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Abstract: In this review article, I report our recent studies on spectroscopic visualizations of
macroscopic helical alignments of nanofibers in vortex flows. Our designed supramolecular
nanofibers, formed through self-assemblies of dye molecules, helically align in torsional
flows of a vortex generated by mechanical rotary stirring of the sample solutions. The
nanofiber, formed through bundling of linear supramolecular polymers, aligns equally in
right- and left-handed vortex flows. However, in contrast, a one-handedly twisted nanofiber,
formed through helical bundling of the supramolecular polymers, shows unequal helical
alignments in these torsional flows. When the helical handedness of the nanofiber matches
that of the vortex flow, the nanofiber aligns more efficiently in the flowing fluid. Such
phenomena are observed not only with the artificial helical supramolecular nanofibers but
also with biological nanofibers such as double-stranded DNA.
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1. Introduction

Vortexes are recognized as macroscopic chirality elements [1] and one of the possible origins of
chiral symmetry breaking in nature [2—12]. Compared with, e.g., rheometric shear flows, vortexes are
complex, involving many locally different fluid flows. For example, upon mechanical rotary stirring of
a fluid in a cuvette, a tight, torsional flow is generated at the rotary center, while the peripheral part of
the vortex involves a loose, spiral flow (Figure 1) [13]. We were prompted to investigate whether these
vortex flows can be utilized for controlling the orientations of molecules or molecular assemblies.
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Figure 1. Schematic illustrations of (a) chiral vortex flows generated upon rotary
clockwise (CW) or counterclockwise (CCW) stirring with a magnetic stirring bar; (b) a
macroscopic helical alignment of multiple fibers in a vortex as light passes during
spectroscopy; and (¢) (P)-helical deformation of an elastic fiber at the vortex center.
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Small molecules rarely orient along the macroscopic flowing direction of solvent molecules because
Brownian motions are dominant over hydrodynamic interactions at the molecular level. However,
when molecules or molecular assemblies are long enough to average local effects of Brownian motions
of the solvent molecules, they begin to react to the fluid flows. In fact, certain nanoscale molecules and
molecular assemblies having anisotropic structures are known to sense the shear forces of fluid
flows [14-16]. Ribo et al. have reported that electrostatic J-aggregates of (4-sulfophenyl)porphyrin
derivatives, prepared in aqueous media upon rotary stirring, become optically active, and suggested
that hydrodynamic selection of either the right- or left-handed helical conformation of the aggregates is
responsible [7,8]. The formation of helical ribbons in such a stirred solution has been confirmed [9,17].
However, the hydrodynamic interactions of the aggregates with the fluid have not sufficiently been
clarified experimentally. With this in mind, we became interested in the macroscopic physical
interactions between nanoscale objects and fluid flows.

In this review article, I report our recent studies on spectroscopic visualizations of macroscopic
helical alignments of nanofibers, including supramolecular polymers and biopolymers such as DNA
(Figure 1b,c). Linear dichroism (LD) and circular dichroism (CD) spectroscopies allow the visualization
of helical alignments in torsional flows of a vortex generated by mechanical rotary stirring of fluids. We
initially discovered the helical alignment of a supramolecular nanofiber, composed of a zinc porphyrin
derivative bearing dendritic substituents, in the vortex [13,18]. Next, a one-handedly twisted
supramolecular nanofiber was found to show unequal LD responses in right- and left-handed vortex
flows, owing to unequal helical alignment of the nanofiber [19]. Such phenomena were observed not
only in the artificial helical supramolecular nanofibers but also in biological nanofibers such as
double-stranded DNA [20].
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2. Helical Alignment of a Supramolecular Nanofiber in a Vortex Flow

A supramolecular polymer of zinc porphyrin dendrimer DP (Figure 2a) can helically align in a
vortex generated by mechanical rotary stirring of a fluid in an optical cell [13,21]. DP self-assembles
to form a J-aggregate in nonpolar solvents by n-stacking interactions and hydrogen bonds involving its
carboxylic acid side groups (Figure 2b) [11]. Transmission electron microscopy (TEM) of the benzene
solution of DP shows nanofibers with 10-20 nm diameters (Figure 2c). A benzene solution of DP
without stirring is CD silent, but exhibits a CD spectrum upon mechanical rotary stirring (Figure 3b).
For example, when stirring in a clockwise direction (CW), the sample solution of DP displays intense
CD bands at the Soret absorption bands (413, 449, and 455 nm) and weak ones in the Q-band region
(530-610 nm) due to J-aggregated DP. No chiroptical response emerges at the absorption band
(430 nm) of non-assembled DP. A dip-coated thin film of DP, where the nanofibers are oriented
preferentially along the dipping direction, can be prepared on a thick glass plate with a benzene
solution. When this nanofiber-coated glass plate is laid over another in such a way that their oriented
directions are angled by 45°, a distinct chiroptical response appears in the CD spectrum. The observed
spectral shape is virtually identical to that observed for the stirred solution of J-aggregated DP. A
spectral inversion takes place by varying the dihedral angle of overlaying from 45° to —45°. These
experimental results indicate that the observed CD originates from macroscopic chiral alignments of
nanofibers in the vortex flows generated by rotary stirring. However, one must note that the observed
CD may originate from not only a true CD signal but also artifactual combinations of linear dichroism
(LD), linear birefringence (LB), and circular birefringence (CB) [22]. We have not evaluated their
contributions in the observed CD spectra, but Mueller matrix spectroscopy, developed by Rib6 et al.,
may allow their evaluations [23-25].

Linear dichroism (LD) spectroscopy, defined as the difference between absorption of light polarized
parallel and polarized perpendicular to an orientation axis (AA = 4, — A,), gives information on the
alignment of macromolecules such as carbon nanotubes and DNA [26-31]. Although the sample
solution ([DP] = 6.0 x 10~° M) containing the long nanofibers is LD silent without stirring, it becomes
LD active upon rotary stirring (Figure 3¢). Since the observed negative and positive signs of LD bands
at Amax at 448 and 408 nm, respectively, originate from electronic transitions due to longer and shorter
axes of the J-aggregated DP, respectively (Figure 3c) [32], it can be expected that DP nanofibers align
perpendicularly to the rotary direction. This result is also supported by the fact that the spectral pattern
is the same as that of the dip-coated film sample, placed in such a way that its oriented direction is
parallel to the vertical axis of the linearly polarized incident light. The fluidic situations in a vortex,
generated by rotary stirring, are locally different. Point-wise LD and CD spectroscopies with optical
cells selectively masked at the marginal parts or vertical center show that the LD sign observed
through the central slit of the masked cell is identical to that of the entire solution, but the LD spectrum
observed through the marginal parts is opposite in sign to the others. These observations suggest that
the preferential alignments of the nanofibers flowing at the center and periphery of the vortex are
different from one another. The CD response observed through the center part is more intense than that
with an unmasked cell, but the response through the marginal parts is much less intense. Considering the
obtained experimental results and hydrodynamic model of a vortex generated in a cuvette (Figure 1), the
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DP nanofiber reacts in its orientation to the locally different fluid flows of the vortex, and dominantly
aligns at the center of the vortex.

Figure 2. Structural formulas of (a) dendritic zinc porphyrin DP; and (b) J-aggregated
form of hydrogen-bonded supramolecular polymer (nanofiber) of DP. DRN represents a
dendritic wedge; (c¢) A transmission electron micrograph (TEM) of an air-dried sample of a
benzene solution of DP.
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Figure 3. (a) Electronic absorption; (b) circular dichroism (CD); and (¢) linear dichroism
(LD) spectroscopies of a benzene solution of the nanofibers of DP (6.0 x 10 M), upon
rotary stirring at 1350 rpm in clockwise (blue curves) or counterclockwise (red curves)
direction using a ¢2.0 mm x 5.0 mm Teflon-coated magnetic stirring bar at 20 °C in

10 mm x 10 mm % 40 mm quartz optical cells.
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This phenomenon observed with the nanofibers of J-aggregated DP is known for cholesteric liquid
crystalline materials involving a macroscopic helical alignment of mesogenic molecules [33].
However, it is noteworthy that, in our system, such a macroscopic helical alignment occurs in
non-constrained fluid media without any assistance from rheometric flows.
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3. Unequal Helical Orientations of a One-Handedly Twisted Helical Supramolecular Nanofiber
in Right- and Left-Handed Vortex Flows

An anthracene derivative AN, bearing N-phenyl amide groups with optically active alkyl chains, in
n-hexane forms one-handedly twisted helical supramolecular nanofibers (Figure 4) [34-36]. The sample
solution of the AN nanofiber exhibits an induced LD spectrum, whose intensity changes reversibly upon
clockwise (CW) and counterclockwise (CCW) stirring of the solution [19]. Frequency-modulation
atomic force microscopy (FM-AFM) performed on a HOPG substrate with a solution of self-assembled
(R)-AN in n-hexane shows the presence of linear nanofibers (Figure 4c) [37,38]. These nanofibers have
twisted structures with right-handed P-helicity (Figure 4d), whose direction is in agreement with that
expected from the exciton coupled CD [39,40]. AN molecules in nonpolar solvents self-assemble
through possible multiple intermolecular interactions such as hydrogen bonds of the amide groups, n—n
interactions of anthracene components, and Van der Waals interactions of the long alkyl chains to form
J-aggregated supramolecular nanofibers (Figure 4b) [41].

Figure 4. (a) Chemical structures of (R)- and (S)-AN; (b) Schematic illustration of a
twisted J-aggregation of (R)-AN molecules; (c,d) Frequency-modulation atomic force
microscopy (FM-AFM) images of the (R)-AN supramolecular nanofibers.
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Although the n-hexane solution of AN without stirring is LD silent, it becomes LD active upon
mechanical rotary stirring. The LD intensity observed with the (R)-AN nanofiber upon CW stirring
decreases dramatically when the stirring direction is changed to the opposite CCW direction
(Figure 5a). The solution quickly responds to the applied changes in stirring directions. Furthermore,
its enantiomer (S)-AN displays the opposite unequal LD responses for CW and CCW stirrings of the
sample solution (Figure 5b). The observed difference of LD intensity originates mainly from the center
of the vortex flow. Since the CW and CCW stirrings generate right- and left-handed downward spiral
flows, respectively, the larger LD intensity is found to appear when the helical direction of the (R)-AN
nanofiber harmonizes with the torsional flowing direction of the vortex. Chiral hydrodynamic
interactions between helical supramolecular nanofibers and torsional flows in the vortex, which have
also been suggested in some other studies [9,17], may affect the alignments and assembling behaviors
of the AN nanofibers in the solution. In dynamic light scattering (DLS) analysis, the n-hexane solution
of the self-assembled (R)-AN after CW and CCW stirring for 30 min actually shows different size
distributions in the histogram, where the vortex flow having the same helical handedness with that of

the supramolecular nanofiber allows formation of a larger assembly.

Figure 5. Unequal helical alignments of one-handedly twisted AN nanofibers in the vortex
flows. LD spectra of (a) (R)-AN and (b) (S)-AN nanofibers induced upon CW (—) or
CCW (—) rotary stirring.
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4. Unequal Helical Orientations of a Double-Stranded DNA in Right- and Left-Handed
Vortex Flows

From the results obtained from the studies on helical orientations of the twisted supramolecular
nanofibers described above, we became interested in the macroscopic chiral hydrodynamic interactions
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of biological nanofibers such as DNA [26] with vortex flows. Double-stranded DNA has a right-handed
helical structure with a diameter of 2.2-2.6 nm, and can hydrodynamically align and stretch in certain
linear fluid flows [42,43]. A wormlike chain model can reasonably account for the elastic behaviors
and hydrodynamic interactions of DNA [44]. Strick et al. reported the first single-molecule
measurements of DNA topology using magnetic tweezers. They measured the extension and force of
individual A-phage DNA molecules and found that positively supercoiled DNA was more difficult to
stretch than negatively supercoiled DNA [45]. Other studies have demonstrated experimentally the
intrinsic chiral twist elasticity of DNA [46,47]. These studies raise an important question: what
happens to DNA in a chiral macroscopic vortex generated by clockwise (CW) or counterclockwise
(CCW) stirring? We revealed that DNA molecules in pure water align helically with the spiral flow
generated by mechanical rotary stirring in an optical cell, and display strong induced circular
dichroism (CD) and linear dichroism (LD) responses [20].

An aqueous solution of salmon testes DNA (5.1 x 10> mg/mL), having a linear structure with an
average molecular weight of approximately My = 1.3 x 10° (2000 bp), without stirring exhibits the
characteristic CD spectral pattern of DNA with peak maxima at Amax = 247 and 279 nm (Figure 6).
However, an entirely different macroscopic CD spectral pattern with a much larger intensity with Amax
of 266 nm and an LD spectrum with a positive peak at A, of 259 nm appear upon mechanical rotary
stirring of the sample solution. Clockwise (CW) and counterclockwise (CCW) stirring give mirror-image
CD spectral profiles and virtually the same LD profiles with different intensities. The CW stirring of
the sample solution in LD spectroscopy always results in larger spectral intensity than CCW stirring,
but the differences become negligible upon addition of NaCl or ethidium bromide, which reduce
structural elasticity of DNA [48,49]. An increase of ionic strength of the aqueous solvent reduces the
mutually repulsive forces of negative charges on the two DNA strands; therefore, the elasticity, higher
order structures and the denaturation temperature of the DNA molecules are changed. On the other
hand, accommodations of multiple molecules of ethidium bromide (ETB) in the spaces between the base
pairs of DNA by unwinding induce local structural changes to the double-stranded DNA (e.g., lengthening
and hardening). The relaxed coil may, thus, have larger differences in the chiral twist elasticity for CW
and CCW directions than that of rigid DNA. The observed CD and LD responses of the stirred sample
solution are also decreased simultaneously as the double-stranded structure denatures at increasing
temperatures. Furthermore, these induced CD and LD responses are not observed upon stirring in a
solution containing shorter DNA with low molecular weight (approximately My = 0.5 x 10°-1.0 x 10°)
that may not sense hydrodynamic shear force of fluids beyond Brownian motions of the solvent. The
long double-stranded DNA molecules, thus, can be effectively aligned in the vortex flows, and show
hydrodynamic preference for a right-handed vortex than for a left-handed vortex. The observed
preference is emphasized when using a smaller stirring bar, which can generate a more narrow
torsional flow at the center of the vortex. Decreases in the scale gap between the DNA and the
torsional flow may enhance the present chiral hydrodynamic interaction. This study suggests that
chiral hydrodynamic interactions between asymmetric biomolecules and fluids are important in natural
biological systems.



Symmetry 2014, 6 391

Figure 6. Unequal helical alignments of a double-stranded DNA in the vortex flows. CD (a)
and LD (b) spectra of a solution of salmon testes DNA dissolved in pure water at 5 °C with
CW (blue curve) or CCW (red curve) stirring.
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5. Conclusions

In this review article, I have summarized and extended our findings presented in references [13,19,20].
Small molecules do not orient in response to macroscopic fluid flows of solvent molecules, because
Brownian motions are dominant over hydrodynamic interactions at the molecular level. However,
when molecules or molecular assemblies have fiber structures long enough to average local effects of
Brownian motions of the solvent molecules, they orient in fluid flows by sensing weak velocity
gradients generated in the flowing fluid and the boundary layer on glass surfaces of the cuvette. CD
and LD spectroscopies provide information about chiral orientations of molecules and molecular
assemblies, and allow spectroscopic visualizations of helical alignments in the torsional flows of a
vortex. Mueller matrix spectroscopy will strongly support to reveal origin of the observed CD spectra.
Because we have not observed the same phenomenon with linear conjugated polymers to date, the
observed phenomenon may be the characteristic behavior of self-assembled molecular architectures
having linear structures. As observed in the shapes of all nanofibers described above, it can be
concluded that the bundling of single polymers is essential to cause hydrodynamic alignments of the
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nanofibers in the vortex flows. The bundle structure increases structural linearity, rigidity, length, and
volume of the nanofiber, and also enhances macroscopic hydrodynamic interactions between the
nanofiber and the solvent molecules. In such helical orientations of the nanofibers in the vortex flow,
the chiral hydrodynamic interactions between the one-handedly twisted nanofiber and the vortex,
including right- or left-handed torsional flows, are unequal in the combinations. The helical nanofibers
align more efficiently when the helical handedness matches that of the vortex flows. Additionally, size
distribution of the helical supramolecular nanofiber changes upon CW or CCW stirring of the sample
solution. A larger assembly forms when the helical handedness of the nanofiber matches that of the
vortex flows. The observed chiral hydrodynamic interactions thus also affect dynamic self-assembly of
the molecules in the solution. These experimental results that spectroscopically reveal a physical chiral
interaction between nanoscale molecules and torsional fluid flows are key information to elucidate the
origin of chiral symmetry breaking in nature.
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