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Micro/Nanometer-Scale Fiber with Highly Ordered
Structures by Mimicking the Spinning Process of Silkworm

Su-Kyoung Chae, Edward Kang, Ali Khademhosseini, and Sang-Hoon Lee*

Silkworm silk, produced by Bombyx mori, has been extensively
used for 5000 years in the textile industry.l! Recently, B. mori
silk has attracted the attention of scientists and engineers owing
to its diverse applications in textile, optical, and biomedical
fields.>* To generate silk fiber materials, diverse artificial spin-
ning methods, such as solvent extrusion, electrospinning, and
microfluidic approaches, have been developed. For example,
regenerated silk from B. mori silkworms was extruded into
fibers from an ionic liquid solvent system.l’) The formation of
electrospun fibers from aqueous B. mori silkworm silk solution
or with polymer was reported.[%’] A microfluidic chip was used
for the concentration of regenerated silk fibroin aqueous solu-
tion by biomimicking the silk glands and the spinning duct of
silkworms.!®l However, it was impossible to reduce the width of
the biopolymer to nanometer-scale dimensions and to produce
multiple fibers with different sizes in a single microchannel.
Moreover, there is a lack of a molecular structural transition on
the artificial fibers in such systems and this technique is still a
challenge during the spinning process.

Silk fiber is made of two different proteins—the core struc-
tural protein called fibroin and the gummy sheath protein
called sericin.”! Figure 1a is a schematic of the spinning duct
of the silkworm. The main structural silk protein fibroin is syn-
thesized at the epithelial wall of the posterior segment. Next,
the fibroin moves forward in the wider middle division, where
the concentration of fibroin protein increases and aggregation
of micelle-like particles (100-200 nm in diameter) inducing
the formation of globules of a size of 0.8 to 15 um diameter
begins.'% Shearing or elongation of this phase in the narrow
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duct cause the orientation and stretching of the globules.
Finally, crystallization of B. mori silk occurs under shear stress
and dehydration conditions. During spinning, the water con-
tent decreases from 88 to 70% from the posterior division to
the anterior division in the gland.'!

Here we focused on the crystalline structure of the proteins
as a result of the dehydration of the aqueous phase and shear
stress. Researchers have reported that fB-sheet crystals that are
formed by means of hydrogen bonds and the configuration
of molecules by solvent exposure play a key role in defining
the mechanical properties of silk.'>!3] Such an ordered struc-
ture of molecules is an important factor for improving the
physical properties of fibers. A regenerated silk fibroin mat of
highly crystalline structure displaying outstanding mechanical
strength has been reported.’] In this paper, organic solvents
such as methanol have been shown to affect the crystallization
by inducing a random coil to B-sheet transition.l'*!>] Dehydra-
tion changes the conformation of silk protein domains to crys-
talline sheets with hydrogen bonds providing strength and
stability.'l Therefore, as the silk fibroin is immersed in a dehy-
drating solvent such as methanol, crystallization is induced
as the silk fibroin chains undergo a transformation from a
random-coil to B-sheet conformation.'”] In contrast, water
disrupts the hydrogen bonds between chain segments in the
amorphous phase. As a result, the immersion of silk proteins
in water decreases the mechanical properties of silk.[!8]

Inspired by such a crystalline structure, obtained by means
of hydrogen bonding due to dehydration and physical shear,
forming the basis for the mechanical strength of silk proteins
in the silkworm spinning mechanism, we introduce a novel
spinning method to create ultrathin, crystal-like ordered, and
multiple polymeric fibers within a single microfluidic system,
challenging previous spinning methods. It is recognized that
ionic polymers in solvents of low polarity tend to aggregate due
to the attractive force of the ionic dipoles. Isopropyl alcohol
(IPA) has a weaker polarity (3.9) than water (9.0).2% Therefore
the aggregation behavior of polymer chains can be induced
with IPA treatment.

By utilizing a microfluidic spinning method that mimics
the spinning mechanism of the silk worm, alginate fibers of
a highly ordered structure were fabricated. Microfluidic chips
are popularly used to modulate the physiochemical property of
microscale fibers or particles.?'?”] A highly ordered structure
with numerous nanostrands was generated by dipole-dipole
attractions at the dehydrating interface between the aqueous
polar core and IPA sheath fluid. The shear force in the micro-
fluidic channel enables the alignment of polymer chains to
form a compact structure, which enabled the size of the fiber
to be reduced to as low as a few tens of nanometers thick. Scan-
ning electron microscopy (SEM) and transmission electron
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Figure 1. Schematic of the formation of self-aggregated fibers using isopropyl alcohol (IPA) sheath flow. a) Illustration of a silkworm’s duct spinning.
b) Microfluidic system consisting of two inlet channels and one outlet channel, with aqueous alginate and IPA used as the core and sheath flow.
c) Dehydration process of aqueous alginate with IPA solvent under chemical focusing and physical shear in a microchannel.

microscopy (TEM) analysis revealed that the nanostrands were
highly aligned along the direction of the flow. FT-IR analysis
revealed a stronger hydrogen bond in IPA-based fibers than
that in water-based fibers. The X-ray diffraction (XRD) pattern
of an IPA-based fiber showed a strong and sharp peak. From
these results we suggest that more highly ordered fibers can be
fabricated through dehydration and physical shear within the
microfluidic system.

Our method enables the polymer chains in the fibers to self-
align along the direction of flow to form crystal-like ordered
structures, with widths that varied from 70 nm to 20 um. The
results also demonstrate that diverse fiber shapes can be pre-
pared by just controlling the flow rate.

In addition, the proposed method can be used to generate
multiple fibers with different widths simultaneously without
the need of additional apparatus or treatments. At the dehy-
drating interface between core and sheath fluids, induction of
Kelvin—-Helmbholtz instabilities yielded the simultaneous pro-
duction of multiple nanometer and micrometer-scale fibers
that could not be produced by conventional microfluidic spin-
ning methods. The microfluidic spinning method is a unique
method to control the size, shape, and material composition
of single or multiple micro and nanometer-scale fibers and
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will attract much attention of researchers in the fields of tissue
engineering, biomedical engineering, and the textile industry.
Our fiber spinning microfluidic system consisted of two
inlet and one outlet channels (Figure 1b). The width of the
main channel was focused from an initial width of 100 um to
an intersection point with a width of 30 um and a height of
100 pm (Figure S1, Supporting Information). Spinning was
accomplished by introducing a dilute aqueous solution of algi-
nate (<1%) and IPA solvent as the core and sheath fluids. An
alginate prepolymer solution dispersed in water was injected
into the microchannel. The prepolymer core stream was sur-
rounded by water-miscible IPA solvent at the junction. As dehy-
dration by the IPA sheath flow gradually progressed toward the
aqueous core phase, polymer chains in the core flow self-aggre-
gated. Shear force was simultaneously applied to this state,
similar to the silkworm spinning process, and a crystal-like
ordered fiber with aligned nano-strands was created. Figure 1c
illustrates the procedure by dehydrating IPA solvent to gen-
erate high-ordered structures with compact alignment. The
core solution started dehydration with the IPA sheath phase
(line A in Figure 1c), and alginate chains were self-aggregated
due to an IPA solvent-resistant micelle-like structure (line B in
Figure 1b). The self-aggregated chains formed densely packed

Adv. Mater. 2013, 25, 3071-3078



ADVANCED
MATERIALS

M \ll'ﬁ"§

www.MaterialsViews.com

www.advmat.de

ultra-thin flat 0) s.eaweed
\ like

 thinflat

Qv cglu/n:j?nc |

semi-cylindrical
| T
0.5 1.0
I I Flow rate of alginate (mi/h)

rate of IPA (ml/h)

2
S
s
=1
JE—

a beh in soluti of different polarity (p)
in high () ~( in low (p)
water ~90 - IPA ~3.9 ﬁ
Tpolarpelymers | eemmee
. N A dipole attraction
dispersing chains between polar chains
low-polal i
()] low-polar organic 3 ﬁmdm
table intertoce
organic
solvent
alginate
e ‘ in water
- "'” =, e = o S
.2 4 0.6 0.8 1.0
M dehydrate I I Flow rate of alginate (ml/h)
”  dry at RT for 1 day
C (1% alginate, IPA) ——

Figure 2. Alginate fibers made by using IPA within the microchannel: a) Polar polymer behavior in solutions of different polarity (p); i) the behavior
of the alginate polymer chains at the interface between the aqueous—aqueous, and ii,ii’) polar aqueous—low polar organic system; iii) process of self-
aggregation of the polymer chains in the presence of the IPA solution; iv) SEM images of the solidified alginate structures; v) high magnification image
of (iv). The strand width is approximately 40 nm. b) SEM images of the alginate fibers prepared over a wide range of flow rates. The numerical labels

in each image indicate the flow rate (alginate-IPA, mL h™").

c) The fiber shapes were categorized according to: d) thin flat, e) seaweed-like structures,

f) semi-cylindrical, and g) cylindrical. h) Side view of a cylindrical fiber. i) TEM image of a flat fiber. Scale bar is 0.1 um.

nanostrands (line C in Figure 1c), and the shear force inside the
microfluidic channel helped in closely packing the fibers (line
D in Figure 1c) similar to the crystalline structure in the spin-
ning duct of silkworms. Finally, the alginate fibers with diverse
widths ranging from thin (<10 um) to ultrathin (<100 nm) were
successfully generated.

To prove this mechanism, we first investigated the creation
of nanostrands from polymer self-aggregation. We hypoth-
esized that self-aggregated strands could be induced by the
dipole attraction when polar polymer chains are dehydrated
with a low-polarity solvent (Figure 2a). When an aqueous
solution containing polar polymer contacts a solution of
similar polarity, it is diluted without affecting the motion of
the polymer chains (Figure 2a(i)). On the other hand, as the
aqueous solution is exposed to a weakly polar organic solvent,
the polymer chains at the dehydrating interface begin to self-
aggregate (Figure 2a(ii-if)).

To test such aggregation behavior experimentally, we tested
a number of water-soluble polar molecules including poly(vinyl
alcohol) (PVA), gelatin, and alginate. As seen in the SEM
images of Figure S2, Supporting Information, all polymer
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chains were self-aggregated. Among these polar molecules,
alginate was selected as the model polymer as it forms well-
organized porous structures with numerous nanostrands and
is widely used as a biomaterial, with Food and Drug Admin-
istration (FDA) approval for a number of applications. The
aggregation behavior of alginate in solvents with diverse polari-
ties was investigated using methanol, ethanol, and IPA, all of
which are water-miscible organic solvents with low polarities
of 3.9 (IPA), 4.3 (ethanol), and 5.1 (methanol) (Figure S3, Sup-
porting Information).2%28] A 5 mL aliquot of each organic sol-
vent was added dropwise to 200 uL samples of aqueous alginate
solution, as shown in Figure 2a (iii). The alginate immediately
self-aggregated, creating numerous strands, which formed
large solid polymer structures. SEM observation revealed that
the alginate exposed to IPA clearly showed a more porous mor-
phology than that exposed to the other solvents (Figure 2a(iv)).
These results demonstrate that the aggregation behavior
depended on the polarity of the solvents. In the high-resolution
SEM image in Figure 2a(v), the self-aggregated alginate consists
of numerous nanostrands with a diameter of approximately
40 nm (Figure S4, Supporting Information).
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These regular nanostrands began to form highly ordered
structures, which resemble the fibroin aggregation process in
the spinning mechanism of silkworm silk. Fibroin globules
are aligned with increasing applied shear to the crystalline
structure. To mimic this process, polymer chains were self-
aggregated and subsequently exposed to hydrodynamic shear.
They were spun over a wide range of shear rates by using a con-
tinuous flow microfluidic system. For these experiments, 1%
aqueous alginate and 0.05% CacCl, in IPA solution were used as
a core and sheath flow.

Figure 2b demonstrates SEM images of fibers with diverse
shapes as a function of flow rate. The core streams were easily
deformed according to the balance of core and sheath flow
rates due to the low interfacial tension.?>3% A cross-sectional
schematic of the deformation process in the core stream is
shown in Figure S5, Supporting Information. At low flow rates,
the aqueous alginate phase in contact with IPA was horizon-
tally elongated in its cross-section and vertically flat (Type I
in Figure S5), whereas at high flow rates, the alginate phase
was elongated in the vertical direction due to the lateral flow
strength (Type III in Figure S5). At a balanced flow rate, a cylin-
drical core stream was formed (Type II in Figure S5). The cross-
sectional shapes of the fibers can be categorized according
to the flow rates of the two liquids (Figure 2c), as thin sheets
(low core-low sheath, Figure 2d), seaweed-like (high core-high
sheath, Figure 2e), semi-cylindrical (middle core-low sheath,
Figure 2f), and cylindrical (high core-low sheath) (Figure 2g).
Cylindrical fibers were generated over a limited range of flow
rates (1.1 £ 0.2 mL h™! (core) and 0.3 £ 0.2 mL h™! (sheath)).
Figure 2g shows a cross-sectional image of the cylindrical
fiber, demonstrating that a fiber consists of numerous aligned
strand bundles. A side-view of a cylindrical fiber is shown in
Figure 2h, where the nanostrands in the fiber structure can be
seen to be well-aligned and oriented parallel to the direction
of flow.?! The high degree of alignment and the directionality
of the strands in a fiber is clearly visible in the TEM image in
Figure 2i, with strands of less than 10 nm in diameter. The
width of a single alginate chain is known to be between 1.41
and 4.65 nm;? therefore, the aligned lines visible in the TEM
image may represent the alignment of alginate polymer chains
formed under the shear flow. Flow rate determined the compe-
tition between the aggregation behavior due to chemical dehy-
dration and elongation due to physical shear in the resulting
products. In the case of flat fibers, there was obvious alignment
by the elongation. At low IPA sheath flow, the cylinder type
could be formed because aggregation behavior was stronger
than elongation flow. This is similar to the protein assembly
and alignment due to shear in the silkworm spinning.

To investigate the effect of IPA sheath flow on the fiber struc-
ture of ordered nanostrands, alginate fiber from IPA-based
sheath flow was compared with that of water-based sheath flow.
In these comparisons, 0.05% CaCl, in IPA and 0.05% CacCl, in
water were used as the sheath flows. The inner structure of each
fiber was analyzed by XRD, FT-IR spectroscopy, and inductively
coupled plasma—optical emission spectroscopy (ICP-OES). In
addition, the relative amounts of Ca?* ions in the fiber struc-
tures were analyzed using ICP-OES. The amount of Ca?* incor-
porated into each fiber, as determined using ICP-OES,¥ is
listed in Table 1(S2) in the Supporting Information. We found
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that the amount of Ca?* in the fibers prepared using IPA was
nearly twice that in the fibers prepared using water. Figure 3a
shows the XRD patterns of fibers produced using IPA-based
(red line) and water-based (blue line) sheath fluid. The pattern
in the IPA-based sheath flow result is similar to the crystalline
structure of fibroin in the fibroin porous sponge.?* Two peaks
are observed at around 26 16.50 and 23.80 in the spectra in both
conditions, however, in the case of IPA-based sheath flow, the
peak intensity at 260 23.80 is much stronger than that observed
in the pattern of water-based sheath flow. The strengths of 260 in
the spectra reflect the crystalline degree. The sharp peaks dem-
onstrate the chain alignment, corresponding to diffraction from
oriented polymer chains. Thus, we suggest that the solvent
system induces conformational changes, leading to an ordered
structure due to dehydration.3!

FT-IR analysis revealed that a stronger hydrogen bond
occurred between chains of IPA-based fibers from the shift
and shape of bands (Figure S6, Supporting Information). In
the water-based fiber FT-IR spectrum there are two bands due
to the hydrogen bound —COO group at 1603 (asymmetric) and
1445 cm®™! (symmetric).2® The bending vibration of water also
appears at about 1625 cm™! (this band disappeared in the IPA-
based fiber spectrum). In the spectrum of the alginate fiber
formed using IPA-based sheath flow, the bands appearing at
1595 and 1425 cm™! belong to the asymmetric and symmetric
—COO stretching vibrations. Compared to the water-based fiber
the —COO stretching vibrations bands were shifted toward lower
wavenumbers, indicating a stronger hydrogen bond between
chains. The band located around 3420 cm™ was caused by OH
stretching and inter- and intramolecular hydrogen bonds. The
OH band of the IPA-based fibers are broadened and smoothed,
with a shift to lower wavenumbers, although the peak doesn't
show a strong intensity. This broad feature has been attributed
to the ionic interaction between ions and the OH groups or for-
mation of intramolecular hydrogen bonds.l’”) The shift is mainly
due to the rearrangement of hydrogen bonds.’®! The above
results supported that the OH stretching due to the intra- and
intermolecular hydrogen bond was strengthened. This result
was similar to that of fibroin. As fibroin is treated with a dehy-
drating solvent, crystallization is induced as the silk fibroin
chains undergo a transformation from a random-coil to a -sheet
conformation.'1%l Dehydration resulted in the transformation
of fibroin into crystalline sheets with hydrogen bonds providing
strength and stability. Therefore, the above results suggest that
the resulting products from IPA sheath flow were a more highly
ordered crystal-like structure than that from water sheath flow.

Next, we examined the effect of the calcium as a crosslinking
agent in the structure of nanostrands. IPA solution with and
without calcium ions was applied as a sheath flow. First, the
fibers were fabricated using pure IPA without calcium ions as
the sheath fluid, with subsequent crosslinking achieved by dip-
ping the formed material into the crosslinking agent (sheath
1). The second involved calcium ions in the IPA sheath fluid,
causing self-aggregation and crosslinking to occur simultane-
ously (sheath 2). The size of fibers produced by sheath 1 and
2 with different alginate concentrations were compared, and
the results are plotted in Figure 3b. Alginate solutions con-
taining 0.1%, 0.5%, 1.0%, or 2.0% alginate were tested, with
pure IPA and 0.5% CaCl, dissolved in the IPA. The flow rates

Adv. Mater. 2013, 25, 3071-3078
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Figure 3. Characterization of alginate fibers formed by different core and sheath flow conditions. a) XRD patterns of alginate fibers using an IPA-based
CaCl, solution (red line) and a water-based CaCl, solution (blue line). b) Size distribution of fibers prepared using pure IPA (1) or CaCl, in IPA (2) as
the sheath fluid. SEM images of 2% alginate: c) from 0.05% CaCl, in IPA as the sheath fluid and d) from pure IPA as the sheath fluid. SEM images of
0.1% alginate: ) from 0.05% CaCl, in IPA as the sheath fluid and f) from pure IPA as the sheath fluid. TEM images of alginate fiber using: g) 2% CaCl,
in IPA and h) pure IPA as the sheath flow. c—e) Scale bar is 10 um. f) Scale bar is 1 um. g,h) Scale bar is 0.1 um.

of the core and sheath fluids were approximately 1.1 + 0.2 and
0.3 £ 0.2 mL h7!, respectively. The fiber size and morphology
depended both on the crosslinking method and the concentra-
tion of alginate. The width of the fibers formed using sheath
2 ranged from 4 to 22 um as the concentration of the alginate
solution increased (empty rounds in Figure 3b), and the sur-
face of the fibers were seen to be smooth from 1.0% (inset of
Figure 3c) to 0.1% (Figure 3e) alginate solutions. The 2% algi-
nate solution yielded a rough surface with parallel wrinkle pat-
terns (Figure 3c). In contrast, the width of the fibers prepared
using sheath 1 ranged from 70 nm to 4 pm, with increasing alg-
inate concentrations (solid rounds in Figure 3b). Figure 3d and
3f show SEM images of fiber structures prepared from 2.0%
and 0.1% alginate core fluids. The fiber diameters were sig-
nificantly smaller at the lower concentration to approximately
70 nm. The surface morphology of a 1% alginate fiber from
sheath 1 and 2 was observed by TEM. There was no specific
direction in the case of sheath 2 (Figure 3g). In sheath 2, the
fibers are simultaneously aggregated and crosslinked, which
may prevent dense aggregation; the fibers from this sheath flow
would thus be expected to produce a larger size. By contrast, for
sheath 1, the alignment and the directionality of the strands is
clearly illustrated in the TEM image (Figure 3h). The direction

Adv. Mater. 2013, 25, 3071-3078
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of the nanostrands was maintained at this moment regardless
of post-crosslink (Figure S7, Supporting Information).

This is similar to the spinning process of silkworm silk
where the fibroin filaments were aligned linearly and fixed
as a bundle with sericin gum.¥ Similarly, by using sheath 1,
the polymer chains ordered to form the fibers and were sub-
sequently crosslinked. But if left uncrosslinked, the flow insta-
bility conditions can be easily induced at dehydrating interfaces
between core and sheath flow.

Here, by taking advantage of Kelvin—-Helmbholtz instabilities
that occur at disturbed interfaces between miscible fluids with
different densities and velocities,***!l we have demonstrated
that the desired multi-scale fibers could be generated in a single
microchannel. The instability conditions governing Kelvin—
Helmholtz instabilities can be expressed as a function of the
interfacial tension:

(Ul—U2)2 > 2«/g0</)1 —P2p1+ p2) (pllp2>) .

where, p, p,, U;, and U, are the densities and velocities of lig-
uids 1 and 2, g is the acceleration due to gravity, and o is the
interfacial tension between the two fluids. In our aqueous—IPA
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system, the interface is especially unstable due to the strong
miscibility of the two fluids, with the amplitude of the insta-
bility wave potentially becoming sufficiently large as to create
separated flows. A schematic diagram for generating satel-
lite flows using a Kelvin-Helmholtz instability wave is shown
in Figure 4a. The side-view shows that a disturbance induces
a seed wave at the interface between the two fluids that can
become large (dotted black line). The core alginate flow then
begins to separate at the maximum of the instability wave,
and the alginate chains in the separated flow areas then self-
aggregate in the IPA sheath fluid (red triangle in Figure 4a)
and do not fuse downstream. In contrast, a water sheath flow
does not induce the formation of a satellite stream under the
instability because the high interfacial tension between the core
(water) and sheath (water) fluids is relatively stable in the lam-
inar flow (Figure S8, Supporting Information). This approach
was verified by generating a disturbance in the microfluidic
channel. We fabricated a microchannel that was misaligned
by approximately 25% (Figure 4b and Figure S9, Supporting
Information). A 1% aqueous alginate solution was introduced
as the core fluid and IPA was used as the sheath fluid. At the
intersection of the core and sheath flows, two streams were
created because of interface instability between the aqueous
and IPA liquids (Figure 4c). Figure 4d shows SEM images
of multiple-stranded alginate fibers from a misaligned poly-
dimethylsiloxane (PDMS) microchannel. Figure 4e shows that
the diameters of the larger (W;) and smaller (W,) fibers were
3 um and 70 nm, respectively. The graph in Figure 4f presents
data obtained on multiple alginate fiber formation as a func-
tion of the flow rate within the misaligned microchannel, and
demonstrates that multiple fibers could be created over a broad
range of flows. The morphologies of the multiple alginate
fibers prepared under each flow rate are shown in Figure 4g.
As with the formation of a single fiber (Figure 2b), diverse fiber
shapes were observed, including ultrathin (low flow rate), semi-
cylindrical (middle), and seaweed-like structures (high). At a
low initial flow rate (0.2 mL h™!) and a high flow rate (exceeding
1.0 mL h™Y), ultrathin flat fibers were formed.

In summary, we propose a new method for the microfluidic
spinning of ultrathin fibers with a highly ordered structure of
nanostrands due to dehydration and physical shear by mim-
icking the process of the crystalline structure of Bombyx mori
silk protein. Like the spinning of silkworm silk, the polymer
chains were aligned along the flow direction by the shear force.
Such an ordered structure may enable the continuous and
stable generation of 70 nm wide pure alginate fibers. Further-
more, multiple fibers with different sizes could be simulta-
neously produced in a single channel by the instability at the
dehydrating interface. Our system will provide a new tech-
nology for generating diverse functional micro and nanometer-
scale fibers by combining advanced microfluidic technologies
and will increase the applications, which was difficult to accom-
plish by conventional electrospinning or microfluidic methods.

Experimental Section

Alginate fibers were produced using a core solution of 1% w/v sodium
alginate in water (Sigma, St. Louis, MO, USA), and a sheath fluid of
either pure IPA or IPA containing 0.5% or 2% w/v CaCl,-2H,0 (Sigma,
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St. Louis, MO USA). Microfluidic chips were fabricated using aSU8
photoresist-patterned silicon wafer as a mold. PDMS pre-polymer and
crosslinker (Sylgard 184, Dow Corning) were mixed in a 10:1 ratio,
poured onto the mold, and cured at 80 °C for 20 min. The PDMS
substrates were then bonded together using plasma treatment. The
prepared devices were kept in an oven at 80 °C for 1 day to recover their
hydrophobic surface properties.

Supporting Information

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