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Enabling Seed-initiated Helical Supramolecular Polymerization
under Microfluidic Mixing
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ABSTRACT: We have investigated the folding and assembly behavior of an alanine-based monomeric diamide and a cystine-based
dimeric diamide bearing pyrene units and solubilizing alkyl chains at their C-termini and N-termini, respectively. In low-polarity
solvents, the former molecule forms a folded 7-membered ring conformation with an intramolecular hydrogen bond, while the latter
molecule forms a 14-membered ring through double intramolecular hydrogen bonds between two diamide units. Spectroscopic studies
revealed that both folded states are thermodynamically unstable and eventually transform into more energetically stable
supramolecular polymers. Importantly, compared to the alanine-based diamide, the cystine-based dimeric diamide exhibits a superior
kinetic stability in the metastable folded state, as well as an increased thermodynamic stability in the aggregated state. Consequently,
spontaneous transformation from the folded state into the aggregated state is retarded even under the conditions of rapid molecular
diffusion. Accordingly, the initiation of supramolecular polymerization can be regulated via a seeding approach under microfluidic
mixing conditions. Furthermore, the supramolecular polymer composed of the cystine-based dimeric diamide has a helical structure
with an enhanced chiral excitonic coupling between the transition dipoles of the pyrene units. Taking advantage of the self-sorting
behavior observed in a mixture of L-cysteine- and D-cysteine-based dimeric diamides, a two-step supramolecular polymerization from
a racemic mixture was achieved by stepwise addition of the corresponding seeds.

intermolecular and intramolecular interactions.'** The
intermolecular interactions guide the self-assembly of

INTRODUCTION

Amyloid fibrils are a class of supramolecular polymers
found in biological systems and consist of highly ordered one-
dimensional aggregates of polypeptide chains."” In native
proteins, the polypeptides inherently form an o-helix
conformation via a folding process dominated by
intramolecular interactions. However, misfolding occasionally
occurs to produce [-sheet conformations, which interact
intermolecularly with one another to form amyloid fibrils via a
nucleation—elongation mechanism.”® The rate of the nucleation
is low because misfolding of the protein involves multiple
rearrangements, while elongation proceeds quickly due to the
favorable intermolecular interactions between the misfolded
polypeptides. Importantly, there is a significant lag time before
initiation of the elongation, during which the external addition
of aggregates as seeds can accelerate the formation of amyloid
fibrils from metastable native proteins.”

Similar seeding effects have also been observed in the self-
assembly of synthetic molecules with a m-conjugated core, in
which a nucleation—elongation process competes with a folding
process.'*'® Such seed-initiated polymerization can be an
attractive method to prepare one-dimensional aggregates with
controlled structural parameters, such as average size,
polydispersity,'” *' and molecular sequence.””** The use of
hydrogen bonds is an effective way to establish a controlled
self-assembly process, as it offers high designability of both

molecules by regulating their molecular arrangement in the
aggregated state. Intramolecular interactions can produce
specific folded structures in the non-aggregated state. The
kinetic folding of a monomer into a conformation different from
its aggregated state conformation can retard its spontaneous
participation in nucleation-growth supramolecular
polymerization. Such  non-equilibrium  supramolecular
polymerization has been achieved for amide-substituted -
conjugated molecules with a bowl-shaped m-skeleton® or
hydrogen-bond acceptor units.”' > Amide groups connected to
an additional amide,** ester,”® or 1,2,3-triazole group37 by a
short alkyl linker also enable kinetic control over the self-
assembly of m-conjugated molecules via the formation of
intramolecular hydrogen bonds.

We have previously reported an amino-acid-based diamide
that is a versatile structural motif for seed-initiated
supramolecular polymerization (Figure 1a).® When the
diamide was cooled in low-polarity solvents, the equilibrium
favored a folded conformation with a seven-membered ring via
an intramolecular hydrogen bond (Figure 1b). In this state,
supramolecular  polymerization through intermolecular
hydrogen bonding interactions was temporarily retarded. As
this folded inactive state was thermodynamically unstable, it
eventually transformed into a more thermodynamically stable
aggregated state. Importantly, initiation of the supramolecular
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Figure 1. (a) Schematic representation of seeded polymerizations;
the folding processes of (b) L-alanine-based diamide and (c) L-
cysteine-based dimeric diamide, and (d) the chemical structures of
1 and ZLL-

polymerization was successfully regulated by the external
addition of seeds. A further challenge in this chemistry is the
production of a stiffer folded state that could persist even under
stirring or flowing conditions.” *' Such mechanical agitation is
required for the mass production of controlled supramolecular
polymers in order to achieve homogeneous and rapid mixing of
the seeds with the metastable monomers and increase the
subsequent elongation rate of the seeds. However, folding
based on a single intramolecular hydrogen bond is not sufficient
to stabilize the metastable state. The rational design of a
robustly stabilized metastable state would increase the utility of
seeded supramolecular polymerization.

Extensive researches into amyloid fibrils has shown that the
supramolecular polymerization of misfolded proteins is
proceeded by a significant lag time.” An important implication
of this fact is that the conversion from a native conformation to
a misfolded one proceeds through a large number of steps

involving the rearrangement of multiple intramolecular
interactions. Thus, increasing the number of intramolecular
hydrogen bonding interactions should be a key strategy in the
molecular design of amino-acid-based diamide systems with a
kinetically stabilized folded state (Figure 1c). To fulfill this
requirement, we designed a dimeric amino-acid-based diamide
with a disulfide linkage. To study the efficacy of this molecular
design, we synthesized alanine-based diamide 1 and L-cysteine-
based dimeric diamide 2p;, in which pyrene units and
solubilizing alkyl chains are introduced at the C-termini and N-
termini, respectively (Figure 1d). The introduction of pyrene
units should facilitate monitoring of the folding and aggregation
processes via changes in the UV-vis absorption and emission
properties. In-depth study of their folding and aggregation
properties revealed that dimerization of the amino-acid-based
diamide skeleton not only enhances the thermodynamic
stability of the aggregated state, but also increases the kinetic
stability of the metastable folded state. Accordingly, the
nucleation-growth  supramolecular  polymerization  was
preceded by a significant lag time, and thereby, we were able to
kinetically regulate the initiation step of the supramolecular
polymerization using a seeding method even under microfluidic
mixing conditions.

RESULTS AND DISCUSSION

Synthesis. Alanine-based diamide 1 was synthesized in two
steps from N-(fert-butoxycarbonyl)-L-alanine by amidation
with 1-pyrenylmethylamine, followed by N-Boc deprotection
and amidation of the NH, terminus by treatment with 3.,4,5-
tris(1-dodecyloxy)benzoic acid. Pyrenyl-substituted dimeric
diamide 2;;, was prepared in three steps from N-[(9H-fluoren-
9-ylmethoxy)carbonyl]-S-(triphenylmethyl)-L-cysteine. Thus,
the COOH terminus of the L-cysteine derivative was amidated
with 1-pyrenylmethylamine. N-Boc deprotection and amidation
of the NH, terminus were then conducted by treatment with
3,4,5-tris(1-dodecyloxy)benzoic acid. Subsequent deprotection
of the S-trityl protecting group directly produced disulfide 2y,
under oxidative deprotection conditions. The details of the
syntheses and characterizations are described in the Supporting
Information.

Folding. Initially, the folding behavior of 1 and 2y, was
investigated using '"H NMR spectroscopy. The signal of the
amide proton adjacent to the pyrenyl group in 1 was observed
at 6.59 ppm in chloroform-d;, which represented a downfield
shift of 0.93 ppm compared to that of our previously reported
pyrenyl-substituted monoamide (Figure S1 in Supporting
Information).”® This can be explained by the folding of the
diamide moiety in a seven-membered ring fashion with an
intramolecular hydrogen bond. In contrast, 2y; exhibited a
proton signal at 9.17 ppm, which was assigned to the amide
protons adjacent to the pyrenyl group based on two-
dimensional NMR spectroscopy (Figures S2 and S3).
Importantly, this proton signal was shifted significantly
downfield (2.58 ppm) compared to that of 1. Its chemical shift
exhibited a slight concentration dependence at concentrations
from 5 x 10* M to 2 x 10° M (Figure S4). Thus, the diamide
moieties in 2p;, preferentially form intramolecular hydrogen
bonds with a conformation different from that of 1.

To elucidate the folded conformation of 2y, we conducted
DFT calculations using the model compound 2’, in which the
dodecyloxy chains in 2y, were replaced with methoxy groups
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Figure 2. Chemical structures and geometries of 2’ with a (a) 10-membered, (b) 12-membered, or (¢) 14-membered ring of hydrogen bonding
network containing CHCl; molecules, as optimized using DFT with the M052X/6-31G(d) basis.

for simplicity. Three types of intramolecular hydrogen-bonded
networks, namely, 10-membered, 12-membered, and 14-
membered ring-based structures, were considered as possible
conformations (Figure 2). These structures were optimized at
the MO052X/6-31G(d) level of theory by including two
chloroform molecules, which were placed near the amide
groups. The calculations revealed that the 14-membered-ring
hydrogen-bonded conformation was more energetically stable
than the 10-membered-ring and 12-membered-ring-based
conformations by 6.1 kJ mol ' and 4.7 kJ mol ', respectively.
NMR calculations using the optimized 14-membered-ring
structure were conducted at the B3LYP/6-311+G(2d,p) level.
The calculated chemical shifts of the amide protons were
6.93(5) ppm and 9.41(6) ppm, which were in good agreement
with the experimentally observed chemical shifts (Table S1).
These results indicate that the 14-membered-ring structure is
the most feasible folded conformation for 2y; in the non-
aggregated state.

A characteristic feature of the 14-membered-ring folded
conformation in 2y, is that two pyrene units are located far from
each other, with a distance of ca. 0.9 nm between them (Figure
2¢). This is in contrast to the folded conformations with 10-
membered or 12-membered rings, in which the two pyrene
planes are closely aligned within 0.4 nm (Figures 2a and 2b).
Our previous study of two pyrenyl-substituted alanine-based
diamides showed that the folded conformation of the diamide
moiety in which the two pyrenyl groups were in close proximity
resulted in the emergence of a characteristic excimer emission
of the pyrene moieties.”® Thus, the fluorescence spectrum of 2y,
was examined to obtain information regarding the interaction
between the pyrene units in its folded conformation. In
chloroform, 2p;, exhibited a monomer emission band with a
maximum (A.;) at 396 nm, indicating the absence of
communication between the two pyrene moieties (Figure 3,
solid line). Upon addition of the hydrogen-bond-acceptor
dimethyl sulfoxide (DMSO) to the chloroform solution of 2y,
an excimer emission band emerged with the A, at 479 nm
(Figure 3, dashed lines). In the presence of DMSO, the
equilibrium is likely shifted from the intramolecularly

hydrogen-bonded conformation to a different conformation,
resulting in the emergence of the excimer emission. A 'H NMR
spectroscopic study also confirmed the effect of DMSO on the
intramolecular hydrogen bonds in the folded conformation.
Upon addition of DMSO-d; to a solution of 2y, in chloroform-
dy, an upfield shift of 0.44 ppm was observed for the amide
protons adjacent to the pyrenyl groups (Figure S5).
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Figure 3. (a) Change in the fluorescence spectra of 2p; in
chloroform with the addition of DMSO, and (b) plot of the ratio of
the fluorescence intensity at 396 and 479 nm (/479/1396) as a function
of the DMSO content in chloroform.



Aggregation. The monomeric diamide 1 and dimeric
diamide 2y, formed aggregates in nonpolar methylcyclohexane
(MCH). Their self-assembly behavior was monitored using UV
absorption spectroscopy. For sample preparation, each
compound was dissolved in MCH at a concentration of 5 x
10° M at 363 K and then cooled to 293 K at a rate of 1 K
min . In the spectrum of monomeric diamide 1, an absorption
band with a characteristic vibronic structure corresponding to
monomeric pyrene and an absorption maximum (A,,) at 343
nm was observed immediately after cooling the solution to 293
K (Figure S6a), which indicated that 1 existed in a non-
aggregated form at this stage. While the absorbance at 343 nm
remained unchanged for a few hours, it gradually decreased in
intensity, accompanied by the appearance of a new band with
the Aups of 355 nm (Figure 4 and S6a). This spectral change was
attributed to the emerging interaction between pyrene moieties
in the ground state. The formation of fibrous aggregates was
confirmed using transmission electron microscopy (TEM)
(Figure S6b). The Fourier transform infrared (FTIR) spectrum
of aggregated 1 exhibited an N-H stretching band at 3270
cm ', indicating intermolecular interaction between the amide
moieties (Figure S6c¢). These results demonstrated that the non-
aggregated diamide 1 formed upon cooling is a metastable state,
while the supramolecular polymer is thermodynamically stable
due to the intermolecular m-stacking and hydrogen-bonding
interactions between the pyrene units and the diamide groups,
respectively. Dimeric diamide 2y, also showed spontaneous
self-assembly behavior under the same conditions to form
supramolecular polymers; the greatest difference between 1 and
2,1, was the longer lag time (>12 hours) for the initiation of the
self-assembly of 2y, (Figures 4 and S6d). The increased lag
time implies that the kinetic stability of 2y in the non-
aggregated state is enhanced by the multiple intramolecular
hydrogen-bond interactions in its folded form.
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Figure 4. Time courses of the absorbance changes at 343 nm,
which correspond to the spontaneous supramolecular
polymerizations of 1 (open circles) and 2y (closed circles) in
methylcyclohexane (5 x 10~ M) after fast cooling from 363 K to
293 K.

The spontaneous transition from the non-aggregated state
into the aggregated state was accelerated and completed within
10 min when sonication was applied to a hot MCH solution of
molecularly dispersed 2y, in a water bath below 283 K. The
resultant solution showed a UV absorption band corresponding
to the aggregated state at 354 nm (Figure 5a). The circular
dichroism (CD) spectra of the aggregated 2p;, showed a CD

absorption band with a positive maximum at 357 nm. The CD
intensity of 2y, was greater than that of 1 in the aggregated state,
demonstrating the larger chiral excitonic coupling between
transition dipoles of the pyrene moieties in the aggregated 2y,
(Figure 5b, solid line). When D-cysteine was employed to
synthesize the dimeric amino-acid-based diamide 2pp, the CD
spectrum of its aggregated state was a perfect mirror image of
that of aggregated 2y, (Figure 5b, dashed line). The mirrored
CD spectra showed that the chiral centers of dimeric diamide 2
substantially impact the arrangement of the pyrene moieties in
the supramolecular polymer chains. Atomic force microscopy
(AFM) images confirmed that the supramolecular polymers of
2, formed left-handed helices with a unimolecular width of 1—
2 nm, while those of 2pp in the aggregated state exhibited the
opposite helicity (Figures S7 and S8).
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Figure 5. (a) UV absorption spectra of 2, in the non-aggregated
state (dashed line), obtained after slow cooling at 1 K min’l, and in
the aggregated state (solid line), obtained after sonication for 10
min in MCH (4 x 10 M), and (b) CD spectra of 2y, (solid line)
and 2pp (dashed line) in the aggregated state, prepared by the
sonication of each solution in MCH (4 x 10> M) for 10 min.

Both monomeric diamide 1 and dimeric diamide 2,
exhibited thermal hysteresis when cycled through the assembly
and disassembly processes. The absorbance change of a
solution of 1 in MCH was monitored during heating from 283
K to 363 K at a rate of I K min ' and exhibited a non-sigmoidal
transition from the aggregated state to the non-aggregated state
with a critical (elongation) temperature (7;,) of 308 K (Figure
6a). During cooling of the resultant solution of molecularly
dispersed 1, initiation of supramolecular polymerization
occurred not at 7, = 308 K, but instead at 7, = 288 K. Notably,
the dimeric diamide 2p; showed a more drastic thermal
hysteresis; the difference between the critical temperatures (A7,
=T, — T, for 21, was much greater than the AT, value of 20 K

4



observed for 1. The T, value for 21y, upon heating was 353 K
(Figure 6b), demonstrating the high thermal stability of 2, in
the aggregated state, likely due to the multiple intermolecular
interactions between the diamide moieties as well as the pyrene
moieties in the supramolecular polymer chain. During cooling
of the resultant solution of 2p;, spontaneous supramolecular
polymerization was inhibited even at 283 K. The high stability
of the non-aggregated state should be attributed to the multiple
intramolecular hydrogen bonds in the metastable 14-
membered-ring folded state.
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Figure 6. Thermal hysteresis observed during slow (I K min™)
cooling (e) and heating (o) of (a) 1 and (b) 21, by monitoring the
absorbance changes at 343 nm in MCH (4 x 107° M).

The dimeric diamide 2p; showed another characteristic
behavior during the heating process. The absorbance change
observed upon heating aggregated 2;;, was not fitted using the
cooperative nucleation—elongation model due to the existence
of another transition at approximately 332 K. This transition
accompanied the emergence of CD absorption bands with
negative and positive maxima at 336 and 347 nm, respectively
(Figure S9a). Since the temperature at which the CD absorption
bands appeared was independent of the total concentration of
2,1 (Figure S9b), this transition is likely related to the
rearrangement of the orientation of the pyrene moieties in the
aggregated state.

Seeded polymerization. The initiation step of the helical
supramolecular polymerization of 2;; could be kinetically
regulated via a seeding method. A solution of seeds was
prepared by sonication of a hot solution of 2y, in MCH for 10
min with a water bath below 283 K. Fast cooling of a solution
of 2y, in MCH from 363 K to 294 K gave a solution of
kinetically trapped 2y, to which the seed solution was added.
The time course of the conversion of 2;; from the non-

aggregated to the aggregated state was monitored via the
absorbance change at 343 nm in the UV absorption spectra at
294 K. Upon the addition of the seed solution, supramolecular
polymerization was initiated without a lag time (Figure 7a).
When pure MCH was added to the fast-cooled solution of 2y,
in MCH as a control experiment, the metastable folded state
remained unchanged for more than 1 h. The elongation of the
nanofibers was confirmed by TEM observation of the sample
prepared from the seeded solution (Figures 7b and 7c). These
results demonstrated that the supramolecular polymerization
was indeed initiated by the addition of the seeds.
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Figure 7. (a) Time-dependent change of the absorbance at 343 nm
before and after addition of either a MCH solution of 2;;, seeds
(0.03 mL; 5 x 107 M; closed circles) or pure MCH (0.03 mL; open
circles) to 0.3 mL of 2y, in MCH (5 x 10~ M) at the time indicated
by the arrow, and TEM images of (b) 2y, seeds and (c) the
aggregates obtained after the seeded polymerization.

Furthermore, we elucidated the effect of the chirality of the
diamide moieties on the seeded helical supramolecular
polymerization. Using the procedure described above, solutions
of 21y, and 2pp seeds were prepared separately and added
sequentially to a fast-cooled solution of 2y;, in MCH, in which
2,1 was present as the metastable folded state. A time-
dependent UV absorption spectroscopic study showed that no
change occurred upon the addition of 2pp seeds, while the
supramolecular  polymerization of 2y; was initiated
immediately after the subsequent addition of 2y, seeds (Figure
S10). Such self-sorting behavior was also observed in
spontaneous supramolecular polymerization from a mixture of
2pp and 2y, in the metastable folded state. CD spectra were
measured for MCH solutions containing various molar ratios of
2pp and 21 in a total concentration of 4 x 107 M. A plot of the
CD intensity at 357 nm as a function of the mole fraction of 2y,
exhibited an approximately linear relationship, suggesting that
2pp and 2p;, were self-sorted in the aggregated state (Figure
S11). The addition of 2y, seeds followed by 2pp seeds to a 1:1
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mixed solution of 2pp and 2y, in the metastable folded state in
a stepwise manner resulted in stepwise decreases in the
absorbance at 343 nm (Figure 8). The rate of the supramolecular
polymerization in the latter process was slightly lower, likely
due to the dilution of the non-aggregated 2pp by the addition of
the MCH solution of 2y, seeds.
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Figure 8. Time-dependent change in the absorbance at 343 nm
before and after the addition of a MCH solution of 2y, seeds (0.1
mL; 5 x 107 M) followed by the addition of 2pp seeds (0.1 mL; 5
x 107 M) to 0.2 mL of molecularly dispersed 2y, and 2pp in MCH
(2.5 x 10° M each) at the times indicated by the arrows.

Finally, taking advantage of the kinetic stability of 2y, in
the folded state, we performed seed-initiated supramolecular
polymerizations in a microflow channel. Microfluidic mixing
has been used to kinetically control the self-assembly processes
of m-conjugated molecules.” *' By modulating the flow rate
and the geometry of the microchip, the diffusion zone in which
the metastable monomers met the seeds could be precisely
defined. The chip geometry we used is shown in Figure 9a. A
MCH solution of 2y, seeds and one of non-aggregated 2y, were
flowed into the microflow channel from three glass syringes
controlled by syringe pumps. When only the non-aggregated
2,1 solution was flowed, the absorption spectrum of the
solution collected from the outlet of the microchip was identical
to that of molecularly dispersed 2y, (Figure 9b, dashed line). In
contrast, when a solution of 2y, seeds was flowed from the
middle inlet and mixed with a solution of a folded form of 2y,
which was flowed from the side inlets, the solution obtained
from the outlet mainly contained elongated 2y, aggregates, as
was evident from its UV spectrum (Figure 9b, solid line) and
TEM observations (Figure S12a). The resultant solution
showed no spectral change over an hour, suggesting that the
metastable folded form of 2;;, efficiently interacted with the
seeds to produce supramolecular polymers in a continuously
flowing stream (Figure S12b). These results demonstrated that
the kinetic and thermodynamic stabilities of dimeric diamide
2, in the non-aggregated and aggregated forms, respectively,
are appropriate for achieving seeded supramolecular
polymerization under the microfluidic mixing conditions.

CONCLUSIONS

In conclusion, we have elucidated the folding and assembly
behavior of a cystine-based dimeric diamide in nonpolar
solution. Compared with the alanine-based monomeric diamide,
the dimeric diamide shows several unique features: (1) Its
spontaneous self-assembly upon cooling is efficiently retarded
due to the formation of a folded 14-membered ring
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Figure 9. (a) Schematic representation of the microflow system
and (b) UV absorption spectra of 2y; in the monomeric state
(dashed line), which was obtained after flowing a solution of
metastable monomeric 2y, through the microflow channel, and of
2,1 in the aggregated state (solid line), which was obtained after
seeded polymerization under microfluidic mixing.

conformation with two intramolecular hydrogen bonds between
the two diamide units; (2) the metastable folded form eventually
transforms into the thermodynamically stable supramolecular
polymers, which show increased thermal stability; and (3) the
chirality of the dimeric diamide determines the helical
arrangement of the pyrene units in the aggregated state. The
improvement of the kinetic stability in the non-aggregated state
enabled us to extend the seed-initiated supramolecular
polymerization to microfluidic mixing conditions. Furthermore,
we confirmed that the addition of an enantiomerically excess
amount of L-cysteine-based diamide dimers did not suppress
the chiral expression of D-cysteine-based dimeric diamides in
the aggregated state. Taking advantage of the self-sorting
behavior, two-step supramolecular polymerization from a
racemic mixture of L-cysteine- and D-cysteine-based dimeric
diamides was achieved upon stepwise addition of the
corresponding seeds.

The use of an amino acid is advantageous because the NH,-
and COOH-termini are easily functionalized by various -
conjugated skeletons through amidation reactions. Thus, the
dimeric structure of the amino-acid-based diamide should have
significant potential as a building block for engineering
supramolecular assemblies from both thermodynamic and
kinetic points of view. The molecular design of the metastable
monomers, as well as the developed methodology for seeded
polymerization, would enable us to produce well-defined
nanostructures for various applications in the areas of organic
electronics and photonics. To this end, it is required to precisely
tune the kinetic stability of the folded diamide not only low-



polarity solvents, but also in aqueous media.** A further study
along these lines is currently in progress in our laboratory.
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