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Assemblies of nanofibers with macroscopic dimensions are
utilized in a variety of fields, including the production of
electronic and optical sensors!'™ and scaffolds for living
tissues.*! A significant number of nanofiber assemblies are
currently being generated using various bioorganic/synthetic
nanofibers (e.g., carbon nanotubes (CNTs), DNA molecules,
and protein fibrils)."'¥) For integration of nanofibers into
materials, macroscopic cables comprising assembled nano-
fibers have recently attracted much attention.'''®! These
cables are typically produced by microfluidic elongational
flow processes, and thus the nanofibers in the cable become
oriented along the long axis.'"**"'® This anisotropic orienta-
tion provides a number of potential advantages including
improvements in mechanical strength!'*! and directional
control of cell growth and chemical synthesis.'>'"® To expand
on the advantages of the anisotropic properties of these
macroscopic cables, control of the orientation of the nano-
fibers in a direction other than the long axis is also essential,
because the physicochemical properties of assembled struc-
tures are strongly dependent on their internal morphol-
ogy.'*211 However, because conventional fluidic approaches
only focus on using the elongational flow, control of the
internal morphology of the macroscopic cables has not been
achieved. In this study, we demonstrate control over the
internal morphology of macroscopic cables of assembled
nanofibers. We employ expansion flow in a coaxial micro-
fluidic channel in addition to the elongational flow. By
regulating both elongational and expansion flows at the tip of
the micronozzle of the coaxial channels, the nanofibers can be
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oriented parallel or perpendicular to the channel, respectively
(Figure 1). Furthermore, curing of the controlled flow leads to
gel cables of nanofiber assemblies with specific (parallel/
perpendicular) orientations. These materials with controlled
morphology exhibit a remarkable improvement in their
electrical conductivity and also mechanical properties that
depend on the orientation of the nanofibers. As our study
considers only the fluid flow of nanofiber suspensions, this
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Figure 1. Concept of the microfluidic control of internal morphologies.
a) A schematic illustration of the experimental setup. We used a coaxial
microfluidic device equipped with two inlets for the core and sheath
flows. Nanofiber suspensions are introduced as a core flow
(@, uLmin™, cross-sectional area is A;), and the flow is covered by
a sheath flow of deionized (DI) water or gel initiators (Q, uLmin™",
cross-sectional area is A;). The combined flows are monitored through
a microscope placed downstream. The mean flow velocity of the
combined flow and the cross-sectional area of the core flow after
combining are labeled v; and A;, respectively. b) Internal morphologies
of the flows in the coaxial microfluidic device. In the contraction flow,
i.e., /v, <1, the nanofibers are perturbed to orient along the flow
stream. In the expansion flow, i.e., v;/v, > 1, the nanofibers in the
center region are oriented perpendicular to the stream. The overall
orientation of the nanofibers shows a parabolic shape that includes
perpendicular orientation in the center of the core flow.
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method is applicable to a variety of anisotropic materials, such
as fibers and tubes, and can be used to enhance the resultant
physicochemical properties.

We controlled the internal morphology of the nanofiber
assemblies by regulating the flow rates of the core and sheath
flows in a coaxial microfluidic device. The coaxial microfluidic
device was constructed using two glass pipettes. A pulled
round glass pipette was inserted into a square glass pipette,
which acted as an outlet (Figure 1 and Figure S1 in the
Supporting Information).

The core flow of the nanofiber suspension was introduced
from a round pipette, such that the suspension jets into the
square glass pipette and combines with the sheath flow of
aqueous or ionic solutions. The combined flows were
observed using a microscope. The relationship between the
flow velocities of the core (v,), sheath (v,), and combined
flows (v;), the volume flow rates of the core (Q,) and the
sheath flows (Q,) are described by the following equation
(more details are available in the Supporting Information):

vi=(Q1+ 1)/ (Ai + 43) (1)
= (A +A,) /(A + A,),

where A, and A, denote the cross-sectional area and the outer
cross-sectional area of the outlet in the round capillary,
respectively. Under laminar flow conditions, the cross-sec-
tional area of the core flow changes to A; upon combining
with the sheath flow. The relationship between A,

and A, are described in the following manner:

Ay =Ay (n/vs). () a R

When the velocity of the combined flow is higher
than that of the core flow, that is, v; < v;, the cross-
sectional area of the core flow decreases upon
combining with the sheath flow, that is, A; > Aj3;
this condition is obtained from Equation (2). More
importantly, under these conditions, the contrac-
tion flows induce an elongational flow, which
allows the nanofibers to be oriented along the
flow stream at the tip of the round glass capillary™®?
(Figure 1b). This contraction flow is observed
when the velocity of the sheath flow is higher
than that of the core flow, that is, v;/v, < 1, which is
governed by the relation obtained from Equa-
tion (1). In contrast, when v, >v; [i.e., vi/v,>1
from Eq. (1)], an expansion flow is generated and
the cross-sectional area of the core flow increases
upon combining with the sheath flow, that is, A; <
Aj;. In this situation, the nanofibers are perturbed
in the direction perpendicular to the flow at the tip
of the round glass capillary (Figure 1b). This
situation has been described in former reports?>2!
and it leads to nanofibers that are oriented
perpendicular to the flow direction. More pre-
cisely, nanofibers are oriented in parabolic shape
that includes perpendicular orientation in the
center of the core flow and parallel orientation at
the interlayer between core and sheath flows
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(Figure 1b); hereafter this internal morphology is called
perpendicular orientation. In summary, we demonstrate the
following microfluidic control regime: i) parallel orientation
of the nanofibers is achieved using the contracted core flow
conditions (contraction flow), wherein A; > A; and v,/v, <1,
and ii) the perpendicular orientation is achieved using the
expanded core flow conditions (expansion flow, wherein
A; < Ajzand vi/v,>1).

We examined the internal morphology of a nanofiber
suspension generated by using variable flow rates. We chose
vanadium pentoxide (V,0s) as the nanofiber material,
because the negative charges on the V,05 nanofibers stabilize
the suspension.”>! Figure 2a shows a bright-field image of
the flow for the nanofiber suspensions prepared under the
contraction flow conditions (v;/v,=0.36 (Table S1 in the
Supporting Information); Q;=20 pLmin!; 0,=
4000 pLmin~') with deionized (DI) water used for the
sheath flow. A polarized microscopy image of the same
region of the flow shows a bright-yellow line (Figure 2b). This
bright-yellow line is due to the birefringence of the flow,
which indicates that the nanofibers are oriented parallel to the
channel. This parallel orientation was further supported by an
image of the microfluidic channel arranged parallel with
respect to the polarizers (see Figure S2 in the Supporting
Information). A dark image was observed because the
direction of the nanofibers is parallel with respect to the
polarizers.
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Figure 2. a) Bright-field microscopy image of the V,O; nanofiber suspension flow
under the contraction flow condition (Q; =20 pLmin™" and Q,=4000 uLmin~" in
device 1 (see Figure 3a), v,/v,=0.36). The sheath flow consists of DI water. b) A
polarized microscopy image of the same region shown in (a). The flows show

a parallel orientation. c) Bright-field microscopy image of the V,O; nanofiber
suspension flow in the expansion flow condition (Q, =240 pLmin~" and

Q,=4000 pLmin~" in device 1, v,/v,=4.3). d,e) Polarized microscopy image and
image resulting from cross-polarizing with a 530 nm retardation plate at the same
region shown in (c). The inset in (e) shows an enlarged image of the selected area
in (e). f) Bright-field (left) and polarized microscopy (right) images of the expansion
flow. The device is arranged in parallel orientation to a polarizer. g) Light intensity
(gray value) curve along A—B in (d) and C—D in (f).

www.angewandte.org


http://www.angewandte.org

Angewandte

7944

Communications

Under the expansion flow conditions (i.e., vi/v, > 1), the
internal morphology of the core flow is visibly different. The
bright-field image in Figure 2 c demonstrates that the width of
the core flow increases after combining with the sheath flow
(vi/v,=4.3; O, =240 pLmin"'; Q,=4000 uLmin™"). A polar-
ized microscopy image of the flow shows two bright lines on
the edges and a weak red line in the center (Figure 2d). The
edge and center lines were colored yellow and green,
respectively, when a 530 nm retardation plate was placed
under the cross-polarizers (Figure 2e and Figure S3 in the
Supporting Information). These observations indicate a differ-
ent orientation of the nanofibers at the center than at the
edges of the core flow. The microfluidic channel was also
placed in a parallel arrangement with respect to the polar-
izers, which revealed two bright lines separated by a dark line
in the center (Figure?2f). The light intensity curves of
Figure 2d and f show the overlap between the center regions
(Figure 2 g). From these results we conclude that the nano-
fibers were oriented in a parabolic shape that included
a perpendicular orientation in the central region of the core
flow (Figure 1b).

To examine the transformation of the flows, we monitored
the internal morphology of the flow as it was shifted from the
contraction to the expansion regime by changing the flow
rates in the region of Q;=20uLmin"', Q,=100-
4000 uLmin™' (036 <v,/v,<15) and Q;=240 uLmin},
Q, =500-4000 pLmin~" (4.3 < v,/v, < 8.6). We observed that
the internal morphology was gradually transformed from the
parallel to the perpendicular orientation as the velocity of
sheath flow increased (see Figure S4 in the Supporting
Information). Therefore, the internal morphologies of flows
were controlled in a stepwise fashion. The key experimental
setup was the coaxial flow system, which allowed for accurate
and convenient control of the core and sheath flows.

To obtain a macroscopic material with controllable
internal morphology, we fabricated macroscopic gel cables
by introducing gel initiators to the sheath flow. Macroscopic
gel cables were formed using a V,0s suspension and a solution
of calcium chloride (CaCl,) for the core and sheath flows,
respectively; V,0s5 suspensions form gels in the presence of
cations (Figure 3a). By using two types of devices (devices 1
and 2), we formed cables with widths that varied from 40 to
690 pm (Figure 3b—d and Table S2 in the Supporting Infor-
mation); in devices 1 and 2, the inner diameters of the tips of
the round glass pipettes were 130 and 600 um, respectively.
Scanning electron microscopy (SEM) indicated that the dried
gel cables were composed of very thin flattened structures
with a high aspect ratio (Figure 3e,f and Figure S5 in the
Supporting Information). The mean thickness of the cables,
determined using a surface profiler, was found to be several
hundred nanometers (Figure 3 g and Table S2 in the Support-
ing Information). An appreciable difference was observed in
the thicknesses of the cables fabricated using devices 1 and 2
at the same flow rate (Q;=240puL min™' and Q,=
4000 pLmin™"). In general, the dimensions (radii, widths,
and thicknesses) of the core flow depended on the volume
flow rates (Q, and Q,) and not on the inner diameters of the
tips of the round glass pipettes in the device®*?” (see
Figure S2 in the Supporting Information). In this context,
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Figure 3. a) lllustration of the coaxial microfluidic device. V,05 suspen-
sion and CaCl, (gel initiator) solution are introduced as core and
sheath flows, respectively. Device 1 and device 2 have inner diameters
of 130 and 600 um, respectively. b) Bright-field images of the gel
cables obtained for the condition of Q; =20 uLmin"' for device 1 and
¢) ©;=1200 uLmin~" for device 2, where Q, is 4000 pLmin~". d) Q;-
dependent widths of the dried cables. The cables are fabricated with
variable conditions of Q,, where Q, is 4000 uLmin~". e,f) Flat shape of
the dried gel cable observed using SEM (Q, =20 pLmin™' and
Q,=4000 pLmin~" for device 1). g) Plots of the thicknesses of dried
gel cables against the core flow rate (Q;). All sheath volume flow rates
are 4000 pL min™"

we postulated that the difference in the thickness of the two
cables arises from the difference in the internal morphologies
of the gel cables, because the cables were fabricated using
different velocity conditions: contraction (v,/v,<1) flow in
device 2 and expansion (v,/v,>1) flow in devicel (see
below).

In fact, the difference in the internal morphology was
revealed using a polarized microscope. Figure 4a shows the
gel cable that was fabricated using device 2 under the
contraction flow condition (v,/v,=0.046; Q; =240 uL min""
and Q,=4000 uL min™"). The wide yellow line indicates that
the V,0s nanofibers were strongly oriented parallel to the
long axis of the cable. The brightness curve also indicates that
the samples exhibited a uniform birefringence. A dark image
was observed when the cables were arranged parallel with
respect to the orientation of the polarizers (see Figure S6 in
the Supporting Information). In contrast, the gel cable
obtained using device 1 under the same flow rates (Q,=
240 pLmin~' and Q,=4000 uLmin™"') showed a completely
different internal morphology that was attributed to the use of
an expansion flow condition (v,/v,=4.3, Figure 4b). The
brightness curve shows the same trend that is observed in the
nanofiber suspension flow under the expansion flow condi-
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Figure 4. Polarized microscopy images of the V,05 gel cables and the
brightness intensity (gray value) profiles along A-B lines in each
image. a,b) The gel cables fabricated using the condition of
Q=240 puLmin~', Q,=4000 puLmin~" for device 2 (v,/v,=0.046, (a))
and device 1 (v,/v,=4.3, (b)). Inserted profiles indicate the parallel
and perpendicular orientations of nanofibers in (a) and (b), respec-
tively. The crossed arrows in images indicate the direction of polar-
izers.

tion (Figure2d). The data indicated that the gel cable
consisted of a perpendicular orientation of the nanofiber
assemblies. The perpendicular orientation is further sup-
ported by the images that were obtained using cross-polar-
izers that contained a 530 nm retardation plate; in these
images the edges of the gel cable have a different color than
the center of the gel cable (Figure S7 in the Supporting
Information). Therefore, we fabricated two types of gel cables
with different internal morphologies (parallel and perpendic-
ular orientations) by controlling the velocity of the flow using
devices 1 and 2. The above phenomena can also be repro-
duced using a single device and only changing either the core
or sheath flow rate, which induces a transformation of the
internal morphology (Figure S8 in the Supporting Informa-
tion). In this manner, we have shown that a coaxial micro-
fluidic device can be used to obtain solidified phases with
controlled internal morphologies that are consistent with the
flow morphologies in the device as shown in Figure 2.

To apply our approach to the production of functional
materials, we examined the fabrication of two composite gel
cables: 1) composite cables composed of a conductive organic
polymer and V,O; nanofibers, which were fabricated using
a template synthesis within the microfluidic channel; and 2) a
polysaccharide gel that confined carbon nanotubes (CNTs)
with the controlled orientation.

To produce conductive polymer/V,05; composite cables,
we utilized the redox activity of V,0s (Figure 5a). We
introduced an anilinium chloride solution into the micro-
fluidic channel as the sheath flow. Anilinium ions are
polymerized into a conductive organic polymer (polyaniline)
when they undergo a redox reaction with V,0;??! This
polymerization reaction allows the anilinium ions to be
incorporated into the nanoslits of the V,05 nanofibers and
react at the vanadium sites. Simultaneously, the gelation of
V,0s suspension is induced by the presence of cationic
anilinium ions. Figure 5b shows a composite polyaniline/V,Os
gel cable that was fabricated under a contraction flow
condition (v,/v,=0.71) using device 1 (see Figures S9 and
S10 in the Supporting Information for identifying the cables).
The nanofibers appear to be oriented parallel to the long axis
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Figure 5. Template synthesis for organic/inorganic hybrid gel cables
with specific anisotropic properties. a) lllustration of the fabrication
process of organic/inorganic hybrid gel cables in microfluidic chan-
nels. A V,O; suspension and a cationic monomer (anilinium ion)
solution are introduced as core and sheath flows, respectively. Anili-
nium cations induce the gelation of V,Os. Simultaneously, anilinium
cations are inserted into V,05 nanoslits and polymerized into poly-
aniline by a redox reaction with V,0s. b, c) Polarized microscopy
images of polyaniline/V,05s composite gels obtained for the conditions
0, =40 (/v,=0.71, (b)) and 240 uLmin™" (,/v,=4.3, (c)), while the
other conditions (Q,=4000 puLmin~' for device 1) are the same.

d) Conductivities along the long and short axes of the cables (assign-
ments are shown in the image) with the parallel (shown in (b)) and
perpendicular orientations (shown in (c)) of nanofibers. The results
are shown as the mean =+ standard error of the mean (N=3). The
crossed arrows in images (b) and (c) indicate the direction of
polarizers.

of the cable, as shown in Figure 4a (see Figure S11 in the
Supporting Information for further information). In contrast,
the perpendicular orientation is observed when the composite
gel is fabricated using the expansion flow condition (v,/v,=
4.3, Figure 5c and Figure S11 in the Supporting Information);
the internal morphology is the same as that shown in
Figure 4b. Interestingly, the conductivity is strongly depen-
dent on the internal morphology of the cables. We analyzed
the conductivity along the long and short axes of the cables.
The cable with a parallel orientation of the nanofibers (shown
in Figure 5b) exhibits a 300-fold higher conductivity along the
long axis than along the short axis (Figure 5d and Table S3
and Figure S12 in the Supporting Information). In contrast,
for the perpendicular orientation of the nanofibers shown in
Figure 5c, the conductivity anisotropy exhibits only an 11-fold
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difference for the long and short axes of the cables (Figure 5d
and Table S3 and Figure S13 in the Supporting Information).
Therefore, our method enables us to fabricate composite gel
cables in a microfluidic channel with a controlled conductivity
anisotropy using the same components.

Next, to examine the confinement of functional nano-
fibers in an oriented manner, we fabricated a polysaccharide
gel cable that contained CNTs. For the core flow we used
a solution of a common polysaccharide (sodium alginate) and
a suspension of CNTs, while a solution of CaCl, served as the
sheath flow; sodium alginate forms gels in the presence of
calcium ions.’” The morphology control (parallel and per-
pendicular orientations) of the CNTs is indicated using the
contraction and expansion flow conditions, respectively (Fig-
ure S14 in the Supporting Information). The Young’s mod-
ulus of the dried cable produced by the contraction flow
(1.1 GPa) is greater than that of the cable produced by the
expansion flow (0.70 GPa; see Figure S15 in the Supporting
Information). Therefore, the flexibility of the gel cable is
highly dependent on its internal morphology. The composite
gel cables are sufficiently strong to be wounded up over
several meters (about four meters); the cables can therefore
be easily aligned on the macroscopic scale, even in the case of
materials with a lower Young’s modulus (Figure S14c—e in the
Supporting Information). This mechanical strength is useful
for integrating the cables with other materials or devices.
Furthermore, the conductivity of each cable along the long
axis is also highly dependent on the internal morphology of
the cable. The cable with a perpendicular orientation
produced under the expansion flow condition exhibited
a higher conductivity ((236+18)Sm™") than the cable
produced under the contraction flow condition ((63+
9) Sm™!, Figure S14f in the Supporting Information). This
result is important when CNTs are used in the matrix, because
the CNT nanofibers would connect with one another more
effectively when they are in the perpendicular orientation
than in the parallel orientation. In a former work, the
blending of CNTs into polymer matrices showed shear-
induced decrease of conductivity;®!! in our case a similar
phenomenon was observed, which might be due to the fact
that each CNT should be separated from other CNTs in the
parallel orientation in the cable. As shown herein, the
proposed method for controlling the internal morphology
affords the confinement of the nanofibers with a specific
orientation, which significantly influences the resultant phys-
ical properties.

We have demonstrated that changes to the internal
morphology of nanofiber assemblies from a parallel to
a perpendicular orientation are possible using a microfluidic
device. The morphology of the nanofibers was found to be
highly dependent on the core and sheath flow velocities. This
coaxial flow system would be useful to produce a variety of
nanofiber-based materials that can exhibit the orientation-
driven physical properties such as ferromagnetic/ferroelectric
properties and optical anisotropy. This study is also expected
to contribute to the design of scaffolds for tissue engineering,
because the proliferation of cells is known to be highly
dependent on the morphology of the scaffolds.””! Thus, our
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approach should have an impact on structure-derived func-
tional materials based on nanofiber assemblies.
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