single β-sheet layer, hierarchical structure

Silkworm silks contain hierarchical structures of amor-
phous chains and stacked β-sheets.1−4 The properties of
silk-based materials are closely related to the structure of

the unique spatial arrangement at either mesoscale or
nanoscale.5,6 It is well known that a small change of the
structure in either scale can cause notable property change in
the resulting product.7,8 For example, it has been reported that
mechanical properties of silk-based materials are directly
associated with the hierarchical structures9−11 such as
molecular β-crystalline and fibrillar structures.12−14 As the
nanoscale fibrillar structure plays an important role in the
performance of native silk,12,15 it is usually a good choice that
native silks, containing fundamental building blocks of silk, are
employed to fabricate silk-based materials in order to retain the
strengths of natural materials.16

Silk nanofibrils (SNFs) from Bombyx mori (B. mori)
silkworm have been routinely used as the assembly element
or reinforcing agent to prepare functional materials17,18 or
composite materials.16,19,20 Both bottom-up and top-down
approaches have been demonstrated to fabricate SNFs. The
bottom-up method involves the use of silk fibroin solutions, in
combination with ultrasonic,21 shear,22 and other external

mechanical treatments,23−26 to self-assemble proteins into
SNFs, whereby the typical width of SNFs ranges from 3 to 70
nm and the thickness is over 1 nm.21−23,27−31 In this approach,
silk fibroin is first obtained by destroying hydrogen bonds
between silk fibroin molecules through the dissolution of
degummed silk (DS) by varying solvents, such as inorganic salt
solutions (lithium bromide (LiBr) aqueous solution25,32 and
calcium chloride (CaCl2)/ethanol/H2O solution),33 concen-
trated acids,34 and ionic liquids.35 As the fibrillar structure is
destroyed during the silk dissolution step, the structure of
regenerated silk nanofibers becomes different from native silk.
As a result, the properties of materials produced by SNFs are
often inferior to natural silk. Furthermore, achieving well-
dispersed SNFs suspension remains to be a challenge.18,36 On
the other hand, the top-down method involves the incomplete
dissolution of DS using weaker solvents, such as HCl/formic
acid (FA),37 FA-CaCl2,

20,38 FA-LiBr,36 and hexafluoroisopro-
panol (HFIP).16−18 These solvents possess only marginal
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ability to destroy hydrogen bonds and thus can maintain the
nanofibril structures from natural silk in the dissolution step.
The width of SNFs obtained by this method ranges from 10 to
120 nm, but their thickness has not been studied.17,18,20,36,37

The silk fibers exfoliated from the natural silk have exhibited
excellent properties, as typically seen in the silk-based
materials.16 However, there are several limitations in the top
down method. For example, SNFs obtained from the FA-
CaCl2 solvent system could not maintain a solution state in all-
aqueous environments;20,36,38,39 the SNFs suspension obtained
from the FA-LiBr solvent system must be stored at 4 °C before
use to avoid gelation,36 and HFIP is a toxic solvent and
harmful to the ecological environment.16 Furthermore, the
relationships among the silk hierarchical structure, process, and
the resulting morphology (dimension and structure) of
resulting SNFs have not been fully understood. In general,
none of the above methods truly takes advantage of the basic
building block of silk fiber, which might be the key for
fabricating silk-based materials with outstanding properties.
The use of mixed alkali/urea systems (e.g., sodium hydroxide

(NaOH)/urea, lithium hydroxide/urea, and potassium hydrox-
ide/urea system) to dissolve cellulose, chitosan, or chitin at
low temperatures has been well documented.40−43 For
example, Zhang et al. first demonstrated that the NaOH/
urea system is a highly effective and nontoxic solvent for
dissolving cellulose at −12 °C and the approach can be used to
prepare a homogeneous cellulose solution.44−47 This is

because when cellulose is immersed in the precooled
NaOH/urea solvent, the hydrogen-bonded network structure
between the cellulose macromolecules and small molecules in
the solvent can rapidly form an inclusion complex, bringing
cellulose into the aqueous solution.48 As both silk and cellulose
molecules have strong hydrogen bonds, where the dissolution
treatment is essentially a dissociation process to destroy
hydrogen bonds, we hypothesized that the alkali/urea solvent
system might also be suitable to dissolve silkworm silk.
The goal of this study was to explore whether stable SNFs

solution or suspension could be obtained using the NaOH/
urea solvent system. Surprisingly, we discovered that the
NaOH/urea solvent did not fully dissolve silkworm silk, but it
could exfoliate them into nanoribbon-like SNFs with thickness
similar to that of single β-sheet layer. The discovered single-
layered SNFs may represent the building blocks of native silk
fibers, and they are termed silk nanoribbons (SNRs) in this
study. The structure and processing relationships of SNRs
were carefully studied by transmission electron microscopy
(TEM), atomic force microscopy (AFM), and solution small-
angle X-ray scattering (SAXS), and they were also correlated
with the initial silk hierarchical structure. We speculate that
SNRs have great potential to prepare high-performance silk-
based materials, such as films, gels, silks, and scaffolds for many
advanced applications, such as biosensing devices, optics,
photonics, tissue engineering, biomedicines, or energy storage.

Figure 1. Schematic diagram and experimental results showing the preparation, stability, and solubility of silk nanoribbons (SNRs). (a)
Schematics showing the preparation of SNRs by partially dissolving silk using the NaOH/urea system at −12 °C. (b) Referenced
transmittance history of SNRs suspension (N:U = 0.19) from 0 to 15 d, illustrating the stability of SNRs suspension. The suspension was
scanned along the height from the bottom to the top of the suspension (x axis). To enhance variations, transmittance variation (ΔT/%) was
acquired by subtracting the first transmittance profile to all other profiles. The solubility diagrams of DS in NaOH/urea solution at (c)
different weight ratios of NaOH to urea, and (d) different total weight of NaOH and urea (the total weight of NaOH and urea in b and c was
19 g; “N:U” represents the weight ratio of NaOH to urea).

ACS Nano Article

DOI: 10.1021/acsnano.8b03943
ACS Nano 2018, 12, 11860−11870

11861

http://dx.doi.org/10.1021/acsnano.8b03943


RESULTS AND DISCUSSION

“Solubility” Evaluation. With NaOH and urea mixed at
different weight ratios (i.e., 0.19, 0.36, 0.58, 0.9, and 1.38) and
the total NaOH and urea weight kept at 19 g to form the
solvent system, a homogeneous silk suspension could be
obtained after the steps of dissolution (or exfoliation), dialysis,
sonication, and centrifugation (Figure 1a). The last image in
Figure 1a is the optical image of the SNRs suspension, which
exhibited a homogeneous liquid without obvious precipitation.
To further characterize the stability of this SNRs suspension,
several light transmission experiments were performed. The
transmittance variation (ΔT/%) of the SNRs suspension at
different height (Figure 1b) was basically the same, where this
horizontal spectrum was referred as the baseline (ΔT% = 0).
With an increase in aging time, the transmittance variation was
found to increase. However, the increase was found to be very
small. For example, after 15 d of aging, the transmittance
variation at different heights increased only by about 3.5%,
which indicated that the suspension was still uniformly
dispersed. In other words, the suspension was stable without
aggregation of SNRs after 15 d of aging at 25 °C. The diagram
of DS solubility (or the weight ratio of extracted SNRs to the
initial DS content) as a function of weight ratio of NaOH to
urea is shown in Figure 1c, which showed that an increase in
SNR was obtained with increasing NaOH/urea ratio, but the
solubility reached a plateau value at around 45% when the
NaOH/urea ratio surpassed 0.6. In a separate study, the
solubility of DS was measured as a function of the total NaOH
and urea weight at two different NaOH and urea ratios (i.e.,
N:U = 0.58 and 1.38, respectively). The results are illustrated
in Figure 1d, where the solubility was found to increase with
the total NaOH and urea weight. In this figure, it was seen that
the solubility reached a similar maximum value (around 52%)
for both solvent systems at two different NaOH and urea
ratios, whereby the higher NaOH content system required less

total NaOH and urea weight. Zhang et al. reported the
dissolution mechanism of cellulose in the NaOH/urea
system.48−50 In the system of cellulose/NaOH/urea, NaOH
“hydrates” was attracted to cellulose chains through the
formation of new hydrogen-bonding networks at low temper-
atures, while urea hydrates could self-assemble at the surface of
the hydrogen-bonded cellulose with NaOH to form an
inclusion complex, leading to the dissolution of cellulose. As
both silk and cellulose molecules have strong hydrogen bonds,
NaOH “hydrates” might also be attracted to fibroin chains
through the formation of new hydrogen-bonding networks in
the exfoliating process of DS. However, the interactions
between urea and fibroin may be different from the
interactions between urea and cellulose. In Deyoung et al.’s
work, at lower urea concentration (less than 3 mol/L, the
denaturation midpoint), the solubility of apomyoglobin, a kind
of protein, decreased with the increase in urea concentration
because the urea-induced predenaturation conformational
change would expose the hydrophobic surface.51 Urea could
react with the hydrophilic polar side chains of amino acid and
form hydrogen bonds, and this would not destroy hydrogen
bonds of the hydrophobic intrachains.52 In most of our
experiments, the molar content of urea was also less than 3
mol/L. Therefore, we speculate that NaOH has a stronger
ability than urea to partially destroy both intra- and
intermolecular hydrogen bonds in silk fibroin molecules with
the aid of hydroxyl group. As a result, the higher NaOH
content system required less total NaOH and urea weight.
Furthermore, the NaOH content has a much larger effect on
the solubility of DS or the ability to extract SNRs using the
NaOH/urea solvent system. Through the addition of the
“rinse” process before sonication, completely dissolved silk
fibroin molecules were removed, and the yield of SNRs was
calculated. When the solubility was near the minimum value at
about 30.4%, the yield of SNRs, which was obtained from the

Figure 2. Molecular and crystalline structure characterization of a freeze-dried suspension containing silk fibroin and SNRs. (a,d) Fourier
transformed infrared (FTIR) spectra of a freeze-dried suspension to confirm the molecular structures. (b,e) 1D SR-WAXD profiles of freeze-
dried suspension. (c,f) Crystallinity and secondary structure content of the freeze-dried suspension. The suspension was derived from the
NaOH/urea solution (a−c) at different weight ratios and (d−f) at different total weight of NaOH and urea. (a−c) The total weight was 19 g.
(d−f) The weight ratio of NaOH to urea was 0.58. “N:U” represents the weight ratio of NaOH to urea. “TW” represents the total weight of
NaOH and urea.
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NaOH/urea system (weight ratio of NaOH to urea, 0.19; total
weight of NaOH and urea, 19 g), was about 21.4%.
Molecular and Crystalline Structures of SNRs. The

molecular and crystalline structures of a freeze-dried
suspension, containing silk fibroin and SNRs, were investigated
by Fourier transform infrared spectroscopy (FTIR) and
synchrotron radiation wide-angle X-ray diffraction (SR-
WAXD) techniques. The silk fibroin was at the molecular
scale, which was obtained by dissolving silk completely, where
SNRs were the result of a partial dissolution, or more precisely,
exfoliation of silk.
On the basis of previous publications,19,53 characteristic

peaks in FTIR-ATR spectra of silk can be summarized as
follows. For amide Ι, the absorbance peaks at 1697 and 1623

cm−1 are due to the β-sheet, and the peaks at 1650 and 1678
cm−1 can be assigned to random coil/α-helix and β-turn,
respectively. The results from molecular and crystalline
structure characterization of a freeze-dried suspension
containing silk fibroin and SNRs, using FTIR and WAXD
techniques, are shown in Figure 2. In Figure 2a (FTIR spectra
of a freeze-dried suspension at different NaOH/urea weight
ratios), the spectra peaks from SNRs were found to be slightly
changed compared with those from DS. For example, with the
increasing weight ratio (while the total weight of NaOH and
urea was fixed at 19 g), the peak at 1695 cm−1 gradually
disappeared and the peak at 1627 cm−1 became broader. The
conformation contents in the sample could be calculated from
the deconvolution of amide I peaks (Supporting Information

Figure 3. Characterization of morphology and size of SNRs. (a) TEM images, (b) AFM images, (c) the width distribution of SNRs from AFM
images, and (d) the height profile of SNRs from AFM measurements. SNRs were derived from the NaOH/urea solution at different weight
ratios, and the total weight was 19 g. “N:U” represents the weight ratio of NaOH to urea. Scale bars = 200 nm. The blue lines in (b) were
used to measure the (d) height of three SNRs. Two typical AFM images used for the width distribution analysis were shown in SI, Figure S5.
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(SI), Figure S1), and the corresponding contents of β-sheet, β-
turn, and random coil/α-helix are shown in Figure 2c. It was
seen that the β-sheet content of SNRs was lower than that of
DS. As the weight ratio increased, the β-sheet content
decreased but the random coil/α-helix content increased.
However, in Figure 2d, the changing trend of the peaks was
found not to be monotonous. For example, in Figure 2f, when
the total weight of NaOH and urea increased (the weight ratio
of NaOH to urea was fixed at 0.58), the β-sheet content and
crystallinity were found to decrease first and then increase.
Possible reasons for the above observation might be as follows.
When the urea amount was larger than 17 g (27/(1 + 0.58) ×
1 = 17 g), the NaOH content (27 − 17 = 10 g) was relatively
low. The high urea concentration could decrease the
permittivity of the solution, enhance the formation and
stability of peptide hydrogen bonds, and even influence the
unfolding and refolding process of chains. Consequently, the β-
sheet content and crystallinity of the freeze-dried SNRs
suspension were found to increase slightly.54,55 However, the
β-sheet content of all samples was still lower than that of DS.
When the weight ratio of NaOH to urea was 1.38 (SI, Figure
S2), the β-sheet content was found to decrease with the
increase in the total weight of NaOH and urea. The maximum
β-sheet content of freeze-dried samples was 33.5% (Figure 2c).
The crystalline structures of the SNRs were investigated by

SR-WAXD. The measured 2D WAXD patterns for the varying
samples are shown in Figure S3 (SI), where the integrated 1D
WAXD patterns of SNRs and DS are shown in Figure 2b,e
(also SI, Figure S2b). It is known that B. mori silk has two
forms of crystal structure: silk Ι and silk II, while all WAXD
patterns showed that SNRs possessed a silk II structure. In all
samples, the main crystalline peak at the d spacing of 0.43 nm
could be indexed by the [200]/[210] lattice planes. Compared
with the DS sample, the [002] lattice plane at the d of 0.35 nm
in SNRs was not obvious, but the [021] lattice plane at 0.37
nm was quite evident. With the increase in the weight ratio or
total weight of NaOH and urea, the peak height in [021]
lattice plane became smaller. The deconvolutions of the 1D
SR-WAXD patterns are shown in SI, Figure S4, which were
used to estimate the crystallinity. Parts c and f of Figure 2 (also
SI, Figure S2c) show the crystallinity change as a function of
the weight ratio and total weight of NaOH and urea,
respectively. It was found that the maximum crystallinity of
the freeze-dried samples was 40.0% (Figure 2c), while the
changing trend of the crystallinity was the same as that of the
β-sheet content. This result is expected. As the NaOH
concentration increased, the solvent system possessed stronger
ability to destroy the hydrogen bonds in DS, and more silk

fibroin at molecular scale could appear in the suspension.
Thus, a negative correlation should exist between the content
of NaOH and the β-sheet content or the crystallinity.

Dimensions of SNRs. To analyze the dimensions of SNRs
obtained from different solvents, TEM and AFM techniques
were used to examine the solid samples by evaporating water
from the suspensions. In addition, AFM was also used to
examine the SNRs suspension directly. In these measurements,
if the solubility of DS was larger, more SNRs and silk fibroin
would be obtained. If the β-sheet content and crystallinity were
higher, the weight ratio of SNRs to silk fibroin would be higher
and more SNRs were maintained from the dissolution of DS.
Three freeze-dried samples of SNRs suspensions were
investigated in detail. Parts a and b of Figure 3 show typical
TEM and AFM images of SNRs prepared from the NaOH/
urea solutions at different weight ratios (i.e., 0.19, 0.58, and
1.38). In Figure 3c, the histogram shows the width distribution
measured from multiple AFM images (SI, Figure S5 illustrates
other AFM images used to determine the SNR widths). The
width distribution of the resulting SNRs was found to be in the
range of 26−32, 20−30, and 23−27 nm (their average widths
were 28.1, 25.9, and 25.8 nm), derived from the suspensions at
NaOH/urea weight ratio of 0.19, 0.58, and 1.38, respectively.
It was found that the width of SNRs derived from the lower
NaOH/urea weight ratio was wider than that prepared from
the higher NaOH/urea weight ratio. Through the AFM
measurement in the liquid environment (or in suspension, SI,
Figure S6), SNRs were found to possess a width about 31.3
nm. Xu et al.6 reported that each silk fiber was composed of
numerous nanofibrils of a diameter of around 30 nm for B.
mori silkworm silks through AFM measurements. In our
results, the width results of SNRs were consistent with Xu’s
results.
The thickness of SNRs was also measured from the AFM

measurement in the contact mode, where the results are shown
in Figure 3d. It was found that SNRs possessed a lamellar (or
ribbon) shape, which possessed an average thickness a = 0.44
nm with a standard deviation σa = 0.08 nm, an average
thickness a = 0.41 nm with a standard deviation σa = 0.08 nm,
and an average thickness a = 0.33 nm with a standard deviation
σa = 0.03 nm, from the suspensions at different NaOH/urea
weight ratios of 0.19, 0.58, and 1.38, respectively. From the
AFM data, the thickness of SNRs is about the same as the
distance of the β-sheet layers and interchains in β-crystallite.
According to the optical image of SNRs suspension, the
WAXD peaks of freeze-dried SNRs, and AFM images, we
believe that the SNRs were exfoliated directly from DS, not the
result of drying, protein assembly, or other processing. This

Figure 4. SAXS profiles of SNRs suspension and the fitted curves using the lamellar model in combination with a Gaussian type function.
The SNRs suspensions were prepared using the NaOH/urea solution at different weight ratios ((a) 0.19, (b) 0.58, and (c) 1.38), and the
total weight was 19 g.
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conclusion was further verified by the solution SAXS
experiments, as described next.
We note that as AFM samples were prepared by evaporating

water from the SNRs suspension, SNRs could aggregate into
thicker stacks. To overcome this problem, we have carefully
selected the region without the stack formation for the
thickness estimate by AFM. To confirm the estimated
thickness of SNRs from AFM, solution SAXS was also carried
out on three SNRs suspensions using different NaOH/urea
weight ratios (i.e., 0.19, 0.58, and 1.38). The measured
scattered intensity profiles are shown in Figure 4, which
exhibited a completely diffuse feature. As the investigated
suspensions are all in the dilute ranges (concn from 0.09 to
0.12 wt %), these scattering profiles are dominated by the form
factor of SNRs. A suitable fitting model was chosen to fit the
scattering results. As SNRs can be considered infinitely long
(several hundreds of nanometers, outside the SAXS detection
limit), and its width (mean value >25.8 nm) is substantially
larger than its thickness (mean value around 0.4 nm from
AFM), we have used a simplified polydisperse lamellar model
to describe the SAXS intensity profiles of SNRs in suspension.
The ribbon model containing comparable width and thickness
dimensions was also used to fit the data, but the result was not
reasonable. The analytical form of 1D SAXS data using the
simple lamellar model can be given by the following
equation.56

I q
q

q
( ) 2

2 1 cos( )2

4π
ρ δ

δ
=

Δ [ − ]
(1)

where I(q) is the scattered intensity, δ is the thickness of the
lamella, q is scattering vector, Δρ is the density contrast (=
Dlamella − Dsolvent), where Dlamella and Dsolvent are the density of
the lamella and solvent, respectively. This lamellar model
contains only four parameters: the SNR thickness, polydisper-
sity (assuming a Gaussian distribution), background, and a
scaling factor. By adjusting the background, scaling factor and
polydispersity, the SNR thickness was extracted by fitting the
experimental data. As the fitting profile and the experimental
line exhibited high confidence in the chosen q range
(dominated by the SNR cross-section), the estimated SNR
dimension probably reflected a good thickness estimate in the
suspension state. The fitted profiles and their corresponding
parameters (thickness and variance) are shown in Figure 4. It
was found that this model fit the curves quite well, except for
the low q region (<0.01 Å−1). This is expected, as the scattered
intensity at the low q region is dominated by the larger scatter
dimensions (such as width and even length). From the fitting
results, all thickness values of SNRs were about 0.39 nm, very
close to the AFM measurements. This value also corresponds
well with the height of a single β-sheet layer. The SAXS and
AFM results confirmed that the chosen NaOH/urea solvent at
low temperature is able to extract the basic building blocks, or
SNRs, from silkworm silk.
Simulation of Disruption of Silk Fibroin Crystal

Structure in NaOH/Urea Solution. Silk consists of
secondary structures such as random coil, α-helix, β-turn,
and β-sheet, where the β-sheet crystalline structure is the most
difficult to be dissolved in solvents. The β-sheet crystalline
structure possesses a polar arrangement with glycine side
chains (−H) in the front face of the β-sheet projection and
alanine side chains (−CH3) in the back face.57 The β-
crystalline structure is stacked through van der Waals (VDW)

interactions by β-sheets, having similar front-to-front or back-
to-back faces.57,58 The intersheet distances between the front-
to-front and back-to-back stacking are 0.37 and 0.55 nm,
respectively.57,58 The interchain distance between the β-sheets,
governed by hydrogen bonds, is about 0.5 nm.57

Although hydrogen bonds are recognized as stronger than
the VDW interactions, the collective VDW force between
regular structures can be comparable with that of hydrogen
bonds. To understand the dissolution process of silk β-sheet
nanocrystal in NaOH/urea solution at −12 °C, two series of
molecular dynamics simulations were carried out to verify
whether the thickness of SNRs is intersheet or interchain
distance. The chosen model (SI, Figure S7a) was created
through a typical silk crystal structure. Figure 5a shows the
VDW interactions and hydrogen bonds packing directions, and
Figure 5b illustrates the periodic boundary connections of
infinite fibril models. In the simulation, the upper two layers of
the silk fibroin crystal structure was dragged apart by an

Figure 5. Simulation model, snapshots of deformation, force-time
profiles, and potential of mean force (PMF)-displacement profiles.
(a) Replication of the unit cell into a 16-chain system. (b)
Molecular structure of silk fibroin chains in crystal and their
periodic connections as infinite models used for the simulation.
The equilibrium structures of the umbrella sampling for destroying
(c) hydrogen bonding (HB) and (d) van der Waals (VDW)
interactions. The data in (c) and (d) are the distances between
centers of mass of the two parts during umbrella sampling runs for
the disruption of HB and VDW interactions, respectively. (e) The
force required to break the HB and VDW interactions during the
pulling process. (f) The corresponding PMF calculated through
the weight histogram method for the disruption of the crystal
structure.
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umbrella potential with the force constant of 100 kcal/mol/Å2,
while the lower two layers remained constraint. The initial
crystal silk fibroin model was positioned in two directions for
the measurement of VDW (SI, Figure S7b) and hydrogen
bond (SI, Figure S7c) breaking interactions, respectively.
In the simulation, the initial distances between the centers of

mass of the upper and lower two β-sheet layers and the β-sheet
chains were 0.87 and 0.94 nm, respectively. The short pulling
runs were used to estimate the force required to break the
crystal structures. Parts c and d of Figure 5 show snapshots of
the equilibrium structures after each umbrella sampling runs
for the disruption of HB and VDW interactions, respectively. It
was found that the maximum force of breaking HB and VDW
interactions were 10000 and 6500 kJ/mol/nm, respectively.
Thus, the force required to break the HB interactions was 40%
larger than that for the VDW interactions between layers
(Figure 5e). Intermediate structures during the pulling process
were used for further umbrella sampling calculations. The
potential of mean force (PMF) obtained from the umbrella
sampling can describe the free energy needed to disrupt the
crystal structure along the corresponding directions. It was
found that the disruptions were not straightforward, and
struggling of interactions was frequently noticed at small
separations. In specific, for HB interactions, the pulled
structure could revert back to the original structure after
equilibration at interstrand distances below ∼1.2 nm. As
shown in Figure 5f, the deformation of VDW was possible
below 1.2 nm, but the long-range interactions could exist
leading to a nonsmooth curve. The PMF curves also showed
that breaking hydrogen bonds required much more energy,
where this process was much harder than that of VDW
interactions. In Figure 5c, hydrogen bonds, illustrated in green
dashed lines, showed that after the disruption of VDW
interactions, the urea molecules were able to form competitive
HBs with the peptide backbone, which could facilitate the
disruption of the regular crystal structures. The HBs between

urea and silk fibroin after dragging the two slices apart might
lead to solvation of the crystal while the dragging apart of
hydrogen bonds did not make much difference to the regular
HB packing between the strands. Thus, the single β-sheet layer
(or SNRs) could be maintained easily. This indicated that the
exfoliated SNR can be considered as the basic building block to
construct hierarchical silk structure.

Hierarchical Structure of Silk. Historically, the semi-
crystallite model has been used to explain the structure of silk.
It was commonly recognized that silk fibers are considered as a
composite material, in which β-crystallites are embedded in the
amorphous matrix.59,60 Several different models have been
proposed to describe the silk hierarchical structure at different
scale. For example, on the basis of AFM images of the silk
surface and cylindrical fibrils having diameters about 90−170
nm, the “fibrillar” model with multilevel organizations has been
proposed for spider and silkworm silk fibers.61 Separately, the
“string of beads” model was proposed by Porter et al. to
describe the spider silk structure, where each fold contains six
peptide segments.62,63 With this model, the authors explained
how the degree of ordered phase could affect the mechanical
properties of spider silk fibers. Some other researchers also
used the “fringe-micelle” model to describe the formation of
SNFs,64−66 as a result of coalescence of micellar structure upon
elongation. It was interesting to note that Xu et al. reported
each B. mori silk fiber consists of many nanofibrils with cross-
sectional dimension about 30 nm, where these nanofibers are
in fact spirally twisted belts.6 Although these models have been
created to describe the multilevel structures of silk fibers based
on microscopic measurements (e.g., AFM, SEM, and TEM) or
theoretical consideration,67,68 many of these models lack
systematical experimental support.5

According to the dimensional information on SNRs
extracted using the NaOH/urea solution, we propose a
hierarchical structure model that is shown in Figure 6. Figure
6a represents the silkworm cocoon. In a typical cocoon, two

Figure 6. Proposed hierarchical structure of silk. (a) Silkworm cocoon. (b) Model of cocoon silk, containing sericin and fibroin. (c) Model of
DS, containing a bundle of silk microfibers. (d) A single silk microfiber (the width is about 1 μm). (e) The SNF (the width is about 30 nm)
in a microfibril. (f) The SNR in a nanofibril. (g) The structure of SNR consisting of β-sheets and amorphous structure. (h) The structure of a
single β-sheet. (i,j) SEM images of the mixture after dialysis obtained by dissolving in the NaOH/urea solution. DS was exfoliated and form
microfibers from two terminals, while the microfiber is composed of oriented SNFs. (k) AFM image of SNRs. The width of SNRs is about 25
nm, and the height of SNRs is about 0.4 nm. (l) Atomic structure of single β-sheet layer.
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fibroin brins are coated with sericin, forming the cocoon silk
(Figure 6b). The fibroin brin is made up of a bundle of silk
microfibers (Figure 6c). It is seen from Figure 6i, in the
dissolving process, the two brins of DS can be exfoliated and
become microfibers with the diameter about a few hundred
nanometers to one micrometer. The silk microfiber (Figure
6d) is composed of oriented SNFs (Figure 6j) with a diameter
about 30 nm. The SNF is composed of the assembly of SNR
having a uniform thickness about 0.4 nm and a width ranging
from 20 to 32 nm. In the SNF, SNRs are stacked along the
nanofiber direction (Figure 6e). The SNR (Figure 6f,k)
contains β-crystalline and amorphous phases (Figure 6g). In
the β-sheet crystallites with a polar-antiparallel arrangement,
the intersheet distances between two glycine faces (front-to-
front) or two alanine faces (back-to-back) are 0.37 and 0.55
nm, respectively.57 The thickness of the SNR is about 0.4 nm,
having the same thickness as a single β-sheet layer. The β-
crystalline structure is composed of many single β-sheets
(Figure 6h), where the atomic structure diagram of the β-
crystalline structure is shown in Figure 6l.
SNRs Membrane. As the basic building blocks of silk fiber,

SNRs can be reassembled artificially to fabricate a different
kind of silk-based materials. As shown in Figure 7, both SNRs

and silk microfibers (SMFs) membranes were prepared by
vacuum filtration. Compared with conventional SMRs
membrane (Figure 7b), SNRs membrane with a thickness
about 10 μm (Figure 7a) was near optically transparent (about
95%) (Figure 7d) throughout the visible light region (400−
800 nm), while SMRs membrane was not. In addition, SNRs
membrane also exhibited excellent flexibility (Figure 7c) and
insolubility (SI, Figure S8) in common solvents.

CONCLUSIONS
In this study, we demonstrated a top-down approach to
exfoliate the silk fibers into nanoribbons, instead of dissolving
them into silk fibroin molecules, using the NaOH/urea

solution at a low temperature (−12 °C). The exfoliated
SNRs are a 2-D assembly containing a single molecular layer
with thickness about 0.4 nm, containing both single β-sheet
layers and amorphous chains. The existence of the ultrathin
SNRs with a single molecular layer from silk fibers has never
been reported before. In the extraction process, the NaOH/
urea solution was able to destroy the VDW force between the
molecular layer while maintaining the integrity of SNRs
structure (without disturbing the hydrogen bonds with the
layer) at −12 °C. On the basis of the computer simulation
results and the existence of SNRs from AFM and SAXS
measurements, a hierarchical structure for silk fibers was
proposed. In this model, the basic building block in the
smallest nanofibril of silkworm was found to be of a ribbon
shape with the thickness of about 0.4 nm. We speculate that
through the self-assembly or ordered construction, SNRs can
be used as reinforcing agents or direct new building element to
regenerate silk-based materials with outstanding mechanical
properties or functionality for a wide range of applications such
as tissue engineering scaffolds, surgical sutures, ultrathin
membrane. or transparent flexible film for filtration, optics,
photonics, or bioelectronic interfaces. The findings in this
study offered a perspective for the fabrication of silk-based
materials with high performance.

METHODS
Preparation of SNRs Suspension. DS was prepared according

to the procedure published earlier.69 Cocoons were boiled 2 times for
30 min in an aqueous solution of 0.5% (w/v) sodium carbonate and
then rinsed thoroughly with deionized water to remove sericin and
residual sodium carbonate. A mixed solution based on NaOH/urea/
H2O (100 g) at different mass ratio was precooled to −12 °C. The DS
sample (3 g) was then dispersed into the solvent system. The
suspension was stirred for 10 min every 12 h over 3 days. The
recovered suspension was dialyzed in a semipermeable cellulose
membrane (molecular weight cutoff (MWCO) = 7000 kDa) for 3
days. The final mixture was sonicated in ice−water at 300 W. After 30
min of sonication, the SNRs dispersion was harvested by
centrifugation at 4500 rpm for 20 min. The dispersion was
transparent and milky liquid. After the centrifugation of silk mixture,
precipitates were dried in oven at 60 °C. The weight of dried
centrifugal precipitates was w1. The weight of DS added in the
beginning of experiment was 3 g. As shown in eq 2, the solubility of
DS (w) was calculated as follows.

w w1 /3 100%1= − × (2)

To determine the yield of SNRs, rinsing was performed on the
SNRs suspension to remove water-soluble silk fibroin molecules after
the dialysis. After further sonication and centrifugation of silk mixture,
the SNRs suspension was acquired prior to lyopilization. As the initial
DS weight before dissolution was 3 g and the weight of freeze-dried
SNRs was w2, the yield of SNRs w’ was calculated according to eq 3.

w w /3 100%2′ = × (3)

Preparation of SNRs and SMFs Membranes. The SNRs and
SMFs membranes were prepared by using the SNRs/SMFs
suspensions in combination with a vacuum filtration setup (pressure
∼0.1 MPa) and polycarbonate filtration membranes (pore size ∼200
nm; diameter was 4.7 cm; Millipore).

Stability of SNRs Suspension by Light Transmission
Measurement. The physical stability of SNRs suspension was
analyzed by a Multi Sample Stability Analyzer (Turbiscan TOWER,
Formulaction Co., L’Union, France). In this instrument, sample
scanning was carried out from the bottom to the top of the suspension
in a special cuvette holder. The measurement was conducted at 25 °C
for 15 days. The system contained a pulsed near-infrared light source
(λ = 880 nm) and two synchronous detectors. The transmission

Figure 7. (a) Image illustrating the transparent SNRs optical
membrane. (b) Image illustrating the opaque silk microfibers
(SMFs) membrane. (c) Image illustrating the flexibility of SNFs
membrane. (d) UV−vis transmittance of SNRs membrane. Scale
bars = 1 cm.
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detector (at 180°) received the transmission light through the sample,
while the backscattering detector (at 45°) detected the scattered light
from the sample. The system scanned the entire height of the sample,
collecting both transmission and backscattering data at an interval of
40 μm position change.
FTIR Spectroscopy of Freeze-Dried Samples. The SNRs

suspension was freeze-dried to prepare samples for the FTIR
measurement. The FTIR spectra were obtained using a Nicolet
8700 spectrometer equipped with an ATR (attenuated total
reflectance) accessory and a diamond crystal (ATR Smart Perform-
ance module) in the spectral region of 525−4000 cm−1 by
accumulating 32 scans at a resolution of 4 cm−1. Data analysis was
performed by the software PeakFit V4.12 (SeaSolve Software, Inc.). A
baseline was subtracted from the spectra. The amino I of FTIR
spectra were fitted using four peaks, including random coil and α-helix
at 1640−1660 cm−1, β-turn at 1660−1690 cm−1, β-sheet at 1620−
1640 cm−1, and antiparallel β-sheet at 1690−1700 cm−1.
SR-WAXD Research of Freeze-Dried Samples. The suspension

was freeze-dried to prepare samples for SR-WAXD measurements. 2D
SR-WAXD patterns were collected at the 15U Beamline, equipped
with a Rayonix-165 detector in the Shanghai Synchrotron Radiation
Facility. The freeze-dried samples of suspension were carefully
sandwiched between two pieces of Kapton tape to prevent any
preferred orientation effect. Background measurements were
performed using two pieces of Kapton tape. The chosen radiation
wavelength was 0.0775 nm and the beam spot size was 0.8 × 0.8 μm2.
The distance of sample to detector was 17.3 cm, and the exposure
time was 30 s. FIT2D (V12.007) was used to process SR-WAXD
patterns. The degree of crystallinity was obtained using the software
PeakFit V4.12 (SeaSolve Software, Inc.), in which the diffraction
profile was deconvoluted. The degree of crystallinity was obtained via
the ratio of Ic to Ic + Ia, where Ic is the area of the integrated intensities
of crystalline peaks, while Ia is the area of the integrated intensity of
the amorphous halo.
SR-SAXS Measurement of SNRs Suspensions. The SR-SAXS

measurements of SNRs suspensions were carried out at the Beamline
16B of the Shanghai Synchrotron Radiation Facility. In this
experiment, 2 mL suspension was pump into a glass capillary through
the syringe pump. To reduce the radiation damage,70 the sample was
allowed to flow continuously through the glass capillary during the
measurement. The chosen radiation wavelength was 0.124 nm, and
the beam spot size was 0.8 × 0.8 μm2. The distance of sample to
detector was 2.21 m, covering a q (scattering vector) range from
∼0.008 to ∼0.327 Å−1, and the exposure time was 300 s. The data
analysis was performed using the software XPolar 1.4.9.0 (Precision
Works NY, Inc.). Then 1D SAXS data fitting was performed using the
fitting subroutine implemented in the Sasview 3.1.2 package (GitHub
Inc.), with customized model construction function using a lamellar
model with a Gaussian type function.
TEM and AFM Measurements. For TEM sample preparation, a

SNRs suspension was first diluted to 0.01 mg/mL by deionized water
and then dropped onto a carbon-film-coated copper grid. After 2 min
of sample deposition, the excess liquid was absorbed by filter paper.
The specimen was observed by TEM (JEOL JEM-2100, Japan) at a
voltage of 200 kV.
For AFM (Agilent 5500) measurements in the solid phase, samples

were prepared by depositing the SNRs suspension (0.001 mg/mL)
onto a freshly cleaved mica substrate. The tapping mode AFM
imaging was used at a scanning range of 5 μm and a scanning speed of
1 Hz. From the AFM images, the widths of the nanofibrils were
measured using the Nano Measurer 1.2 software. The statistical width
was acquired based on the measurements of 100 nanofibrils on AFM
images. For AFM measurement in the liquid phase, the morphology
of SNRs in suspension (0.3 mg/mL) was observed using a different
AFM instrument (Dimension Icon & FastScan Bio) in air. In this
measurement, the sample was directly dropped onto the freshly
cleaved mica surface. In this measurement, a 100 μm long silicon
cantilever having the force constant of 3 N/m was used in the tapping
mode at a 0.98 Hz scan rate.

SEM Measurement. The SNRs mixture after dialysis was
deposited onto a sample stage using conductive adhesive prior to
air drying. The dried samples were subsequently sputtered with
platinum and observed using a SEM instrument (Hitachi S-4800) at 5
kV.

Computer Simulations. Molecular dynamics simulations were
performed on the typical silk protein (PDB 2SLK) with sequence
(GAGAGA···). The original structure was made periodic along the
chain axis, as shown in Figure 5, and twice the original size (∼4.2 nm)
was used through replicating the chains along the chain axis. The unit
cell was also replicated in the other directions (Figure 5b) and the
final 16 periodic chains were placed in two directions close to the
bottom of a rectangular box of 4.2 × 4.2 × 6 nm3 (SI, Figure S3).
After the energy minimization of the protein structure, 178 urea

molecules and 50 NaOH in their ionic states were added for
consistency with experiments. The systems were subsequently
solvated in around 3000 water molecules, represented by the TIP3P
water model. Thousands of steps of energy minimization were
performed before 10 ns equilibration of the whole system with the α-
carbon atoms in the proteins constraint. The steered molecular
dynamics run followed by a spring constant of 100 kcal/mol/Å2 on
the center of mass of the upper two layers, during which the bottom
two layers were constraint. The sampling spacing of 0.05−0.2 nm was
implemented to generate the intermediate structures for the umbrella
sampling runs. Each intermediate run extended for 2 ns and the later 1
ns was taken for data collection. The PMF was calculated through the
weighted histogram analysis method.

The temperature was coupled to 261 K using the velocity rescaling
method and the pressure was coupled to 1 atm using the Berendsen
method. A twin-range cutoff scheme was implemented between 1.2
and 1.4 nm for the nonbonded interactions, and the particle mesh
Ewald method71 with a Fourier spacing of 0.1 nm was applied for the
long-range electrostatic interactions. All covalent bonds with hydro-
gen atoms were constraint using the LINCS algorithm.72 All MD
calculations and system building were performed using the
GROMACS73 molecular dynamics simulation package version 5.0,
with the CHARMM36 force field.74
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