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ABSTRACT: As spider silks have extraordinary mechanical
properties, the design of high-performance artificial silk fibers
has been one of the focuses in the field of biomimetic fibers.
Cellulose nanofibers (CNFs) have considerable potential
being an effective reinforcing agent in biocompatible
composites because of their high aspect ratio, good stiffness
of the crystalline regions, and biocompatibility. In this study,
regenerated silk fibroin (RSF)/CNF hybrid fibers were dry-
spun through a microfluidic chip, which mimicked the shape
of spider’s major ampullate gland. The results showed that the
presence of CNF can substantially enhance the mechanical
properties of RSF. In specific, the breaking strength of the
RSF/CNF fibers with 0.1 wt % CNF was increased to 486 ± 106 MPa with a maximum value of 686 MPa, significantly higher
than that of silk fibers from silkworm. The enhancement could be attributed to higher orientation of crystalline and mesophase
contents, higher crystallinity, and hydrogen bonds linked between RSF and CNF. This study outlined a simple and
environmentally friendly pathway to generate artificial silks with high-performance properties.
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■ INTRODUCTION

Spider silks have attracted a great deal of attention because of
their extraordinary mechanical properties. As a result, these
materials have shown great potential in various biomedical and
industrial applications.1,2 Spiders employed with different
combinations of silk proteins can produce different types (up
to seven) of silk. However, such production cannot be easily
scaled up because of the highly cannibalistic and territorial
behavior of spiders.2,3 Silkworm silk is considerably weaker
than spider’s dragline silk. However, fibers obtained by force-
reeling directly from silkworms can possess good mechanical
properties approaching that of spider silks.4,5 The silk fibers
from silkworm, often considered as the “queen of textiles”, are
plentiful in supply and can be produced on a commercial scale
with a quantity of hundreds of thousands of tons per year; the
production quantity of reelable silkworm cocoons in 2017 was
592 967 tons (China alone 398 215 tons, almost 70% of the
whole quantity).6,7 Therefore, the design and production of
artificial high-performance silk through biomimetic spinning
has attracted great interest from academic to industrial
laboratories.8−11

The current spinning processes for artificial silks include wet
spinning,4,8,9 electrospinning,12,13 and dry spinning.11,14,15 The
processes of wet spinning and electrospinning require the
precipitation of a coagulant or the use of high electric field,
which are very different from the natural process, where spider
or silkworm silk proteins in the aqueous solution are
transformed into solid and insoluble fibers in the atmospheric
environment.16 This process is similar to the dry-spinning
approach, where fiber solidification occurs because of the water
evaporation. During the natural process of forming silkworm
silk and spider silk, the S-shaped duct in the spider with
dimensions of only a few micrometers can further adjust the
ionic conditions and pH level of silk proteins. Furthermore, the
elongation flow through the duct at a low shear rate may be
important to produce the uniaxial molecular orientation before
the formation of spider threads.16−21 However, there are
significant differences between the shape of the Nephila edulis
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MA silk gland and Bombyx mori silk gland.17,18 Silkworm
glands exhibit a much different flow extension profile from
spider glands. The shear flow effects are much greater in spider
than in silkworm. In this scenario, microfluidic devices may be
used to mimic the flow conditions in spider glands technically,
and the irreversible aggregation of silk proteins can be
controlled precisely for fiber formation in a few micro-
meters.22,23 This technology has been the base for a few recent
studies to mimic the spinning process of spider and silkworm,
where microfluidic chips were used to concentrate, shear, and
elongate the spinning dope.24−28 The results from these
studies indicated that the microfluidic chip could play an
important role in biomimetic spinning.29,30 However, the
functions of spider’s spinning apparatus have not been
comprehensively imitated. For this purpose, we designed and
fabricated a microfluidic chip by mimicking the geometry of a
N. edulis’ major ampullate gland and spinning duct in this
study.
To improve the mechanical properties of artificial silks,

many researchers have incorporated nanoscale reinforcement
agents into the spinning dope, including titanium dioxide
(TiO2),

15 graphene oxide (GO),14 carbon tube,31 cellulose
nanocrystals (CNCs),32 etc. Recently, nanoscale cellulose
materials have attracted a great deal of attention in the
materials community because of their low-cost and high-
performance nature.33,34 For example, cellulose nanofibers
(CNFs) can be extracted from trees and other plants and have
been demonstrated excellent potentials as reinforcement
agents in composites because of the high aspect ratio (>150)
and high stiffness (∼138 GPa) of the crystalline regions.35 For
example, Isogai et al.36 showed that the tensile strength and
elastic modulus of the polyvinyl alcohol film could be
improved remarkably with 20% CNF addition. Håkansson et
al.37 further demonstrated that strong filaments with a strength
up to 600 MPa could be generated by CNF alone (this fiber
property was comparable to that of the strongest cellulose pulp
fibers). Mittal et al.35,38 recently demonstrated a high-
performance CNF/Z-silk fiber system having a stiffness of 55
GPa, strength at break of 1015 MPa, and toughness of 55 MJ·
m−3. They also developed a pure CNF fiber system with even
better performance (Young’s modulus up to 86 GPa and
tensile strength of 1.57 GPa), exceeding the mechanical
properties of typical natural or synthetic biopolymeric fibrous
materials.
Inspired by the properties and function obtained above

involving CNF, a new regenerated silk fibroin (RSF)/CNF
artificial silk fiber system was demonstrated in this study using
the dry-spinning approach through a bioinspired microfluidic
chip. The interactions between RSF molecules and CNF
particles were found to be synergistic to induce high
crystallinity and orientation even with a small crystallite size
that resulted in high-performance artificial silk fibers. The
investigation confirmed that CNF could play an important role
in reinforcing the mechanical properties of artificial composite
silk fibers. The resulting RSF/CNF fibers exhibited out-
standing mechanical strength (the mean value: 486 MPa and
the maximum value: 686 MPa), exceeding that of the typical
natural silkworm B. mori silk (the mean value: 360 MPa).39

■ EXPERIMENTAL SECTION
Preparation of CNF Suspension. The CNF suspension was

prepared according to the method described by Su et al.40,41 Briefly,
jute fibers (Redbud Textile Tech. Inc., Jiangsu, China) were first

ground into small pieces with a 3−5 mm length, which were
subsequently soaked in a 1 M NaOH aqueous solution for 1 day
under stirring to remove most noncellulosic constituents. The treated
jute fibers were washed several times and collected by vacuum
filtration. Delignification was then carried out using the following
procedures. The treated jute fibers were further immersed in a 1% (w/
v) NaClO2 buffer solution (based on acetic acid with the addition of
sodium acetate aqueous solution to maintain the pH value around 5),
where the suspension was heated at 70 °C for 3 h under stirring. The
delignified jute fibers were washed several times and separated by
vacuum filtration. This procedure was repeated 3 times, and the final
samples were dried at 50 °C for 10 h.

The chosen CNF suspension was prepared as follows. Dried
delignified jute fibers (1.0 g) were first suspended in water (90 mL),
in which sodium bromide (0.10 g) and (2,2,6,6-tetramethylpiperidine-
1-yl)oxyl (TEMPO) agent (0.02 g) were subsequently added. After
that, 12 mM (per gram of cellulose) of sodium hypochlorite solution
was added to initiate the oxidation process, and the reaction was
stirred mechanically in a sealed bottle for 24 h. The pH value of the
suspension was maintained between 10 and 10.5 during the reaction
by the addition of sodium hydroxide aqueous solution (1 mol/L).
The oxidized cellulose suspension was dialyzed in deionized water for
1 week. After the treatment, the suspension was further defibrillated
with a homogenizer (Scientz-IID, Ningbo Scientz Biotechnology Co.,
Ltd., Ningbo, China) at the 50% output power (475 W) in an ice bath
for 30 min. After mechanical defibrillation, the suspension was
centrifuged at 4700g for 20 min where the supernatant was collected.
With the above procedures, the final concentration of the suspension
was 0.46 wt %, determined by the total organic carbon analyzer (Multi
N/C3100, Analytik Jena, Germany).

Preparation of RSF Solution and RSF/CNF Suspensions. The
RSF solution was prepared according to the method described in our
previous work.13 Briefly, B. mori cocoons (produced in Tongxiang,
China) were degummed twice by immersing in 0.5 wt % aqueous
Na2CO3 solutions at 100 °C for 30 min and subsequent washing with
deionized water to remove sericin. After drying overnight, the
degummed silk (De-silk) sample was dissolved in a 9.0 M LiBr
aqueous solution at 40 °C for 2 h. The solution was then filtered and
dialyzed using a cellulose semipermeable membrane (molecular
weight cutoff 14 000 ± 2000, 44 μm in thickness, Yuanju Co. Ltd.,
Shanghai, China) against deionized water for 3 days.

The RSF/CNF suspensions were prepared as follows. When the
RSF solution was concentrated to 20 wt % under forced airflow at 10
°C, a CaCl2 aqueous solution of 3 M was added to obtain 1.0 mM/g
calcium ion in the solution. At this point, the CNF suspension was
carefully added into the RSF solution in which the only solvent of the
RSF/CNF suspension in this work was deionized water. Then, the
RSF/CNF spinning dope was concentrated to 45 wt % under forced
airflow at 10 °C. The pH value of the solution was 6.3. The chosen
mass ratios of the CNF/RSF suspensions were 0/1000, 0.5/1000, 1/
1000, 2/1000, and 3/1000, respectively. The samples were designated
as RSF/CNF-X. For example, RSF/CNF-1 means the mass ratio of
CNF/RSF = 1/1000. The spinning dope was transferred to a syringe
when the total weight concentration of RSF and CNF was about 45
wt %.

Microfluidic Dry Spinning. A dry-spinning apparatus (shown in
Figure 1a) was designed and constructed with a progressively
narrowing fluidic channel to mimic the shape of spider’s major
ampullate gland to fabricate silk fibers. Because of the high
concentration of the spinning dope, the width of channel’s shear
segment was enlarged to 244 μm, which is 30 times wider than
spider’s spinning duct, and the depth of the channel was 150 μm.17

The microfluidic channel was composed of three segments, including
dope storage segment, elongation segment, and shear segment. The
elongation curves were fitted using the second-order exponential
decay function according to the shape of the lumen of N. edulis’ major
ampullate gland described by Knight and Vollrath.17 Figure 1b shows
the biomimetic microfluidic channel, which is defined as follows

= + −− −y 648 e 137 e 40x x
1

( 152 ) ( 18161 )
(1)
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=y 12.76 e x
2

(336.71 )
(2)

where y1 and y2 are the half widths (μm) of the green and red
channels, respectively. x is the distance (μm) from the left inlet of the
channel. The photograph of the biomimetic microfluidic chip is
illustrated in Figure 1c.
To generate the artificial silk fibers, the spinning dope was

introduced into the microfluidic channel at a flow rate of 2 μL/min
using a syringe pump (model 210P, KD Scientific Inc. USA). The
distance between the spinneret and the take-up roll was 10 cm, and
the spinning speed was kept at 3 cm/s. The longest continuous
spinning time in our study was 33 min 12 s. The as-spun fibers with a
longest length of 6 m were stored in a sealed dryer under the ambient
conditions of 25 ± 2 °C and 45 ± 5% relative humidity (RH) for 48 h
and then immersed in an 80 vol % ethanol aqueous solution for 3 min.
Posttreatment was carried out by stretching the fiber at the draw
ratios of 4 at a rate of 1 mm/s in the 80 vol % ethanol aqueous
solution, and the stretched fiber was kept in the ethanol solution for 2
h at the fixed length for stabilization. The subsequent drying process
was the same as the as-spun fiber to remove the residual water. De-silk
fibers and post-stretched RSF fibers were also produced as two
control groups.
Transmission Electron Microscopy. The morphology of CNF

was characterized by JEM-2100 transmission electron microscopy

(TEM). In this measurement, drops of a dilute CNF suspension (0.1
wt %) were deposited onto a glow-discharged carbon-coated copper
grid. The dried specimens were then observed at 100 kV.

Atomic Force Microscopy. Atomic force microscopy (AFM)
images of CNF samples were obtained using an Agilent 5500
instrument in the tapping mode at a scanning range of 1 μm and a
scanning speed of 1.5 cm/s. For the AFM sample preparation, a
0.0015 wt % of CNF suspension was spin-cast onto a clean silicon
wafer and dried at room temperature.

Rheological Measurement. The rheological measurements of
the 45 wt % spinning dope were conducted on an RS150 rheometer
(Thermo Haake, Germany) using a 20 mm parallel plate (Ti, gap 0.3
mm) at 25 °C. The viscosity was measured as a function of shear rate
in the range of 0.01−100 s−1 (the shear time was 300 s).

Scanning Electron Microscopy. Morphology observation of the
surface of the silk fibers was performed by scanning electron
microscopy (SEM; Hitachi S-4800) at 10 kV. Samples were mounted
onto the specimen stubs by means of a conductive double-sided
adhesive tape and sputtered with gold for 50 s at low temperature.

Mechanical Properties. Instron 5565 tensile testing machine was
used to measure the mechanical properties of the single fiber. In this
study, post-stretched fibers were fixed in a paper frame and measured
at the ambient conditions of 25 ± 2 °C and 45 ± 5% RH. The tensile
experiment was carried out at an extension rate of 2 mm/min and a
gauge length of 10 mm. A total of 30 single fibers for each sample
were tested. The diameter (D) and birefringence of the fiber were
determined by an optical microscope (BX-51, Olympus, Japan)
equipped with a U-CTB Berek compensator. The diameter of each
sample was obtained from more than 10 points along the fiber axis.
The compensation angle (θ) of RSF/CNF fibers was measured by the
U-CTB Berek compensator at room temperature. According to θ, the
optical retardation coefficient (R) was obtained by checking the table
of compensation angle and retardation. Then, the birefringence index
(n) was calculated by n = R/D. At least 10 fibers were measured for
each sample to obtain the average birefringence index.

Synchrotron Radiation Small-Angle X-ray Scattering.
Synchrotron radiation small-angle X-ray scattering (SR-SAXS) was

Figure 1. (a) Schematic of the dry-spinning process using a
microfluidic channel; (b) dimensions of the biomimetic channel;
and (c) photograph of the microfluidic chip.

Figure 2.Morphology and size of CNF estimated by TEM, SAXS, and AFM. (a) TEM images of CNF dried from the 0.1 wt % CNF suspension at
different resolutions (inset: TEM images of CNF with larger magnification). (b) Width distribution of CNF estimated from 100 different positions
in (a); AD represents the average dimension and SD represents the standard deviation. (c) Length distribution of CNF estimated from 100
different positions in (a). (d) Solution SAXS profiles (intensity vs scattering vector s) and the fitting curves of CNF suspensions with
concentrations of 0.05, 0.1, 0.3, 0.5, 0.7, and 1 wt %, respectively (inset: the cross-sectional shape of the ribbon model used in experimental data
fitting, where AD also represents the average cross-sectional dimension and SD represents its standard deviation). (e) AFM images of CNF and the
height profile along the red line in the image.
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also carried out at the BL16B1 beamline at SSRF. The chosen X-ray
wavelength (λ) was 0.124 nm (energy was 10 keV). The beam spot
size was 1 × 1 mm2, and the sample-to-detector distance was 1900
mm. The exposure time for each fiber measurement was 50 s. To
determine the average cross-sectional dimensions of CNF in
dispersion, the exposure time of the suspension was prolonged to
300 s. Briefly, the CNF suspensions of 0.05, 0.1, 0.3, 0.5, 0.7, and 1.0
wt % were introduced into a quartz capillary and measured separately.
The concentrated CNF suspension was prepared by water
evaporation under forced airflow at 10 °C. A ribbon model was
used to fit all scattering curves of the suspensions at different
concentrations to extract the cross-sectional dimensions.41 In site SR-
SAXS was also carried out at the BL16B1 beamline at SSRF to test the
shear elongation effect of the microfluidic chip. The beam spot size
was 400 × 500 μm2 and the chosen λ was 0.124 nm (energy was 10
keV), while the sample-to-detector distance was 5095 mm with an
exposure time of 300 s. As polydimethylsiloxane chip has obvious X-
ray absorption, we prepared a microfluidic chip sealed with bottom
and upper Kapton covers as the X-ray window. A hollow microfluidic
device with a channel, as shown in Figure 1, was printed by using a
light-curing 3D printer (Form 2, Formlabs, USA). Then, a Kapton
film was wrapped around the hollow device. A 30 wt % RSF solution
was introduced into the sealed microfluidic channel at a flow rate of
50 μL/min using a syringe pump (model 210P, KD Scientific Inc.
USA). The RSF solution was scanned for SAXS characterization along
the flow direction in the microfluidic channel at a step of 1 mm.
Fourier Transform Infrared Spectroscopy. Infrared spectra of

the single fibers of De-silk, post-stretched RSF fiber, and RSF/CNF
fibers were recorded by transmission analysis with a micro-
compression cell (Nicolet iN10 MX, Thermo Fisher, USA) using
the wavenumber ranging from 600 to 4000 cm−1 at a resolution of 4
cm−1, 64 scans for each spectrum, and at least 5 spectra for each
sample.
X-ray Photoelectron Spectroscopy. Organic nonmetal ele-

ments were measured by an X-ray photoelectron spectroscope
(ESCALAB 250Xi, Thermo Fisher Scientific), with the main tested
elements such as carbon, oxygen, and nitrogen, with Al Kα (1486.8
eV) as the X-ray source, and samples were measured under an
ultrahigh vacuum (<10−9 mbar). The samples were dried under
vacuum at room temperature for 48 h in the presence of P2O5 before
the measurements. To compensate for the surface charging effect, all
binding energies were calibrated using the C (1s) carbon peak (284.8
eV).
Synchrotron Radiation Wide-Angle X-ray Diffraction.

Synchrotron radiation wide-angle X-ray diffraction (SR-WAXD) was
carried out at the BL15U1 beamline at the Shanghai Synchrotron
Radiation Facility (SSRF). The chosen X-ray wavelength (λ) was
0.0775 nm (energy was 16 keV). The beam spot size was 3.0 × 2.5
μm2, and the sample-to-detector distance was 1707.4 mm. The
exposure time for each fiber measurement was 30 s.

■ RESULTS AND DISCUSSION
Characterization of CNF. Figure 2a shows the TEM

images of CNF from the 0.01 wt % suspension at different
magnifications, where the width and length distributions of
CNF determined from the images are shown in Figure 2b,c. It
was seen that the average width of CNF was about 10 nm and
the average length was 491.6 ± 174.7 nm; thus, the aspect ratio
of the chosen CNF was relatively large. We note that the TEM
sample was prepared by evaporating the CNF suspension, so
the CNF particles might have aggregates, leading to a larger
width estimate. The CNF cross-sectional size was also
determined by the solution SR-SAXS technique according to
the method described by Su et al.40 The results are illustrated
in Figure 2d.
It was found that the ribbon model could fit all the SAXS

experimental curves quite well, where the b value measured by
SAXS was 4.41 ± 0.25 nm, and the average width (a + b) was

4.83 ± 0.28 nm (this was almost twice smaller than that from
TEM: 9.36 ± 3.50 nm). We believe the SAXS estimate is close
to the real cross-sectional dimension of CNF, as the particles
are dispersed in the suspension but aggregated in the solid.
The SAXS result was slightly consistent with the height
estimate from the AFM measurement. From the AFM
measurement of CNF (Figure 2e), the CNF particles exhibited
an average height of 5 ± 2 nm, which was consistent with the
SAXS results.

Rheological Behavior of the Spinning Dope. Figure 3
shows the rheological behavior of the RSF solution and

selected RSF/CNF suspensions (the total weight concen-
tration was kept at 45%). It was seen that the viscosity level of
the RSF/CNF suspension at any given shear rate was generally
higher than that of the RSF solution. This is expected as the
presence of anisotropic CNF should enhance the flow
resistance of the suspension mixture. It was interesting to
note the zero-shear viscosity (η0) of the mixtures increased
notably with the increasing CNF content, where all RSF/CNF
suspensions exhibited the shear thinning behavior. The shear
thinning behavior also became more pronounced with the
increase of the CNF content. This indicates that although the
initial viscosity was high, it became reasonably low at high
shear rate in the RSF/CNF suspension with high CNF
content.
The above observation can be explained as follows. A

schematic diagram illustrating the interactions between RSF
and CNF is shown in Figure 4. In this diagram, the fibroin
heavy chain [Protein Database (PDB) 3UA0] was chosen to
represent the protein fibril model (Figure 4c) in the RSF
solution. In Figure 4a, in concentrated RSF solution (45 wt %),
the molecules are intertwined with each other and form an
entangled network, where the entanglement points are
indicated by the red dashed line circle. This solution should
possess the typical viscoelastic behavior from concentrated
polymer solutions. In the RSF/CNF suspension (Figure 4b),
the presence of CNF with a negatively charged surface (i.e., the
carboxyl groups created by the TEMPO-mediated oxidation
process36) probably has the following roles in the hybrid RSF/
CNF suspension.
First, CNF can form hydrogen bonds with RSF molecules.

This interaction would stabilize the CNF dispersion in the
network of RSF. Second, the presence of the sodium ions (with
monovalent charge) can shield the positively charged CNF
surface and cause the aggregation of CNF through hydro-
phobic interactions. Typically, this type of interaction would
lead to weak gelation especially at higher CNF concentration.
Third, the presence calcium ions (Ca2+ with divalent charge)
in CaCl2 will behave as the cross-linking agent to bind the
carboxyl groups on the CNF surface and form stronger CNF

Figure 3. Rheological behavior of the RSF/CNF spinning dopes with
a total weight concentration of RSF and CNF of 45 wt %.
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aggregation (Figure 4b,c). As the viscosity of the spinning
dope increases rapidly with the CNF concentration,42,43 we
expect the last effect to be the dominant one. We note that
CaCl2 is a well-known weak polyelectrolyte, where Ca2+ can
also act as a cross-linking bridge between the oxygen-
containing groups on the CNF surface or RSF (Figure 4a,b).
Fiber Morphology and Mechanical Properties of

Hybrid Silk Fibers. Figure 5A illustrates the typical SEM
image of the RSF/CNF-1 fiber. It was found that the fiber was
relatively uniform with an average diameter of about 8 μm and
a smooth surface. No presence of CNF could be observed on

the surface of the fiber. To determine the molecular orientation
of the silk fiber, optical microscopy was also performed. Figure
5B shows the values of the birefringence index of De-silk, RSF,
and RSF/CNF fibers (the detailed information can also be
found in Table S1). It was seen that the values of the
birefringence index of RSF/CNF fibers were all larger than that
of RSF fibers (that of the RSF/CNF-1 fiber was comparable to
that of De-silk). Because the birefringence index reflects the
molecular orientations of both crystalline and amorphous
domains, this finding indicated that the molecular orientation
of the RSF/CNF fiber was higher than that of RSF fibers. The
stress−strain curves of De-silk, RSF, and RSF/CNF fibers and
the overview of the fiber properties are shown in Figure 5C,
5D, respectively. The detailed mechanical properties are also
illustrated in Table S1. It was seen that the RSF/CNF fibers
were much thinner than De-silk and RSF fibers (Table S1).
The breaking stress and modulus of RSF/CNF fibers were
much larger than those of De-silk and RSF fibers. This
indicated that the addition of CNF notably improved the
mechanical properties of regenerated silk. RSF/CNF-1
exhibited the largest average tensile strength of 487 MPa and
a maximum breaking stress of 686 MPa, which was 2.5 times
that of De-silk (265 MPa) and 2.2 times that of RSF fibers
(307 MPa). Moreover, the breaking elongation was extended
to 16%.
We chose the ambient conditions of 25 ± 2 °C and 45 ± 5%

RH for this study because water plays a significant role in both
the assembly of silk protein and formation of silk fibers. Lower
humidity may facilitate the assembly of silk fibroin, more β-
sheet structure, and lower degree of chain orientation and
crystalline orientation and result in better mechanical proper-
ties.10 Figure 5D further illustrates the mechanical property
comparison of this work with those in the literature studies. It
was found that the breaking stress of our dry-spun fibers
through a microfluidic chip had already exceeded the natural
cocoon silk and some hybrid dry-spun fibers, including RSF/
GO fibers and RSF/TiO2 fibers. Luo24 prepared tough RSF
silk fibers by introducing 50 wt % RSF solution into a
microfluidic chip, which mimic the spinning apparatus of the
silkworm. The outlet width of the microchannel was 100 μm,
and the diameter of the prepared silk fibers was 2 μm. The
excellent mechanical properties resulted from a bundle of fine
fibers instead of an individual fiber. Compared with the wet-
spinning process, the dry-spinning process does not use
organic or toxic solvents and is thus environmentally friendly.

Characterization of RSF and RSF/CNF Silk Fibers. The
SAXS technique was also used to characterize the structure of
De-silk, RSF, and RSF/CNF-3 fibers, where the schematic
representation of the SAXS setup is shown in Figure 6a and the
two-dimensional (2D) SAXS patterns are shown in Figure 6b.
It was seen that the De-silk possessed the least orientation, as
its scattering profile was not equatorial-streak like. The one-
dimensional (1D) SAXS profiles of De-silk, RSF, and RSF/
CNF-3 fibers extracted along the equator are illustrated in
Figure 6c, where all profiles are diffuse in nature. The
interfacial property between the crystal and amorphous
domains, where the scattering contrast arises, can be
investigated by the Porod analysis.46 One version of the
Porod plots, I(q)q2−q−2, for the three fibers is illustrated in
Figure 6d. In this analysis, the interface factor (σ) and the
thickness of the interface zone (ΔR) can be calculated by eqs 3
and 4 from the slope (k) and intercept (b) of the I(q)q2−q−2
plot, which has been demonstrated in our previous work.14

Figure 4. Schematic diagram illustrating the interactions between RSF
and CNF. (a) Cross-linking points between RSF chains (in dashed
red circles). (b) Interactions between RSF chains and CNFs. The blue
rods represent the charged CNF containing carboxyl groups. (c)
Schematic of the interfacial forces between the amino groups of RSF
and carboxyl groups of CNF in the black square area in (b).

Figure 5. Morphology, structure, and properties of RSF/CNF fibers.
(A) SEM image of RSF/CNF-1 fibers. (B) Birefringence index and
(C) stress−strain curves of (a) De-silk, (b) RSF, (c) RSF/CNF-0.5,
(d) RSF/CNF-1, (e) RSF/CNF-2, and (f) RSF/CNF-3 silk fibers
(the error bars represent the standard deviations). (D) Overview of
the mechanical properties of spider and RSF fibers obtained by
different spinning methods14,15,32,38,44,45 (WS: wet spinning, DS: dry
spinning).
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σ = b k/ (3)

σΔ =R 2 3 (4)

On the basis of the above analysis, the σ value of the
scatterer in De-silk was 1.93, and the σ values of RSF and RSF/
CNF-3 fibers were 3.36 and 4.21, respectively. At the same
time, the ΔR value of De-silk was 6.67 nm, and the ΔR values
of RSF and RSF/CNF-3 were 11.64 and 14.58 nm,
respectively. It could be concluded that the addition of CNF
increased the thickness of the interface zone quite notably.
Figure 6e illustrates the azimuthal profiles taken at different q
value of the SAXS pattern from the RSF fiber. This breadth
distribution is related to the combined effect of misorientation
of the scatterer (i.e., crystalline region) and the length
distribution of the anisotropic scatterer. Again, using another
form of the Porod analysis,46 the plot Bobs

2 versus q−2 can be
developed and the result is shown in Figure 6f, where Bobs is
the integral breadth of the azimuthal profile. The integral
breadth of the normal of the scatterer (Bφ), which is related to
the misorientation of the fibrils, and the average fibril length L
can be extracted from the linear relationship of the Bobs

2−q−2
curve, where Bφ and L could be calculated by eq 5 and (σ)
using the slope (k′) and intercept (b′)

φ = ′b (5)

π= ′L k2 / (6)

The Bφ values of RSF fibers and RSF/CNF-3 fibers were
found to be 10.0 and 4.9, respectively. The smaller the Bφ

value, the higher the fibrillar orientation. Thus, it could be
concluded that the crystal orientation of the RSF/CNF-3 fiber

was larger than that of the RSF fiber. This could be attributed
to the incorporation of CNF, which acted as a reinforcement
additive that leads to a more orderly arrangement of the
resulting silk crystalline fibrils. The L values of the RSF and
RSF/CNF-3 fibers were found to be 16.2 and 11.3 nm,
respectively. The small difference of the L values between the
two fibers indicated that the addition of CNF had a slight effect
on the formation of silk fibrils during spinning. The long
rodlike CNF additive had a synergistic effect to increase the
fibril orientation through shearing and elongation in the
bioinspired microfluidic channel but did not affect the
formation length of regenerated silk crystal fibrils.
On the basis of the above results, the following mechanism

can be proposed to explain the structure formation of
crystalline RSF fibrils in the suspension of RSF/CNF (the
schematic diagram of the structure change in the microfluidic
channel is shown in Figure 7). We believe that the initial

spinning dope, near the microfluidic channel entrance,
contains a relatively heterogeneous structure having partially
ordered CNF aggregates dispersed in a randomly oriented RSF
matrix. With the gradual reduction of the channel diameter,
both shear and elongation flows are imposed. The shear flow
can improve the mixing process and result in a more
homogeneous composite structure, where the elongation flow
can increase both orientations of RSF chains and CNF
aggregates. With the further reduction of the channel diameter,
the increased elongation flow can greatly improve the
orientation of CNF aggregates and cause the conformation
changes of RSF chains because of the strong intermolecular
interactions (e.g., hydrogen bonds) between RSF and CNF.
The enhanced alignment of extended RSF chains would lead to
the formation of RSF crystalline fibrils.
To verify the hypothesis proposed in Figure 7, the order

parameter indicating the alignment and orientation of the
spinning dope was characterized by SR-SAXS.21,47 The SAXS
results of the RSF solution are shown in Figure 8. The
microfluidic chips have evident shear elongation effect on the

Figure 6. (a) Schematic representation of the SAXS setup, (b) 2D
SAXS patterns of De-silk, RSF fibers, and RSF/CNF-3 fibers (the
fiber axis is along the horizontal direction), (c) 1D equatorial scanned
profiles from the 2D patterns (q is the scattering vector and I(q) is the
scattering intensity), (d) Porod plots of q2I(q)−q−2 from the profiles
in (c,e) the linear fitting of the Bobs

2−q−2 curve derived from (d),
where Bobs is the integral breadth of the azimuthal profile, and (f)
azimuthal profiles taken at different q values of the RSF/CNF fiber
SAXS pattern in Figure 5b.

Figure 7. Illustration of the assembly process of RSF fibrils in the
RSF/CNF suspension through the microfluidic channel: (a,d) RSF
molecules and CNF are in the dispersion state, where most RSF
molecules are in the random-coil conformation and CNFs are
aggregated and only partially oriented; (b,e) CNF orientation
increases and the mixture of RSF and CNF becomes relatively
more homogeneous because of the shear and elongation; (c,f) both
RSF molecules and CNF become highly oriented along the fiber axis,
where oriented RSF fibrils are formed.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.9b02713
ACS Sustainable Chem. Eng. 2019, 7, 14765−14774

14770

http://dx.doi.org/10.1021/acssuschemeng.9b02713


solution flow through it. As the elongation curves of the
microfluidic channel were fitted using the second-order
exponential decay function, according to the shape of the
lumen of N. edulis’ major ampullate gland, the ordered
parameters increased obviously along the gland. At the outlet,
the slightly decreased order parameter indicates that the
ordered molecular structure begins to decompose in a certain
degree because of the straight segment.
Structural Characterization of Hybrid Silk Fibers. To

further verify the hypothesis made in Figure 7, the structures of
three selected fibers (De-silk, RSF, and RSF/CNF) produced
from the microfluidic spinneret were characterized by Fourier
transform infrared (FTIR) and WAXD measurements. The
FTIR spectra and the deconvolution results of these fibers are
shown in Figure 9A,B, respectively. The FTIR analysis was

carried out based on Shao’s assignment of the characteristic
peaks for silk.9,48−50 Briefly, for amide I, the peaks centered at
1626 and 1698 cm−1 can be considered as the β-sheet and β-
turn structures, respectively; the broad peak between 1655 and
1660 cm−1 can be assigned as the random coil or the α-helical
conformation or both the silk chains. For amide III, the peaks
at 1233 and 1266 cm−1 can be assigned as the random coil/α-
helix conformation and β-sheet conformation, respectively.
Ling et al.48 argued that the amide I region is not suitable for
quantitative analysis because of the baseline correction
problems and the atmospheric water vapor interference.
However, the amide III region appears to be suitable for
quantitative analysis. On the basis of this consideration, we also
focused mainly on the amide III region in the study. In Figure
9A, it was found that the peak at 1233 cm−1 was shifted to
1266 cm−1 with the increasing CNF content. However, no
characteristic peaks of CNF were observed in the spectra of the
RSF/CNF fibers. This was probably because the CNF content
in the RSF/CNF fibers was very low (up to 0.3 wt %).
However, the results of XPS in Table 1 showed that the

nitrogen content of RSF fibers was 16.55%, while no nitrogen
was found in lyophilized CNF powder. When only 0.3 wt %
CNF was added in the RSF/CNF-3 fiber, the nitrogen content
decreased to 12.15%. Obviously, the N/C ratio decreased
significantly from 0.28 to 0.19, which proved that CNF was in
the hybrid RSF/CNF fibers.
To quantitatively investigate the protein conformation

transition of each sample, spectra deconvolution was carried
out to analyze the amide III band (Figure S2). The
deconvolution results are shown in Figure 9B. The results
indicated that the β-sheet content in the hybrid silks was
slightly higher than that of RSF fibers but lower than that of
De-silk. This suggests that the addition of CNF is favorable for
the conformation transition of RSF molecules from random

Figure 8. Alignment of RSF molecules in the microchannel. (a) Schematic of the channel geometry used for the SAXS experiments. White circles
show the locations where in situ measurements were carried out. (b) μSAXS patterns at selected locations in the channel for RSF molecules. (c)
Local order parameters calculated from SAXS patterns as a function of position in the channel. The locations marked with circles correspond to the
data shown in (c).

Figure 9. Structure analysis of a variety of silk fibers: (a) De-silk, (b)
RSF, (c) RSF/CNF-0.5, (d) RSF/CNF-1, (e) RSF/CNF-2, and (f)
RSF/CNF-3 using FTIR and WAXD techniques. (A) FTIR spectra,
(B) deconvolution result of the FTIR spectra for the amide III band,
(C) 2D SR-WAXD patterns, and (D) 1D integrated WAXD profile
from (C,E) the azimuthal intensity profiles at the [200] peak position.

Table 1. Carbon Content, Oxygen Content, Nitrogen
Content, and the N/C Ratio of the RSF Fiber, RSF/CNF-3
Fiber, and CNF Powder

sample
carbon

content (%)
oxygen

content (%)
nitrogen

content (%)
N/C
ratio

RSF 60 23.45 16.55 0.28
RSF/CNF-3 65.38 22.48 12.15 0.19
CNF 55.53 44.47 0 0
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coil or α-helix to β-sheet. One possible reason was that the
alignment of CNF promoted the extension of the RSF chains.
This is certainly consistent with the finding that the β-sheet
content of all hybrid fibers was larger than that of the neat RSF
fiber. Furthermore, the β-sheet content in the hybrid silk fibers
was found to increase with the increase of CNF content, while
the random coil/α-helix conformation decreased. This finding
agreed with the results of Liu et al.32 in the study of the wet-
spun CNC/silk hybrid fibers. In the case of the very low CNF
content (e.g., 0.05 wt %), the loose CNF network did not
severely restrict the mobility of RSF chains, which means that
RSF chains would have sufficient time to rearrange during
spinning. With the increase of the CNF content, the CNF
network became denser, which probably reduced the mobility
of RSF chains. The strong interactions between CNF and RSF
could thus result in the enhanced β-sheet conformation. In a
way, CNF seemed to behave as the cross-linking β-sheet
crystallite in the RSF/CNF fiber, mimicking the crystalline
structure in natural silk.32 SR-WAXD measurements were
carried out to study the crystal structure and orientation of a
variety of fibers (De-silk and RSF/CNF fibers with different
composition ratios). Such information could be related to the
mechanical properties.51−53 The initial 2D SR-WAXD pattern
and the deconvolution of 1D SR-WAXD diffractograms of the
chosen fibers are shown in Figures 9C and S2, respectively. It
was seen that the SR-WAXD patterns of RSF/CNF fibers are
very different from that of the De-silk fibers. Figure 9D,E
illustrates the SR-WAXD profiles and the azimuth scan of the
[200] lattice plane for these fibers, respectively. These results
are discussed below.
The structure parameters extracted from the WAXD analysis

of the different fibers are summarized in Table 2. These
parameters include Herman’s orientation factors for both
crystalline and amorphous domains, crystallinity, mesophase
content, and crystallite sizes estimated from different
diffraction planes. It was found that the crystallinity of the
RSF/CNF fibers was higher than that of the RSF fiber. This
indicated that a more ordered crystalline structure was induced
by the presence of CNF, which was consistent with the FTIR
result. As CNF could play the role of the β-sheet crystallite in
RSF/CNF fibers, the higher CNF content would result in a
higher RSF crystalline content. However, the crystallinity of all
RSF-based fibers was found to be smaller than that of De-silk.
The mesophase content in the silk fiber has been defined in

our previous work.14 The result of the mesophase content is
shown in Table 2. It was found that the mesophase content in
RSF/CNF fibers also increased with the increase of CNF. For
RSF/CNF-2 and RSF/CNF-3, the mesophase content was
larger than that of RSF and De-silk fibers. The mesophase may
be related to the interface between interactions between RSF
and CNF, leading to the formation of RSF/CNF. It has been

shown that the mesophase can play an important role in
enhancing the mechanical properties of the hybrid fibers.54 It is
conceivable that during the stretching process, the mesophase
between the RSF amorphous domain and CNF can contribute
to the plastic flow under large tensile strain, which would result
in a large strain to break ratio and enhance the strength of the
hybrid fibers.
The Herman’s orientation factors of the crystal phase ( fc)

and the mesophase ( fm) are also shown in Table 2. It was seen
that the fc values of RSF/CNF-0.5 and RSF/CNF-1 fibers were
larger than that of the RSF silk, indicating that the addition of
CNF promoted the orientation of RSF molecules, leading to a
slightly higher degree of orientation of the crystal domain.
However, with the increasing CNF content, the charged CNF
formed a gel state, which could not be easily oriented by
stretching. As a result, fc decreased slightly (e.g., 0.93 and 0.91
for RSF/CNF-2 and RSF/CNF-3, respectively). The fm value
of the RSF/CNF-0.5 fiber was found to be close to that of
RSF, probably due to the low content of the mesophase
content. With the increase of the CNF content, the mesophase
content increased, but the fm value decreased. This might be
because the high degree of cross-linking due to charged CNF
could restrict the mobility of the mesophase during stretching.
The position of the [210]/[200], [020], and [002]

diffraction peaks and the full width at half-maxima of these
peaks were used to determine the crystallite sizes along the a,
b, and c directions, respectively, using the Scherer equation. It
was found that the RSF/CNF fibers generally exhibited smaller
crystallite sizes than De-silk and RSF fibers. Furthermore, the
crystallite size showed a notable decrease with the increase of
the CNF content. This may be because when the RSF chains
were tethered to CNF, they could be oriented rapidly along the
fiber axis during the extrusion/stretching process. The higher
CNF content results in the higher population of the oriented
chain. This can lead to higher crystal orientation and larger
crystallinity as well as the improved tensile strength in the
RSF/CNF fiber,45 but the resulting crystallite size is generally
smaller because of the confined RSF domains.
On the basis of the above results, we argued two major

reasons to explain the reinforcement effect of CNF in the RSF/
CNF hybrid fibers. First, CNF generally acted as an anisotropic
additive, leading to higher molecular orientations of both fillers
and the matrix molecules under deformation and thus higher
fiber strength. Second, the formation of intermolecular
hydrogen bonds between CNF (e.g., carboxyl groups and
hydroxyl group) and RSF (e.g., amino groups) further
enhanced the interfacial RSF molecular orientation under
deformation, resulting in higher crystallinity and higher
crystalline orientation. However, the confinement of the
tethered RSF chains on the surface of CNF also led to higher
mesophase content and smaller crystallite size.

Table 2. Structure Parameters Extracted from the WAXD Analysis for De-Silk and RSF/CNF Fibersa,b

crystallite size (nm)

sample fcrystal fmesophase crystallinity (%) mesophase content (%) (200)/(210) (020) (002)

De-silk 0.97 0.60 55.1 14.7 4.2 3.2 8.9
RSF 0.94 0.64 50.8 14.9 3.9 3.8 3.6
RSF/CNF-0.5 0.95 0.64 50.8 12.9 3.8 3.6 2.8
RSF/CNF-1 0.95 0.62 51.5 14.3 3.7 3.6 2.7
RSF/CNF-2 0.93 0.59 52.6 15.9 3.6 3.5 2.6
RSF/CNF-3 0.91 0.58 52.9 18.4 3.6 3.5 2.7

afcrystal: Herman’s orientation of the crystal domains. bfmesophase: Herman’s orientation of the mesophase domains.
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■ CONCLUSIONS
We demonstrated a simple and environmentally friendly
process to fabricate RSF/CNF hybrid fibers with notably
enhanced mechanical properties. In specific, the RSF/CNF
hybrid fibers spun through a microfluidic channel, which
mimicked the shape of the major ampullate gland of spiders,
using the RSF aqueous solution with the addition of CNF
could result in higher crystallinity, higher mesophase content,
and smaller crystallite size but higher mechanic performance.
For example, the breaking strength of the RSF/CNF fiber with
0.1 wt % CNF was found to be around 486 ± 106 MPa, with a
58% increase over the neat RSF fiber and a maximum value of
686 MPa, drastically exceeding that of silkworm silks. The
enhanced mechanical properties could be explained by the
synergistic effect of the network structure formed by the CNF
particles and the interactions (e.g., hydrogen bonds) between
the CNF and RSF molecules. This study demonstrates a new
strategy to design and fabricate high-performance artificial silk
fibers.
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