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The self-assembly of organic molecules, termed supramolec-
ular assembly, has been reported extensively from nanosized
molecular clusters to microscale assemblies.'”” Increasing
attention has recently focused on macroscopic supramolec-
ular assembly within the millimeter to centimeter range.*%!
Assemblies on this scale display both molecular and macro-
scopic benefits, such as structural flexibility and shape adjust-
ability. These structures are usually constructed from specific
oligomers with multiple interaction sites for shape retention.
However, typical supramolecular assemblies such as phos-
pholipid structures are constructed with a limited number of
interactions such as hydrogen bonding and/or m-m and van
der Waals interactions between molecules. These weak
interactions inhibit the construction of macroscopic assem-
blies.® ¥l For the fabrication of macroscopic supramolecular
assemblies even in these molecules, two factors are required:
1) the dense and oriented packing of molecular assemblies to
enhance molecular interactions!"” and 2) robust support for
shape retention of supramolecular assemblies. With these two
factors, we developed a simple method for fabrication of
densely aligned supramolecular nanofibers jacketed in a
robust hydrogel on the meter scale, using microfluidic
techniques.

Figure 1 shows the supramolecular assemblies targeted in
this research. The supramolecular monomer used here is a
lipid-type molecule (monomer 1) that forms nanofibers.
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Figure 1. Supramolecular gels fabricated both in bulk and in a micro-
fluidic channel. a) Bulk sample of the supramolecular gel. Monomers
are assembled to form supramolecular nanofibers that are entangled
with each other to form a supramolecular gel. The chemical structure
of the phospholipid-type supramolecular monomer (1) used herein is
included. b) A process for producing jacketed supramolecular strands
fabricated in a coaxial flow microfluidic device. The coaxial laminar
flows of the supramolecular monomer and the hydrogel polymer
source solutions are enclosed by a gel initiator solution to form a
coaxial gel cable (jacketed supramolecular strand). The supramolecular
nanofibers are aligned in the hydrogel jacket.

The nanofibers are three-dimensionally entangled, forming
fragile macroscopic gels in bulk (see Figure 1a and Movie S1
in the Supporting Information).!'”? To improve the molecular
interactions, we attempted to fabricate the supramolecular
assemblies in a microfluidic channel. The supramolecular
assemblies should align because of shear stress provided by
the laminar flow in the channel (Figure 1b). Similar hydro-
dynamic orientations have already been observed in the case
of inorganic rods," DNA strands,"”! carbon nanotubes,” and
organic polymers.”!) Furthermore, we encapsulated the
supramolecular nanofibers (strands) in a robust hydrogel
matrix (hydrogel jacket) to form a long core-shell-type gel
cable (jacketed supramolecular strand) using a co-axial
laminar flow.

We used a microfluidic device to create a jacketed
supramolecular strand (see Figure 2a and Figure S1 in the
Supporting Information). With this device, the supramolec-
ular strand was jacketed by a calcium alginate gel, which
expected to enhance the stability and robustness of the
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Figure 2. Jacketed supramolecular strand fabrication. a) The microfluidic
device used herein. Sample solutions were introduced through three inlets
B, and C), and jacketed supramolecular strands were obtained from the
outlet. The monomer 1 (Qs pLmin™"), sodium alginate (Qa uLmin™'), and
CaCl, (3.2 mLmin™") solutions were introduced into Inlets A, B, and C,

respectively. The total volume flow rate was Qs + Qa=20 uLmin". b) Fluo-

rescence microscopy image of the jacketed supramolecular strands
(Qs=10 uLmin™") visualized by green-fluorescent nanobeads (alginate gel
jacket) and R18 dye (supramolecular strands). c) CLSM images of the
supramolecular nanofibers in jacketed supramolecular strands fabricated w
variable volume flow rates. The supramolecular nanofibers were visualized
using the R18 dye. d) SEM image of the aligned supramolecular nanofibers
after the alginate gel jacket was removed. e) 2D FFT analysis calculated for
the selected area shown in Figure 2¢ (Qs=10 uLmin™') and a plot of the
corresponding summed pixel intensity from the FFT image along a straight
line radiating at the angle. This plot indicates that the supramolecular
nanofibers were orientated perpendicular to 160° and 340°.

structure.”” The supramolecular monomer fluid (solution of
0.1 wt% monomer 1) and sheath fluid (1.5wt% sodium
alginate solution with lipid dyes and green-fluorescent nano-
beads) were introduced into Inlets A and B, respectively, and
these sample flows were surrounded by 20 mm CaCl, solution
introduced through Inlet C (Figure 2a). The total volume
flow rate of monomer1, Qs (uLmin'), and alginate, Qa
(uLmin™"), was 20 uL min~'. Both samples became gels after
combining with the CaCl, solution in the channel. The
supramolecular strand and alginate gel jacket were visualized
using lipid dyes and fluorescent nanobeads, respectively (see
the Supporting Information).

The morphologies of the obtained strands were examined.
Fluorescence microscopy imaging revealed that a jacketed
supramolecular strand of approximately 50 um in diameter
was successfully formed (see Figure 2b and Figure S2 and
Movies S2 and S3 in the Supporting Information). Confocal
laser scanning microscopy (CLSM) imaging indicated that the
supramolecular fibrous assemblies are aligned along one

direction at the macroscopic scale (see Figure 2c and
Figure S3 in the Supporting Information). Scanning
electron microscopy (SEM) imaging revealed a detailed
structure in which supramolecular nanofibers with
diameters of approximately 40 nm were aligned along
the direction of the jacketed supramolecular strands
(see Figure 2d and Figure S4 in the Supporting Infor-
mation). In contrast, the supramolecular nanofibers in
the bulk supramolecular gel showed a three-dimensional
entangled network (see Figure S3 in the Supporting
Information).

The orientation of the supramolecular nanofibers
was investigated by fast Fourier transform (FFT)
analysis. FFT was used to characterize the square
region (64 x 64 pixels) indicated in Figure 2c¢ (Qs=
10 pLmin™"). The resultant FFT output image contained
grayscale pixels distributed in an elliptical pattern that
reflected the degree of supramolecular nanofiber ori-
entation (see Figure 2e and Figure S5 in the Supporting
Information). A plot of the corresponding summed pixel
intensity from the FFT image indicated that the
supramolecular nanofibers were strongly orientated
perpendicular to the peaks in the plot (160° and 340°).
We evaluated the orientation value (S) of the nano-
fibers, which tends to O for those that are perfectly
oriented along one axis and to 1 for an isotropic
distribution (S is defined in the Supporting Informa-
tion).??! The S value of the supramolecular nanofibers
in the jacketed supramolecular strand was calculated to
be 0.70, which is smaller than that for the supramolec-
ular nanofibers within the bulk gel (§5=0.95, see
itn  Table S1 in the Supporting Information). This value

includes the effect of a wave-like structure. However,
the S value of the jacketed supramolecular strands is
obviously smaller than that of the bulk. We found that
the encapsulated supramolecular structures grew pri-
marily in one direction and were aligned with the
laminar flow in the microfluidic channel. Additionally,
aligned structures can be observed in the supramolec-
ular strands without the alginate gel jacket (Qs=
20 uLmin~!, see Figure S3 in the Supporting Information).
Therefore, the microfluidic fabrication process is a key factor
for obtaining aligned supramolecular structures. However,
the supramolecular strand without the alginate gel jacket was
extremely fragile. The sample could not be picked up from a
collection flask.

The jacketed supramolecular strands were easy to handle
and could be used to form macroscopic patterns and arrange-
ments. First, the robust hydrogel jackets allow us to manually
handle differently colored supramolecular strands to arrange
them on glass (Figure 3a). Vertically and horizontally
arranged supramolecular strands were visualized by R18
dyes and fluorescein isothiocyanate (FITC) lipid,* respec-
tively. The patterned jacketed supramolecular strands are
useful for the detection and quantification of temporal
changes around the strands. Using the FITC moiety embed-
ded in the strand as a pH indicator,”® we monitored
fluorescence changes associated with a pH change. The
green fluorescence of the supramolecular strands is dramat-
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Figure 3. Handling of the jacketed supramolecular strands. a) Fluorescence
microscopy image showing the arrangement of differently colored jacketed
supramolecular strands on a glass substrate. The vertically and horizontally
arranged supramolecular strands were visualized by R18 dyes and FITC lipid,
respectively. b) Photograph of a single jacketed supramolecular strand bridging
five glass pillars to form a star shape in air. Inset) Overhead view of the star
shape, as observed by fluorescence microscopy. The supramolecular strand was
visualized by the R18 dye. c) Fluorescence microscopy image of a jacketed
supramolecular strand arranged in a microfluidic channel. The supramolecular
strand was visualized by the R18 dye. Inset) Image of the arrangement.

d) Images before and after the alginate gel jacket was removed (visualized by
green-fluorescent nanobeads) by the introduction of sodium citrate into the
microfluidic channel. e) CLSM image of the macroscopically aligned supra-
molecular nanofibers in the microfluidic channel. f) Sequential images of a
meter-long supramolecular strand pulled from a sample tube using a pair of
tweezers. All jacketed supramolecular strands were prepared with
Qs=10pLmin™".

ically reduced by changing the environmental pH from 8.6 to
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in the Supporting Information). This demonstration
indicates the sufficiently high mechanical strength of
the jacketed supramolecular strands. We also
attempted to arrange and immobilize the jacketed
supramolecular strands into desired positions using a
microfluidic channel (Figure 3c). After immobiliza-
tion of the jacketed supramolecular strands, the
alginate gel jacket can be removed by introducing a
sodium citrate solution into the microfluidic chan-
nel.” As a result, the structures of the aligned
supramolecular nanofibers were sustained in the
channel in the absence of the alginate gel jacket
(Figure 3d). These applications show that the method
allows for the spatial arrangement of weak supra-
molecular assemblies into desired positions.

The detailed macroscopic structures of the supra-
molecular strands can be analyzed according to their
handleability. Figure 3e shows sequential CLSM
images of macroscopic supramolecular strands immo-
bilized in the microfluidic channel. Macroscopic
ordering of the nanofibers on a scale of several
millimeters was observed, which is attributed to the
sample immobilization in the microfluidic channel
(see Figure3e and Figure S8 in the Supporting
Information). The overall length of the supramolec-
ular strands could be easily adjusted by changing the
sample injection time during the strand formation
process. Figure 3 f shows a jacketed supramolecular
strand over 1 m in length that was pulled from a
sample tube using a pair of tweezers (see Movie S4 in
the Supporting Information). Surprisingly, the shape
of the jacketed supramolecular strand was retained
through this process. This shape retention is due to the
support of the alginate gel jacket.

We envisioned the practical application of macro-
scopically aligned supramolecular nanofibers in jack-
eted supramolecular strands as a template for the
polymerization of insoluble conductive polymers (Fig-
ure 4a). Because the supramolecular nanofibers are
constructed through van der Waals interactions and
hydrogen bonds of lipid tail moieties and the complex-
ation between phosphate moieties and calcium ions, it
is expected that guest molecules can be concentrated
along the supramolecular nanofibers through multiple
interactions, including hydrogen-bond, Coulomb, and
van der Waals interactions. We carried out template
synthesis of poly(aniline) (PANI) using the jacketed
supramolecular strands by immersing them in an
aqueous solution containing 48 mM anilinium chlo-
ride. The supramolecular nanofibers were expected to
absorb the anilinium cations. The colorless strands
obtained were then immersed into a 1M acetic acid

5.0 (see Figure S6 in the Supporting Information), which
indicates that the jacketed supramolecular strands can be
functionalized as a fluorescent sensor using the accompanying
stimuli-responsive lipid in the strand. Second, we successfully
constructed a free-standing pattern (star shape) of the
supramolecular assembly by bridging a jacketed supramolec-
ular strand between glass pillars (see Figure 3b and Figure S7
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solution (pH 2.3) of 0.15mM ammonium peroxodisulfate
(APS) for oxidative polymerization of the PANI. As a
result of this procedure, a green cable was obtained (Fig-
ure 4b). This color is well-known as an emeraldine salt of
PANL™ The cables showed sufficient mechanical strength to
be handled by a pair of tweezers, similar to the strands before
the template synthesis (Figure 4c). Under bright field mi-
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Figure S9a,b in the Supporting Information).””
Scanning transmission electron microscope
(STEM) images showed that the aligned nano-
fibers had a diameter of approximately 60 nm (see
Figure 4f and Figure S9¢c,d in the Supporting
Information). These results further support our
view that aligned PANI nanofibers formed during
template synthesis on the aligned supramolecular
nanofibers in the jacketed supramolecular strands.
Recently, several research groups have attempted
to synthesize PANI nanofibers using inorganic
porous materials®!! or tiny soft templates, such as
lipids or supramolecular structures."** However,
the PANI nanofibers isolated in previous studies
showed micrometer scale fragments that were
strongly aggregated. In contrast, our template
synthesis of aligned supramolecular nanofibers in
jacketed supramolecular strands allows us to
maintain the morphology of the nanofibers with-
out aggregation. Therefore, our approach enables
the construction of morphologically controlled
PANI nanofibers that are easy to handle because
of the hydrogel jacket. Finally, we measured the
conductivity of the PANI nanofibers, as shown in

0.0 4.0 8.0
Voltage / V —

Figure 4. Template synthesis of PANI using jacketed supramolecular nanofibers.

a) Procedure for the synthesis of PANI nanofibers. b) A green cable obtained after
the reaction protocol for the preparation of PANI and c) a demonstration of the
handleability of the green cable. d) Bright field microscopy image of the green cable.
The green strands are encapsulated in the alginate gel jacket. e) Bright field
microscopy images of the PANI nanofibers after immersion in EDTA solution

(pH 13.6) to remove the alginate gel jacket (left) and further immersion in 1m HCI
(pH 0, right). f) STEM images of the PANI nanofibers on a grid, showing that the
fibrous structures are ordered. Inset) An enlarged image of a PANI nanofiber with a
diameter of approximately 60 nm. g) Current—voltage plot of PANI nanofibers,

Figure 4 g. The conductivity of the PANI nano-
fibers after removing the alginate gel jacket was
estimated to be 0.75Sm™' (see Figure4g and
Figure S9¢,f in the Supporting Information). The
value is on the order of several tens of nano-
amperes, which is sufficient for use as a sensor
material. Our strategy of template synthesis using
jacketed supramolecular strands would be useful
for synthesizing handleable aligned organic con-
ductive nanofibers.

We have shown a method involving micro-

measured using probes. Inset) Image of the measurement.

croscopy, aligned dark green fibers (dark green strands) were
clearly observed inside the green cable (Figure 4d). Ethyl-
enediaminetetraacetic acid (EDTA, 0.25M, pH 13.6) was used
to remove the supramolecular template and the alginate gel
jacket.'®?l We isolated a dark blue strand without the
alginate gel jacket (see Figure4e and Movie S5 in the
Supporting Information) that showed a different color than
the as-synthesized dark green strand; this was achieved by a
redox reaction of PANT through a change of pH."® In fact, the
blue strands showed a pH-dependent color change. Immer-
sion in 1M HCI solution (pH 0) induced the reverse redox
reaction to produce a green strand (Figure 4¢). Emphasis is
placed on these dark green/blue strands that show a
morphology similar to that of the template supramolecular
strand in Figure 2 c. This result indicates that the supramolec-
ular strands can act as a template for the synthesis of PANI.

To identify the green strand, we carried out the following
experiments. In the Fourier transform infrared (FT-IR)
spectrum of the obtained green strands, peaks were observed
at approximately 1135, 1235, 1300, 1485, and 1570 cm ™!, which
are identical to those of the emeraldine salt form of PANT (see

www.angewandte.org
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fluidic techniques for the fabrication of meter-

scale aligned supramolecular nanofibers encapsu-

lated in a hydrogel jacket. The jacketed supra-
molecular nanofibers can be used as templates not only for
conductive polymers such as PANI, but also for other organic
molecules, biochemical molecules such as proteins, nano-
particles, and metals for generating large oriented materials
that are similar to those found in nature. We believe that this
approach is a major advance in the realization of large-scale
supramolecular structures with defined shapes, including one-
dimensional coils, two-dimensional fabric sheets, and three-
dimensional constructs.
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