RESEARCH ARTICLE

M) Check for updates

ADVANCED
MATERIALS

www.advmatinterfaces.de

Bioinspired Tough and Strong Fibers with Hierarchical

CoreBhe Il Structure

Yao Xiao, Chenjing Yang, Xiaowei Zhai, Lai Zhao, Peng Zhao, Jian Ruan, Dong Chen,*

David A. Weitz, and Kai Liu*

1. Introduction

Strong and tough biolbased fibers are attractive for both fundamental

research and practical applications. In this work, strong and tough
hierarchical corelshell fibers with cellulose nanofibrils (CNFs) in the

core and regenerated silk fibroins (RSFs) in the shell are designed and
prepared, mimicking natural spider silks. CNF/RSF corelshell fibers

with precisely controlled morphology are continuously wetpun using a
colhxial microfluidic device. Highlyllense nonltovalent interactions are
introduced between negativelyltharged CNFs in the core and positivelyl
charged RSFs in the shell, diminishing the core/shell interface and forming
an integral hierarchical fiber. Meanwhile, shearing by microfluidic chanll
nels and postlstretching induce a better ordering of CNFs in the core and
RSFs in the shell, while ordered CNFs and RSFs are more densely packed,
thus facilitating the formation of nonltovalent interactions within the
fiber matrix. Therefore, CNF/RSF corellshell fibers demonstrate excellent
mechanical performances; especially after poststretching, their ten

sile strength, tensile strain, Youngld modulus, and toughness are up to
635 MPa, 22.4%, 24.0 GPa, and 110 M] m~3, respectively. In addition, their
mechanical properties are barely compromised even at —40 and 60 C.
Static load and dynamic impact tests suggest that CNF/RSF corelshell
fibers are strong and tough, making them suitable for advanced

structural materials.

Strong and tough fibers, which are essenl]
tial for applications in artificial tendons,
surgical sutures, and body armors, have
attracted intensive attention.l?! High tensile
strength and high toughness often conflict
with each other and could not be achieved
simultaneously in synthetic polymers.P!
However, in natural fibers, spider dragline
silks from Nephila edulis, for example,
possess both high tensile strength
(L1 GPa), high toughness (160 M] m™),
and large YoungEl modulus (10 GPa),
making them attractive for structural
materials. In natural spider silks, the secl]
ondary structures of the spidroin proteins
are the key to their superior mechanical
performancesl series of proteins strung
together into interconnected S&lheet crysO
tallite and amorphous domains. In addill
tion, natural spider silks generally have
a corefl hell microstructure, which also
plays an important role for their supell
rior mechanical performances;® the core,
which consists of highlylligned denselyl]
packed elastic nanofibrils, is surrounded
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by a thin plastic shell, which provides the protection and
enhances the tensile strength.®! However, the widespread applil]
cations of natural spider silks are limited by their low supply.!

Bioinspired design of regenerated fibers provides a promill
sing strategy to achieve strong and tough biolbased fibers in
large quantities. The rapid developments of synthetic biology
have made the large supply of raw biomaterials accessible.®!
However, the mechanical properties of regenerated biolbased
fibers with a single composition or a simple structure are barely
satisfactory, and a lot of efforts have been dedicated to improve
their mechanical performances via the fiber composition and
the spinning process. For example, stiff components, such as
cellulose nanocrystals,® cellulose nanofibrils (CNFs),'% gral
phene oxides,'l and carbon tubes,[?] are doped into the fibers to
reinforce the tensile strength, and microchannels are designed
to spin the fibers to achieve a better ordering in the microstruc
ture and thus a better performance in mechanical properties.

Despite the advances, it is still difficult to control the hier]
archical microstructure of regenerated bioH ased fibers and
the ordering of nanoh rils within the fibers. Therefore, the
mechanical performances of regenerated biol ased fibers are
often far below those of natural spider silks.® In addition,
surface and interface engineering is also vital for mechan(]
ical performances and it is still challenging to diminish the
interface between doping components and fiber matrix to form
an integral i er. Therefore, it is still an unmet need to simull]
taneously achieve high tensile strength and high toughness in
regenerated biobased b ers.

Herein, strong and tough hierarchical cellulose nanofibril/
regenerated silk B roin (CNF/RSF) corefl hell i ers mimicking
natural spider silks are designed and prepared continuously
in situ by a coBlxial microfluidic device. Regenerated silk
f roins (RSFs) originated from silkworm silks,™ which are
rich in f sheets, o helixes, and random coils,[®! are chosen as
the tough shell material. CNFs extracted from building blocks
of wood, which possess a super high aspect ratio of L/D > 150
and a super large Youngsl modulus of E > 130 GPa,” are
chosen as the stiff core material. CNF/RSF corefl hell fibers
nicely combine the advantages of tough RSFs and strong CNFs.
By adjusting the inner and outer phase flow rates, the morl
phology and mechanical property of CNF/RSF b ers are prell
cisely controlled. Compared with RSF & ers, CNF/RSF corell
shell B ers postltretched by six times demonstrate a remark(]
able tensile strength of 635 MPa, a large tensile strain of 22.4%,
a high Youngsl modulus of 24.0 GPa and an excellent toughll
ness of 110 M]J m=. The highlyfrdered and denselyfa cked
microstructure within postiltretched b ers is investigated by
smallBingle Xirh y scattering (SAXS) in detail, which facilitates
the formation of nonkb valent interactions and thus enhances
mechanical performances.

2. Results and Discussions

2.1. Design and Preparation of Hierarchical CNF/RSF Fibers
Spider silks are well known for their tough and strong mechan[]

ical properties and their core[khell microstructure, which conl]
sists of a stiff strong shell and a tough elastic core, plays an

Adv. Mater. Interfaces 2022, 2201962

2201962 (2 of 9)

INTERFACES

www.advmatinterfaces.de

important role in their excellent mechanical performances.>®!

To mimic spider silks and achieve tough and strong fibers, CNE/
RSF corelkhell fibers are prepared via wet spinning as shown
in Figure 1a. Stiff CNFs dispersed in water, which are prepared
from birch wood pulp (Figures S1 and S3a, Supporting Infor]
mation), are used as the inner core, and tough RSFs dissolved
in formic acid, which are prepared from silkworm cocoons
(Figures S2 and S3b, Supporting Information), are used as the
outer shell. When CNF and RSF solutions are extruded from
the inner and outer channels of a coldxial microfluidic device
(Figure S4a, Supporting Information), respectively, both the
inner and outer phases are sheared by the tapered nozzles,
which mimic the sharply shrunk structure at the end of the
spider glandular duct,™ and form a colaxial flow at the outlet.2’]
Due to the low Reynolds number, the coldxial flow of the inner
CNF and outer RSF phases forms a continuous hierarchical
CNF/RSF corelEhell fiber after coagulation, which is then colll
lected and dried on a rotator. During the coagulation process,
RSFs in the outer shell undergo a conformation transition,
forming a network of ofhelix and A8heet, which is confirmed
by Fourier transform infrared spectroscopy (FTIR), as shown
in Figure S5, Supporting Information. When RSFs are treated
with ethanol, the infrared spectra show that the positions of the
three peaks of amide I, II, and III band become stronger and
sharper. The deconvolution results of amide I show that the
content of fA3heet and Aurn increase, while olhelix decreased
after RSFs treated with ethanol?!l Meanwhile, shearfaligned
CNFs are protonated by formic acid from the outer shell,
forming highlyldense hydrogen bonds between neighboring
CNFs,?2 as shown in Figure 1b. CNFs with a negative Zeta
potential of —33.4 + 2.4 mV are rich in carboxyl and hydroxyl
groups and RSFs with a positive Zeta potential of 29.9 + 3.8 mV
are rich in amino groups, as shown in Figure S6, Supporting
Information. FTIR spectra of the frequency range of 355000
3200 cm™! representing the [DH stretching from the interfand
intramolecular hydrogen bonds shift and become sharper and
stronger in the CNF/RSF composite, which demonstrates the
strong interaction of the CNFs and RSFs through the hydrogen
bonds,?3 as shown in Figure S7, Supporting Information.
Therefore, nonl¢ovalent interactions, such as hydrogen bonding
and electrostatic interaction (Figure S8, Supporting Informall
tion), are expected to form between the inner core and outer
shell, thus diminishing the core/shell interface and forming an
integral hierarchical fiber. Moreover, a small amount of glycerin
is added to the coagulation bath as plasticizer to make the CNF/
RSF corelkhell fibers stronger and tougher.?* Post{3tretching of
asEpun CNF/RSF fibers is performed to enhance the mechan(]
ical performances using two rotators rotating at two different
angular velocities, as shown in Figure Ic.

2.2. Tunable Morphology and Mechanical Property
of Hierarchical CNF/RSF Fibers

CNFs are filamentllike (Figure S9, Supporting Information)
and CNFs in the inner phase are strongly sheared in the conl]
verging microfluidic channel near the tapered outlet. Therefore,
CNFs in the core are orientationally aligned along the fiber axis
under the shearing force. When the fiber axis makes an angle
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Figure 1. Design and fabrication of CNF/RSF corefl hell ier s. a) Preparation of corell hell Ber s with a CNF core and an RSF shell using a colhxial
microfluidic device via wet spinning. The coagulation bath consists of 60 vol% ethanol, 20 vol% glycerin, and 20 vol% water. b) Schematics illustrating
the nonltovalent interactions within the corell hell fier s, including hydrogen bonding, van der Waals force, and electrostatic interaction. c) Postl
stretching of CNF/RSF Ber s via two rotators rotating at two different angular velocities. After postGtretching, CNFs and RSFs are orientationally aligned

along the Ber direction, facilitating the nonltovalent interactions and enhancing the mechanical performances.

with the polarizers, the core of corefl hell i ers shows a high
birefringence, suggesting an orientationallybirdered arrangel]
ment of CNFs in the core, as shown in Figure 2a. In addition to
corell hell B ers, spindlekino t & ers, which are prepared under
different flow rates of the inner and outer phases, also suggest
that CNFs in the core are shearfilligned.

To systematically investigate the influence of flow rates of
the inner CNF and outer RSF phases on the ii er morphology,
the phase diagram demonstrating different hierarchical CNF/
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RSF fibers prepared under different flow rates is shown in
Figure 2b. When the flow rate of the outer RSF phase is greater
than that of the inner CNF phase by more than 10 L min™,
spindlelknot fibers form, suggesting that thicker RSF shell is
more susceptible to Rayleigh instability.’®l When the flow rate
of the outer RSF phase is comparable or smaller than that of
the inner CNF phase, corell hell fibers are obtained. However,
when the flow rate of the outer RSF phase is much smaller
than that of the inner CNF phase, for example, by more than
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Figure 2. Tunable ber morphology and mechanical property of hierarchical CNF/RSF bBer s via the flow rates of the inner and outer phases. a) POM
images of corefl hell and spindlelknot fier s prepared using a colhxial microfluidic device. The coreB hell structure of CNF/RSF Ber s is suggested
by the birefringent CNF core and the nonbirefringent RSF shell around the core. b) Phase diagram showing different morphologies of hierarchical
CNF/RSF ber s prepared under different flow rates. Circles, triangles, and crosses represent corefl hell, spindlelknot, and unablefoBpin regimes,
respectively. c) Tunable d/D ratio of CNF/RSF coreB hell fier s via the flow rate of the inner CNF phase. The flow rate of the outer RSF phase is kept
constantat 10 L min~". d and D are the diameters of the inner core and outer shell, respectively. d,e) Tensile strength, tensile strain, Youngfl modulus,
and toughness of postltretched corefl hell Ber s as a function of the flow rate of the inner CNF phase. f) Tunable H and W of spindlelknot ber s via
the flow rate of the outer RSF phase. H and W determined from the microscope images represent the spindlel height and width, respectively. The
flow rate of the inner CNF phase is kept constant at 15 L min™.

40 L min!, wetBlpun fibers easily break due to insufficient
formic acid from the outer shell to protonate CNFs in the core,
resulting in the failure of B er gelation. The diameters of the
inner core and outer shell thus could flexibly be tailored by
varying the inner and outer phase flow rates, respectively, as
shown in Figure 2c and Figure S10, Supporting Information.
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Generally, when the outer phase flow rate is kept constant, the
diameter of the fiber core increases as the inner phase flow rate
increases.

The inner core, which consists of stiff CNFs, mainly
contributes to the tensile strength and Youngs modulus, while
the outer shell, which is composed of elastic RSFs, mainly
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contributes to the tensile strain and toughness. Therefore, as
the flow rate of the inner CNF phase and thus the fiberls inner
core increases, the tensile strength and Youngs modulus gradull
ally increase, while the tensile strain and toughness consistently
decrease, as shown in Figure 2d and e, Figure S11 and Table S1,
Supporting Information. However, when the inner CNF phase
flow rate increases beyond an optimal value (20 L min™), the
tensile strain and Young[s modulus show a slight decrease, as
CNFs in the core are not fully protonated due to limited formic
acid from the shell. When optimized, the tensile strength, tensile
strain, Young8 modulus, and toughness of core[khell fibers are
up to 635 MPa, 22.4%, 24.0 GPa, and 110 MJ m~, respectively;
the excellent mechanical performances are attributed to the syn[]
ergistic effect of the strong CNF core and the tough RSF shell.

For spindlekino t fibers, when the flow rate of the inner CNF
phase is kept constant, the spindlefl height H increases while
the width W decreases, as the flow rate of the outer RSF phase
increases, as shown in Figure 2f and Figure S12, Supporting
Information. Spindlekinot b ers also demonstrate relatively
good mechanical performances and their tensile strength, ten[]
sile strain, Youngil modulus, and toughness reach 579 MPa,
25.2%, 20.3 GPa, and 106 M] m3, respectively, as illustrated
in Figure S13, Supporting Information and summarized in
Table S2, Supporting Information.

2.3. Enhancing the Mechanical Performances of CoreB hell
Fibers by Post[Btretching

CNF/RSF corefl hell & ers could be continuously spun and
collected on a spool, as shown in Figure 3a. SEM image
shows that the corefl hell & er has a uniform diameter and a
smooth surface, which could be knotted without any fracture,
suggesting a good flexibility, as shown in Figure 3b. Cross secl]
tion of a corell hell B er confins that there is no observable
interface between the inner CNF core and the outer RSF shell,
demonstrating an excellent integrity, as shown in Figure 3c.
CNF/RSF coreBl hell b ers are tough and strong; a typical
corell hell B er with a diameter of 95 m could easily lift up a
20 g weight, as shown in Figure 3d. Moreover, polarized optical
microscopy (POM) images show that the core of corefl hell
B ers shows a higher birefringence with the increasement of
postiltretching ratio, indicating a more orientationallydl rdered
arrangement of CNFs in the core, as shown in Figure S14, Supll
porting Information.

To further enhance the mechanical performances of asilpun
B ers by postiltretching and optimize their performances,
stressEl train curves of RSF b ers and CNF/RSF corefl hell
B ers under different postEltretching ratios are shown in
Figure 3e,f, respectively. RSF fibers are prepared using a single[]
channel microfluidic device (Figures S4b, S15, and S16, Supl
porting Information), while CNF/RSF corefl hell B ers are prel]
pared using a coBlxial microfluidic device. RSF fibers and CNF/
RSF corekl hell i ers show a similar trend in the mechanical
property that the tensile strength and Youngfl modulus increase
while the tensile strain decreases, as the postEltretching ratio
increases. Generally, postiltretching will induce a more ordered
structure along the b er axis, thus facilitating nonkb valent
interactions within the B er matrix and improving the tensile
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strength and Youngfl modulus, as summarized in Table 1 and

Table S3, Supporting Information. For example, when postl
stretched by six times, the tensile strength of coregl hell fibers

increases from 147 MPa to 635 MPa and the Youngsl modulus

increases from 2.34 GPa to 24.0 GPa. Compared with post[]
stretched RSF fibers (tensile strength = 390 MPa and Youngsl

modulus = 12.3 GPa) and asElpun CNF fibers (tensile strength =
345 MPa and Younggl modulus = 18.9 GPa), as shown in Fig
ures S17, S18, and Table S4, Supporting Information, postl
stretched CNF/RSF corefl hell fibers demonstrate much better
mechanical performances, as shown in Figure 3g and h. More[l
over, the tensile strength of post3tretched CNF/RSF corefl hell
fibers is more than two times higher than natural degummed

silks (Figure S19, Supporting Information). The enhancement
of mechanical performances by post stretching is attributed

to the induced orientational ordering of RSFs in the shell
and CNFs in the core, facilitating the formation of more nonf]
covalent interactions within the fibers.

2.4, Characterization of the Ordering within CoreBh ell Fibers

SAXS analysis is performed using synchrotron radiation to
investigate the underlying mechanism, by which postEltretching
treatment can dramatically enhance the mechanical perforl
mances of CNF/RSF corekl hell fibers. The schematics of the
SAXS experimental setup is shown in Figure 4a. 2D SAXS pat[]
terns of asElpun and posti3tretched CNF/RSF corefl hell fibers
reveal that the circular scattering halo at small angle becomes
more elongated perpendicular to the stretching direction with
the increase of postEltretching ratio, suggesting a better align]
ment and a tighter stacking of fibroins along the stretching
direction, as illustrated in Figure 4b. The better alignment and
tighter stacking thus facilitate the formation of more nonld¢ovall
lent interactions and enhance the mechanical performances.

To quantitatively characterize the microstructure of postl]
stretched CNF/RSF corell hell fibers, 1D SAXS profiles of
I(q) versus q are extracted along the equator, as shown in
Figure 4c. According to PorodEl law,/?¢l the interface factor o,
which characterizes the interface between ordered and disor]
dered domains and is a characteristic parameter to estimate
the relative thickness of the mesophase zones, can be extracted
from the slope k of In[I(g)g*] versus g* plots (Figure 4d), that is,
o =f[k[ .7 As the postEltretching ratio increases from zero to
six times, the interface factor g increases from 5.23 to 5.73 nm,
indicating a larger thickness of the mesophase zones and thus
guaranteeing the remarkable mechanical properties, as sumfl
marized in Table 2.

When integrated over the azimuthal angle, the SAXS patQ
terns of Byy,® versus g2 are shown in Figure 4e. B,, the inte(]
gral breadth of the normal of the scatterer that characterizes
the disordering of fibroins, could be analyzed from the plotfl
intercept b’, that is, B, =+/b’, and L, the distance between neigh[]
boring fibroins, could be calculated from the plotEl slope k7
that is, L=2z//k’, whose detail derivations are shown in SupQ
plementary Information in Section 3. When the postEltretching
ratio increases from zero to six times, the value of B, decreases
from 38 to 16, suggesting a better ordering in fibril orientation,
and the value of L decreases from 3.8 to 2.8 nm, indicating a
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Figure 3. Mechanical performances of asBpun and postBtretched coreB hell fier s. a) Photograph of corel hell Ber s collected on a spool. b) SEM
image of a knotted coreB hell Ber . ¢) SEM image showing the cross section of a corel hell fier . d) Photograph of a 20 g weight lifted by a corefl hell
ber with a diameter of 95 m. e,f) StressH train curves of RSF Bier s and CNF/RSF coreB hell bier s under different postBGtretching ratios, respectively.
g) Spider chart demonstrating the mechanical performances of corefl hell Ber s under different postBtretching ratios. Generally, the tensile strength
and Young8 modulus increase while the tensile strain and toughness decrease, as the postBtretching ratio increases. h) Tensile strength, tensile
strain, Youngll modulus and toughness of RSF ber s, CNF/RSF corefl hell Ber s postltretched by six times, and asBpun CNF Ber s. If not speciéd ,
corellshell Ber s are prepared using an inner phase flow rate of 20 L min™ and an outer phase flow rate of 10 L min™.

smaller distance between neighboring fibroins. Therefore, facilitating nonkb valent interactions between neighboring
postEliretching will induce an increase in ¢ and a decrease in  fibroins for enhanced mechanical performances, as illustrated
both B, and L, contributing to a more ordered structure and  in Figure 4f and summarized in Table 2.

Table 1. Mechanical properties of corell hell ber s under different postGtretching ratios.

PostBtretching ratio Tensile strength [MPa] Tensile strain [36] Young® modulus [GPa] Toughness [M] m~] Diameter [ m]
AsEpun 147 £10 163+10 2.34+0.01 182+ 30.2+4.1

By two times 36510 52405 3.24+0.37 122 +7 2341238

By four times 46913 39.2+41 7.27 £1.30 120+13 16.5+2.3

By six times 635+3 224+0.38 240+0.8 Nno+4 Mn3xle
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Figure 4. SAXS analysis of corel hell Ber s under different postlktretching ratios. a) Schematic representation of the SAXS setup. b) 2D SAXS patll
terns of aslkpun and postGtretched CNF/RSF corel hell fier s. ¢) 1D profes of I(gq) versus g along the equator of the 2D patterns. g is the scattering
vector and I(g) is the scattering intensity. d) Porodl plots of In[/(g)q*] versus g”. e) Slopes of B2 obs versus g2, where B,y is the integral breadth of
the azimuthal profe. f) Dependence of the interface factor, 6, and the integral breadth of the normal of the scatterer, B, on the postGtretching ratio.

Table 2. SAXS analysis of corefl hell Ber s under different posttretching ratios.

PostBtretching ratio The interface factor, @ [nm] The integral breadth, B, The distance between neighboring fibroins, L [nm]
AsEpun 5.23 38 3.8

By two times 5.43 20 3.6

By four times 5.55 18 33

By six times 573 16 2.8

Adv. Mater. Interfaces 2022, 2201962 2201962 (7 of 9) © 2022 WileylWCH GmbH
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Figure 5. Performances of corefl hell ier s against static loading and dynamic impact and under extreme conditions. a) Photograph of a freeBtanding
net woven by asGpun corell hell Ber s. b) Static loading of a 500 g weight on the net. c) Dynamic impact of a freefalling steel ball of 7.2 g from a height
of 40 cm onto the net. d) Mechanical performances of poststretched CNF/RSF corefl hell Ber s tested in situ at different temperatures. ) Comparison
of the mechanical performances of corel hell ier s among other reported biolbased ber s.

2.5. Performances of CoreBhe |l Fibers

CNF/RSF corelEhell fibers are tough and strong and could
be woven into, for example, a free[tanding net, as illusO
trated in Figure 5a. The fiber net can easily bear a static load
of 500 g, which is attributed to the high tensile strength
of corelhell fibers, as shown in Figure 5b. In addition to
static load, the fiber net can also withstand dynamic impact
of a free[falling steel ball of 72 g from a height of 40 cm
without any damage, suggesting that the fiber net is tough
and could absorb the energy of dynamic impact, as shown
in Figure 5c. In addition to the superior performances at
room temperature, corelkhell fibers also show excellent

mechanical performances under extreme cold conditions,
for example, at —40 and 60 C. In situ tests of post&tretched
core[lshell fibers at —40 C reveal that their mechanical
performances barely decrease and their tensile strength,
tensile strain, Youngl8 modulus, and toughness remain up
to 644 MPa, 21.0%, 19.9 GPa, and 96.1 M] m~3, respectively,
as shown in Figure 5d, Figure S20, Supporting Information
and summarized in Table 3. Overall, hierarchical CNF/RSF
core[hell fibers demonstrate superior tensile strength and
toughness over other regenerated biolbased fibers, and are
promising for both fundamental research and practical
applications, as shown in Figure 5e and summarized in
Table S5, Supporting Information.

Table 3. Mechanical properties of CNF/RSF corefl hell Ber s postltretched by six times tested in situ at different temperatures.

Temperature [ C] Tensile strength [MPa]

Tensile strain [34]

Young® modulus [GPa] Toughness [M] m™—]

—40 644+ 8 21.0+0.7 19.9+0.7 96.1+2.3
-30 641138 214107 19.7+£11 95.1+3.8
60 636+ 6 223+1.2 221+0.8 1056
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3. Conclusion

In summary, by mimicking natural spider silks with a tough
core and a stiff shell, hierarchical CNF/RSF corelkhell fibers are
designed and prepared by wet spinning using a collxial microl]
fluidic device. Nonkb valent interactions, including hydrogen
bonding and electrostatic interaction, are introduced between
negativelytha rged CNFs in the inner core and positivelyl]
charged RSFs in the outer shell, diminishing the core/shell
interface and forming an integral hierarchical i er. Meanwhile,
shearing in microfluidic channels and postEltretching cause a
better ordering of CNFs in the core and RSFs in the shell, thus
further enhancing nonkb valent interactions within the fiber
matrix, as revealed by POM and SAXS studies. By optimizing
the parameters, hierarchical CNF/RSF corefl hell B ers demon[]
strate superior strength and toughness over other regenerated
biolbased b ers, and can maintain their mechanical properties
even at —40 and 60 C. The method is facile and green, and
can continuously prepare strong and tough hierarchical fibers,
which are promising for advanced structural materials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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