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Thriving natural systems precisely regulate their complex chemical organizations in space and time by

recruitment of a complex network of fuel-driven, kinetically controlled, out-of-equilibrium
transformations. Indeed this provides an active, adaptive and autonomous smart actions & functions. In
contrast, synthetic systems exhibit simpler behavior owing to thermodynamically driven supramolecular
polymerization with no temporal modulation of spatial organization. Stimulated by an outstanding
control that nature demonstrates, a drive towards artificial out-of-equilibrium systems with the ambition
to program activation and duration of structural transformations has emerged. To realize this vision,
overwhelming efforts across the globe have been initiated to design temporally programmed synthetic
supramolecular polymers. In an attempt to contribute to this trending field, our supramolecular
chemistry group has thoroughly investigated a structure—property relationship that determines the
mechanism of supramolecular polymerization. Exploiting these mechanistic insights, along with a bio-

inspired fuel-driven enzyme mediated approach, we further attempted to program supramolecular
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Accepted 16th May 2018 polymers in both structural and temporal regimes. We believe, nature is the inspiration to the current era
challenges and it also provides with the solution, a fuel-driven approach to address these. In this

DOI: 10.1039/c8ra03225d account, we shall discuss the efforts made by our group to build generic concept to create temporally
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Introduction

Supramolecular polymers are molecular assemblies composed
of monomeric units that are held together by dynamic and
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programmable supramolecular polymers.

reversible non-covalent bonds.* Thus, supramolecular polymers
are different from conventional covalent polymers where
monomeric or repeating units are connected by covalent bonds.
The weak and directional non-covalent interactions such as
hydrogen bonding, -7 interaction, metal coordination, and
host-guest interaction are highly reversible and thus supra-
molecular polymers exhibit dynamic and responsive behavior,
unlike covalent polymers. During the last two decades, various
classes of functional supramolecular polymers have been
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designed for various applications using non-covalent synthetic
strategies and they exhibited unique properties.”

As the development goes further, newer challenges have
emerged in the field of supramolecular polymers that demand
a structural control for better functional performances and
more complexity of these supramolecular materials.® Precisely,
the two grand challenges identified are (i) structural control and
(ii) temporal control over supramolecular polymers. Structural
control aims towards achieving control over length and dis-
persity of supramolecular polymers and synthesis of complex
multicomponent block copolymers as has been achieved in
conventional covalent polymers.* This is very important for
controlling the functional outcome of these class of materials.
In contrast, temporal control targets a pre-programmability of
time duration of a dynamic structural and functional state of
supramolecular polymer similar to biological systems.? This is
important for designing life-like non-equilibrium materials
with programmed growth and decay with a tunable lifetime of
the steady state.

In conventional covalent polymers, a precise structural
control has been achieved via living polymerization reactions;
a controlled chain-growth polymerization where the ability of
the polymers to terminate is minimized.® Using various living
polymerization strategies dispersity control and block copol-
ymer architectures have been designed in covalent polymers,
which expanded the functional scope of these polymers to
emerging fields like organic photovoltaics and soft-lithography.
Inspired by this, the field of living supramolecular polymeriza-
tion has come into interest to achieve precise structural control
and to design novel materials such as supramolecular block
copolymers. However, it demands a clear understanding on the
mechanistic aspects of supramolecular polymerization” and
later it has been realized that the challenges are quite different
from its covalent counterparts, and this will be discussed in
detail in the subsequent sections.
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Living beings are highly complex, self-assembled systems
composed of cascades of chemical reactions and processes
occurring simultaneously and in tandem.® Fundamental
understandings at the cellular level have suggested that struc-
tural changes of these assemblies happen out-of-equilibrium
with a precise temporal control. This temporal programming
is very important for various biological functions such as
mobility and signaling. For instance, actin filaments are
responsible for cell motility which require structural reorgani-
zation, precisely a sequential increase and decrease in the
length of these filaments.” In order to achieve this, nature
utilizes G-actin protein monomers that lack in potency to self-
assemble and triggers their spontaneous supramolecular poly-
merization by utilizing a chemical fuel-driven strategy (Fig. 1a).
Lack in potency to self-assemble suggests thermodynamic
stability of G-actin protein monomers, hence the polymeriza-
tion process is an energetically uphill process where the poly-
merized state is a non-equilibrium thermodynamic state. To
facilitate this process, the system needs energy uptake that is
consumed as energy penalty. This energy is provided by the bio-
fuel adenosine triphosphate (ATP) which is dissipated as
adenosine diphosphate (ADP). Since the polymerization is
enabled by fuel (ATP), its continuous input is necessary to keep
the system under non-equilibrium polymerized form. As fuel is
completely consumed, the depolymerization occurs, thus,
amount of fuel (ATP) determines the time duration of non-
equilibrium state. Since the non-equilibrium state occurs
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Fig. 1 Schematic illustration of (a) ATP-fueled living and transient
supramolecular polymerization of actin filaments and (b) desired bio-
inspired chemical-fuel driven synthetic supramolecular polymer,
where temporal programing is mediated by coupling a deactivating
agent to the fuel.
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temporarily for a particular time, the state is also referred as the
transient state. Hence, to achieve a temporal control over
supramolecular structure and functional states and build
complex smart systems like biological systems, we need to
design systems which work under non-equilibrium. Moreover,
this would yield a novel class of transient and adaptive mate-
rials with pre-programmed functions.*

The challenges discussed above come from two different
origins and address diverse characteristics i.e. structural and
temporal control. For these, it requires careful designing of
monomers and precise understanding of their supramolecular
mechanisms. In this regard, recent research on the funda-
mental understanding of mechanism of supramolecular poly-
merization has enormously helped in identifying the
appropriate self-assembly mechanisms and molecular charac-
teristics, which is very important in addressing these new
challenges.

In this account, we shall discuss the recent efforts made by
our group to address these grand challenges in the supramo-
lecular polymerization process. This includes mechanistic
investigations of supramolecular polymerization' and new
non-covalent synthetic strategies to obtain structural** and
temporal control over supramolecular polymerization and the
resultant structural programmability. We have introduced
a unique bio-inspired fuel-driven approach to achieve both
living (controlled) and non-equilibrium (transient) supramo-
lecular polymerization which can be extended to diverse
monomeric structures (Fig. 1b). Our design strategies along
with the future challenges in this area would be discussed in
this account.

Mechanistic investigation

By the interplay of various weak non-covalent interactions such
as hydrogen bonding, - interaction, dipole moment and van
der Waals interactions, monomers undergo self-assembly into
supramolecular polymeric structures. Generally, these revers-
ible supramolecular interactions result in the formation of
thermodynamically most stable assemblies by an energy
downhill process. Mechanistic investigations on the supramo-
lecular polymerization have been first investigated by Meijer
and coworkers and they defined that the mechanism of supra-
molecular polymerization can be divided into two major cate-
gories namely isodesmic and cooperative mechanism.” The
isodesmic mechanism involves the addition of monomers to
short oligomers or to other monomers to form a polymeric
structures via an energy downhill process, similar to step-wise
polymerization mechanism in covalent polymers (Fig. 2a and
c). The Gibbs free energy of each monomer addition is inde-
pendent of the length of the supramolecular polymerization
and hence the process is also referred as the equal-K mecha-
nism. In contrast, cooperative mechanism is a two-step process
with the former known as nucleation (K,) step that involves
formation of a critical size oligomer called as nucleus via an
energy uphill process and the latter step known as elongation
step (K.) where a further association of monomers to these
nucleus occurs via an energy downbhill process (Fig. 2b and c).**
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Fig.2 Schematic representations of (a) isodesmic and (b) cooperative
mechanism of supramolecular polymerization showing equal K and
nucleation—elongation steps, respectively. (c) The standard Gibbs free
energy vs. oligomer size, (i) plot representing a constant slope for an
isodesmic growth and change in slope at critical nucleus size for
a cooperative growth. Fraction of aggregates versus (d) concentration
and (e) temperature for isodesmic and cooperative growth depicted by
a sigmoidal and non-sigmoidal with critical nucleation step profile,
respectively (adapted with permission from ref. 7. Copyright (2009)
American Chemical Society).

This process is also called as nucleation-elongation mechanism
analogous to the chain-growth polymerization in covalent
polymers (Fig. 3a and b).

Mechanism of supramolecular polymerization that a partic-
ular monomer undergoes can be probed via, concentration and
temperature dependent changes during supramolecular poly-
merization process (Fig. 2d and e). A sigmoidal growth suggests
an isodesmic pathway, whereas a non-sigmoidal growth with
critical point depicts a cooperative mechanism. The cooperative
mechanism is described by a parameter called the cooperativity
parameter, ¢ = K,/K., where K,, and K. are the equilibrium
constants for nucleation and elongation, respectively (Fig. 2d
and e). In case of isodesmic growth, ¢ = 1. The mechanistic
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Fig. 3 (a) Anionic chain-growth polymerization in covalent polymers,
(b) cooperative supramolecular polymerization and (c) fuel-driven
kinetically controlled cooperative supramolecular polymerization.
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investigations and understanding of supramolecular polymeri-
zation by Meijer and coworkers enables the structural and
functional modulation of supramolecular polymers. These
mechanisms, the thermodynamics and kinetics of growth,
along with many examples have been well-described in excellent
reviews by Meijer and coworkers and is out of the scope for this
review."” Similar to chain-growth polymerization, monomers
undergoing a cooperative mechanism has a narrow length
distribution than molecules undertaking an isodesmic
pathway.

Although a number of supramolecular systems have been
studied to realize the mechanism of supramolecular polymeri-
zation, until a few years ago, no rational design strategy was
available to program the mechanism of supramolecular poly-
merization that it will undergo. Thus considering the above
mentioned importance of nucleation-elongation mechanism it
was important to rationalize the design strategy or supramo-
lecular interactions that would dictate the monomer to follow
an isodesmic or cooperative mechanism of self-assembly. In
this context, our group has undertaken a structure-property
study on previously reported supramolecular polymers to arrive
at a rational design for the monomer structures that follow
a cooperative growth.*

Initial reports in literature and the extensive work by Meijer
and coworkers suggested the importance of characteristic
molecular features like presence of intermolecular hydrogen
bond to govern the cooperativity of a supramolecular system.
For example, Meijer and coworkers reported N,N',N"-trialkyl
derivative of benzene-1,3,5-tricarboxamide (BTA), (1) that
follows a cooperative mechanism to form long columnar
aggregates facilitated by triple helical intermolecular hydrogen
bonding between amide groups along the stacking direction
aided by hydrophobic interaction (Fig. 4a).'* On the other hand,
in BTA derivatives containing large 3,3'-bis(acylamino)-2,2’-
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Fig. 4 (a) Chemical structure of molecules 1 and 2. (b) Tetramer of the
molecules showing electrostatic potential isosurfaces as attained from
the BLYP/DZVP//B97D/ccPVDZ level of theory. The dipole moment in
stacking direction shows 35.75 D and 1.52 D for molecule 1 and 2
(reprinted with permission from ref. 14. Copyright 2013 Wiley-VCH).
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bipyridine groups (2) on the amide nitrogen atoms, the
hydrogen bonding occurs intramolecularly between bipyridine
groups and the amide hydrogen and not in the stacking direc-
tion (Fig. 4a). As a result, the self-assembly is mainly aided by
hydrophobic interaction and thus the system undergoes an
isodesmic pathway of self-assembly.’®* The main difference
between the two molecules is the orientation of hydrogen
bonding, in 1 the intermolecular hydrogen bonding is oriented
along the stacking direction and in 2 intramolecular hydrogen
bonding along the plane of the monomer is present.” Apart
from these, a plethora of systems that lack in any hydrogen
bonding motif is also known to undergo a cooperative mecha-
nism. Hence there must be other molecular features and not
explicitly hydrogen bonding that dictates cooperativity. Thus,
we envisaged to address this and attribute the mechanism of
supramolecular polymerization to specific molecular design.

In this context, we have published our perspective on the
molecular features that govern the mechanism of supramolec-
ular polymerization and readers may refer it for further
understanding.™ We surveyed previously reported monomers
that vary in their chemical structure and attempted to ratio-
nalize their mechanism of supramolecular polymerization.
Based on detailed computational and experimental studies, we
have proposed that permanent long-range interactions (any
interaction which varies as R™" where R is the distance between
the two interacting systems and n =< 3) like dipole-dipole
interaction or electrostatic interaction governs the cooperative
growth of a supramolecular polymer, whereas absence of these
long-range interaction leads to isodesmic growth.'* These
observations suggest the importance of electronic interactions
(hydrogen bonding, electrostatic interaction, dipole-dipole
interaction) in determining the cooperativity. Therefore, we
believe that permanent dipole moment in the assembling/
growing direction permits interaction between neighboring as
well as distant molecules via long-range dipole-dipole interac-
tions. As a result, an enrichment in stabilization of stacks
occurs. This continuous enhancement in stability of supramo-
lecular polymer with subsequent addition of monomers is the
cooperativity in the process of supramolecular polymerization.
In absence of these long-range interactions, no enhancement in
stability occurs and thus leads to isodesmic mechanism of
supramolecular polymerization.

To validate our hypothesis theoretically, we have performed
computational studies on BTA monomers 1 and 2, experimen-
tally investigated by Meijer and coworkers and analyzed the
long-range interactions in their supramolecular stacks (Fig. 4).
The self-assembly was optimized up to tetramers and to identify
long-range interactions, calculation of total self-consistent field
electron density mapped on to isosurfaces of molecular poten-
tial was performed. The calculations suggested a large macro-
dipole moment of 35.75 D in tetramer of 1, occurring due the
charge polarization along the stacking direction. In contrast,
tetramer of 2, does not show any significant charge polarization
in the stacking direction and hence a low macrodipole moment
of 1.52 D (Fig. 4b). Thus, these calculations support our
hypothesis that long-range interactions such as dipole moment

This journal is © The Royal Society of Chemistry 2018
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dictate the mechanism of supramolecular polymerization is
justified.

To further validate our results experimentally, we further
designed molecules exhibiting dipole-dipole interactions in
stacking direction apart from hydrogen bonding interactions.
With this objective, we have synthesized three perylene diimide
derivatives appended with cholesterol or alkyl groups as self-
assembling moiety and linked with either carbonate or ether
groups (3-5) (Fig. 5a)."* The molecule 3 contains a cholesterol as
rigid assembly moiety along with dipolar carbonate linker.
Molecule 5 contains flexible swallow-tail self-assembling moiety
and an ether linker that lacks in dipolar nature. In contrast,
molecule 4 contains rigid cholesterol self-assembling motif and
ether linker. None of the molecules contain hydrogen bonding
motifs and hence, we can explicitly investigate the effect of long-
range interactions and the effect of the dipolar linker as well as
self-assembling motif. Spectroscopic studies in appropriate
conditions (concentration and solvent composition) depicted
that molecule 3 follows a cooperative pathway to form a helical
assembly but molecules 4 and 5 undergo an isodesmic route to
yield a helical and achiral assembly, respectively (Fig. 5b).

To elucidate the role of the linker and the self-assembling
moiety in dictating the mechanism of self-assembly, computa-
tional studies were undertaken. The molecular dynamics
simulations on the aggregates of 40 units each of molecule 3-5
in explicit cyclohexane solvent was performed. The final snap-
shot of molecule 3 and 4 exhibited a helical packing as a result
of the ordered organization of peripheral cholesterol groups in
agreement with the helical arrangement observed with Circular
Dichroism (CD) spectroscopy. In contrast, molecule 5 depicted
an ill-defined assembly owing to the presence of flexible chiral
swallowtail, also in agreement with the experimental observa-
tions. The study of inter-linker distance, carbonate in molecule
3 and 5, suggested closely arranged linker motifs in the
assembly of 3 at a distance of 5.5 A whereas, in molecule 5, the
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Fig. 5 (a) Chemical structure of molecules 3-5. (b) Cooling curves of
3-5 showing a cooperative growth for molecule 3 and isodesmic
growth for 4 and 5. (c) Final snapshots of the assemblies of 3-5 after
the MD simulations showing 14.90 D, —2.20 D and —1.43 D dipole
moment respectively (adapted with permission from ref. 18. Copyright
2015 American Chemical Society).
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distance was calculated to be 9 A. In case of molecule 4, the
inter-linker distance between adjacent ether groups was 5.1 A
that recommend a close and uniform packing of linkers in the
assembly. The consequence of structural organization of these
self-assembling moiety and linker on the long-range interac-
tion, i.e. the resultant macrodipole moment along the stacking
direction was calculated. Interestingly, the calculations depic-
ted an order higher macrodipole moment in the assembly of
molecule 3 (14.7D) than of molecule 5 (1.42D) and molecule 4
shows negligible macrodipole (Fig. 5c). This result revalidates
our hypothesis that presence of permanent long-range interac-
tion plays a crucial role in determining the cooperativity of the
self-assembled system. The extent of polarization in these
supramolecular polymers was experimentally determined using
dielectric measurements and molecule 3 displayed 5 times
higher magnitude of the dielectric constant than molecule 4
and 5 which rationalize the cooperativity in the self-assembly of
3 and is in agreement with the theoretical calculations.

The studies discussed above has established the molecular
origin of cooperativity for the first time and dictates the
importance of long-range interactions like dipolar interaction,
electrostatic interaction in governing the cooperativity.

Kinetic control on supramolecular polymerization

Detailed understanding of the mechanistic aspects of supra-
molecular polymerization has provided an opportunity to
address the next grand challenges in this field. One of the
important challenges in this direction is to have structural
control such as control over molecular weight and dispersity.
Conventional living polymerization is achieved via a chain-
growth polymerization where the polymer chains have
minimal propensity to terminate (Fig. 3a). Remarkably, in living
radical polymerization, the termination propensity is decreased
by introducing a dormant state for propagating monomers.
Moreover, a kinetic control over polymerization process is
induced where a fast initiation rate controls dispersity of poly-
mers and subsequent slow propagation controls molecular
weight.

Owing to dynamicity, supramolecular polymers do not have
the concern of chain termination, however, a controlled chain-
growth polymerization and the introduction of dormant is the
challenge. As discussed above, mechanistic studies have sug-
gested a cooperative supramolecular polymerization to be
analogous to chain-growth polymerization (Fig. 3a and b).
Although we are now capable to rationally design molecules
that will follow a cooperative growth and hence should result in
a controlled dispersity and length. However, most of these
systems lack in structural control owing to its fast nucleation
step that results in random initiation of self-assembly. Hence,
to address the challenge to precisely modulating dispersity and
length and to further build multicomponent complex system,
we need additional control over the supramolecular polymeri-
zation of the system. This can be achieved via introduction of
a dormant state that shall retard/delay the nucleation step.>*

In this context, investigations on molecules with low
dynamicity has shown that the molecules may get trapped in

RSC Adv., 2018, 8, 18913-18925 | 18917
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energy minimum higher than the thermodynamically most
stable state (Fig. 6a). These metastable states with energy
barrier ~kgT often escape the trap and relax to the thermody-
namic dormant state. These metastable traps delay the nucle-
ation process for the most stable, thermodynamic self-
assembled state and act as a source for slow and constant
buffering of monomers. As a result, a control over structural
characteristics of supramolecular polymers can be tuned. This
pathway complexity of supramolecular polymerization is thor-
oughly studied by Meijer and coworkers and they have
concluded that pathway can be influenced by the chemical
structure and other parameters such as solvent and tempera-
ture during the supramolecular polymerization process.” This
energy landscape of supramolecular polymerization have been
explained in detail by us®** and also by Hermans and cow-
orkers®” and readers may refer it.

With studies so far, it is evident that to address the next level
challenges in the field of supramolecular polymerization, we
should probably achieve a kinetic control on the supramolec-
ular polymerization process. During the last years, we have
attempted to address these grand challenges using a bio-
inspired fuel-driven strategy and some of the early break-
throughs are described below.
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Fig. 6 Energetic pathway of supramolecular polymerization. (a)
Conventional living supramolecular polymerization via a kinetically
trapped dormant state. (b) Bio-inspired fuel-driven living supramo-
lecular polymerization and transient self-assembly (our approach).
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Fuel-driven-supramolecular polymerization

Living supramolecular polymerization. Based on the
discussions in the previous sessions, we can conclude that in
order to obtain a precise control over length and dispersity, we
need to build a cooperative system and then kinetically control
their spontaneous nucleation. For this a well-studied class of
molecule, porphyrin derivative appended with alkyl chain
through gallic wedges was utilized by Sugiyasu and Takeuchi's
group to achieve living supramolecular polymerization.>® The
molecule undergoes self-assembly into metastable nano-
particles that act as the dormant state for monomers. These
nanoparticles constantly buffer the release of monomers for
kinetically controlled growth into nanofibers (Fig. 6a). As
a result control over dispersity and length of supramolecular
polymers is obtained. Many efforts have been reported from the
groups of Miyajima and Aida,”® Mauro and de Cola,*
Wiirthner,* Sanchez,> Ghosh? and others recently, to kineti-
cally control the supramolecular polymerization process by the
elegant design of dormant states for the various class of
monomers.

Although these excellent examples are a breakthrough in the
trending field of living supramolecular polymerization, they are
highly dependent molecular structure and lack in its modu-
larity. In most of these designs, the dormant states to buffer the
monomer concentration is through metastable states. In
contrast, natural systems that have an efficient control over
their structural and functional properties, utilize a thermody-
namic dormant state that lacks in its propensity to assemble.
However, when triggered by a specific chemical fuel, the mole-
cule undergoes conformational or chemical changes that acti-
vate its spontaneous and controlled growth. As discussed above,
G-actin in presence of ATP follows such a kinetically controlled
polymerization via a nucleation-elongation mechanism
(Fig. 1a). Moreover, it also exhibits seeded characteristics and as
a result, a control over length and dispersity is attained.

In this regard, our group has been working on a bio-inspired
fuel-driven strategy to build cooperative and seeded supramo-
lecular polymers and to build various thermodynamic dormant
states for a generalized design strategy for kinetically controlled
growth. Taking this as an inspiration, instead of depending on
inherent kinetics or dynamics of monomers that may undergo
a living supramolecular polymerization, we thought of
designing systems with a thermodynamic dormant state which
can be activated via a chemical fuel similar to actin polymeri-
zation (Fig. 1 and 6b). Moreover, this will enable us to modulate
the kinetics of system by mere change in concentration and
other stimuli effecting the fuel. In this account, we concentrate
only on our contributions in biomimetic, ATP-fueled temporal
supramolecular polymers.

Inspired by the fuel-driven strategy used by actin, we
synthesized phosphate receptor group appended chromophoric
monomers that can be activated via biofuels like adenosine
phosphates. For this, zinc(u) dipicolylamine (ZnDPA) based
cationic phosphate receptor was appended to naphthalene dii-
mide chromophore (NDPA) (Fig. 7a). In water, due to cationic
charges, the molecule remains in a monomeric state, however,

This journal is © The Royal Society of Chemistry 2018
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28. Copyright 2016 The Royal Society of Chemistry).

on the addition of a negatively charged phosphate, the molecule
should undergo supramolecular polymerization due to charge
neutralization along with other hydrophobic and m-7 interac-
tions. For this, we utilized adenosine phosphates as the
activator/fuel/guest. Although, the addition of phosphate guest
facilitated the supramolecular polymerization into 1-dimen-
sional helical assemblies as depicted by CD spectra but the
process was instantaneous (Fig. 7a).”” As a result, no control
over length and dispersity could be obtained. We also attemp-
ted to use single-stranded DNA (ssDNA) as a phosphate guest
and utilized perylene diimide (PDPA) as chromophore that
forms left-handed double zipper assembly as indicated by CD
spectra, but here also the instantaneous growth could not be
retarded (Fig. 7a).”® This is due to the fast binding of phosphate
guests to the molecule and the molecule's inherent property to
spontaneously assemble via -7 interactions.

All these molecules are characterized by their fast dynamics
of fuel binding and induced supramolecular polymerization.
This dynamic and adaptive nature give rise to fast response to
a competitive binding of multivalent phosphate guests.
Exploiting these features, we presented an unprecedented
stereomutation cycle of guest induced helical supramolecular
polymers via sequential addition of competitive binding
guests.” Extending this feature, a key biological phenomenon
of allosteric regulation was also shown to control supramolec-
ular helicity.*® A homotropic control using an ATP guest and
heterotropic control using ADP and pyrophosphate was ach-
ieved in a helically dormant ATP bound self-assembly. This
phosphate guest induced clipping of chromophores into
supramolecular polymers was also utilized to control both
ground-state and excited state bimolecular photophysical
processes charge-transfer and excimers.*

This journal is © The Royal Society of Chemistry 2018
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In an attempt to achieve a fuel-driven, temporally controlled
supramolecular polymerization, we envisage to retard the
spontaneous nucleation of the monomers by modifying the
monomer structure. For this, we have designed a unique,
extended 7-conjugated monomer, oligo (p-phenylenevinylene)
derivative (OPVDPA), functionalized with the previously inves-
tigated (ZnDPA) phosphate receptor group (Fig. 8a).** The
molecule is designed to form a distinct acceptor-donor-
acceptor (A-D-A) electronic structure that may remain in an
intermolecular charge-transfer (CT) slipped state. Moreover,
due to cationic terminal receptor group, this state will be highly
facilitated due to intermolecular electrostatic repulsions.
However, to form an extended supramolecular polymer, the
molecule needs to overcome the charge repulsion as well as it
needs to slip and convert from an intermolecular slipped CT
state to a -7 stacked organization. Thus, the transformation
from intermolecular CT state to an extended supramolecular
polymer would require an energy barrier to be crossed and
hence may prevent its spontaneous nucleation. However, the
addition of a phosphate guest/fuel must neutralize the charges
and reduces the electrostatic repulsion. As a result, energy
barrier should decrease and transformation from intermolec-
ular CT state to extended supramolecular polymer should be
facilitated. It was indeed found that OPVDPA monomer doesn't
undergo supramolecular polymerization in absence of ATP.
However, on addition of ATP, the molecule undergoes a slow
and gradual kinetically controlled growth with a finite lag
phase, characteristic of a fuel-driven cooperative supramolec-
ular polymerization. Interestingly, the molecule shows high
selectivity to ATP for supramolecular polymerization and do not
grow in presence of other phosphate fuels such ADP, AMP, GTP
etc. similar to ATP-selective and ATP-fueled actin filaments.
Detailed spectroscopic characterization confirmed the presence
of intermolecular CT state in absence of ATP. Addition of ATP
results in subsequent reorganization of chromophore from
a slipped CT state to - stacked state that enable an elongated
self-assembly. Thus binding of ATP reorganizes the conforma-
tion of the monomers from a thermodynamically stable
dormant state to a m-7 stacked extended supramolecular
polymer. Additionally, intermolecular hydrogen bonding
between adenine bases of ATP molecules facilitate the elonga-
tion into a supramolecular polymer and hence an ATP selec-
tivity is observed. The thermodynamic dormant state and the
fuel-driven change in the conformation from an inactive state
to an active state and its ATP selectivity is also characterized by
extensive molecular dynamics simulations in explicit solvent
(Fig. 8Db).

More interestingly, this system also showed an ATP-fueled
seeded growth similar to actin polymerization (Fig. 8c). Subse-
quent additions of ATP along with monomers to pre-grown ATP-
bound OPVDPA seeds, showed a non-sigmoidal growth con-
firming the subsequent addition of monomers on pre-grown
stacks rather than forming its own nucleus was observed.
Again this seeded growth is very selective to ATP and triggers
only in presence of ATP. Fuel-driven seeded supramolecular
polymerization has been further used to control the degree of
polymerization and dispersity of the supramolecular

RSC Adv., 2018, 8, 18913-18925 | 18919
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assembly of OPVDPA into a helical supramolecular polymer via cooperative mechanism exhibiting seeded and transient characteristics. (d)
Dynamic light scattering (DLS) data showing a gradual increase in size of supramolecular polymer by increasing seed to monomer ratio. Inset
shows linear increase in size with increasing monomer to seed ratio suggesting a fuel-driven living supramolecular polymerization.

polymerization (Fig. 8d). Hence this study stands out to be the
first report of the fuel-driven living supramolecular polymeri-
zation, similar to most of the biological self-assembly process.

Yagai, Sugiyasu and Takeuchi's group have recently elabo-
rated this concept for living supramolecular polymerization
using light as fuel.*® An initial non-assembling cis azobenzene
derivative is subjected to light as fuel to isomerize the inactive
cis isomer to an active trans isomer to trigger the supramolec-
ular polymerization.

Remarkably, the above studies have dictated the design
strategy of the thermodynamic dormant state as an efficient
alternative that doesn't depend on inherent kinetically trapped
states. The next level of understanding should search for
various stimuli/fuel triggered conversion of non-assembling
thermodynamic dormant state to activated monomers which
can initiate a controlled supramolecular polymerization,
kinetically controlled by the fuel. Once established, the living
supramolecular polymerization should be extended towards the
creation of unique complex systems such as supramolecular
block copolymers.

Non-equilibrium or transient supramolecular polymerization

In the above sections, we discussed the mechanistic insights
and strategies to control length and dispersity of supramolec-
ular polymers via kinetically controlled living supramolecular

18920 | RSC Adv., 2018, 8, 18913-18925

polymerization. In this section, we shall discuss the attempts
made by our group towards life-like smarter materials which
operate under non-equilibrium. Natural systems not only have
a precise control over structural characteristics, but they also
have a temporal control over structural and functional states.
Circadian rhythms, cell division, etc. are coupled to the bio-
logical clock and maintained by a cascade of chemical reac-
tions. When signaled, the proteins undergoes structural
changes that activate their functional state. These structural
and functional states appear for a predetermined time and
subsequently switch back to the original states. These pro-
grammed changes as a function of time are referred as transient
changes. The strategy here involves a thermodynamically stable
state that gets activated on the addition of fuel, as a result of
which the system is pushed to a non-equilibrium unstable state
(Fig. 1b and 6b). Due to instability, the system undergoes energy
dissipation and relaxes back to thermodynamic equilibrium.
Here, two processes that govern formation and dissipation/
decay of non-equilibrium state act simultaneously. In order to
have a finite lifetime of transient (non-equilibrium) state, the
rate of formation should be significantly higher than the rate of
decay. The key factor that enhances the rate of formation, is the
amount of fuel and hence the amount of fuel directly deter-
mines the lifetime of the state.

This journal is © The Royal Society of Chemistry 2018
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During the last 2-3 years, there have been many significant
attempts to build synthetic transient systems. The key strategy
is to use a monomer that lacks in its potency to assemble and
then activates it via a fuel, in general, a chemical species, that
alters its chemical structure and as a result, the modified
monomer undergoes a spontaneous self-assembly (Fig. 1b).
Simultaneously, there occurs an opposite reaction that reverses
the changes in the monomer and thereby decreasing its potency
to assemble and as a result, the system comes back to equilib-
rium. Importantly, the assembly and its monomers should be
highly dynamic and adaptive so that a direct influence of
change in molecular structure and environment in the self-
organization is observed.

Based on this design strategy various synthetic approaches
have been reported recently. van Esch and coworkers have
utilized a methylation-demethylation chemical reaction couple
to transiently self-assemble a monomer with carboxylate func-
tional group.** Carboxylate due to its anionic nature in alkaline
media is highly stable, but on addition of methylating agent
(chemical fuel), carboxylate is covalently modified to ester that
has high propensity to assemble and a supramolecular poly-
merization is observed. A simultaneous base mediated deme-
thylation (hydrolysis) of ester to carboxylate occurs that brings
back the system to equilibrium. Utilizing this strategy of tran-
sient covalent modification of non-assembling monomers
various reports are published.*® A step ahead with a bioinspired
approach, Ulijn and coworkers used enzyme-based transient
gels** and Hermans and coworkers reported transient confor-
mational changes of supramolecular polymeric systems.*”

As an alternative, a non-covalent modification of monomers,
similar to protein assembly via a fuel addition in presence of
a fuel dissipating medium can result in transient changes in the
system. Based on this, Prins and coworkers have utilized an
amphiphilic molecule appended with zinc(u) based cationic
motif that due to electrostatic repulsion remains as monomer in
water, but addition of anionic guest such as adenosine
triphosphate triggers its charge neutralization mediated self-
assembly.*® Thus, in presence of an ATP hydrolyzing enzyme,
the molecule undergoes transient non-covalent modification
that results in transient self-assembly.

Another factor that can influence change in properties of
molecule to self-assemble is their environmental factors.
Amongst these, pH has been extensively utilized by Walther and
coworkers.* For this they have utilized temporal change in pH
by urease catalyzed hydrolysis of urea into ammonium
hydroxide that gradually increases the pH of solution. Alterna-
tively, base mediated lactone hydrolysis decreases the pH of
solution temporally. Moreover, they utilized these temporal
changes in pH for transient gel formation, transient confor-
mational switching in i-motif DNA and for photonics applica-
tion. van Hest and coworkers also utilized covalently bonded
urease to a block copolymer to build self-regulated breathing
microgels.” Klajn and coworkers have reported out-of-
equilibrium assembly of gold nanoparticles.*** All these exam-
ples along with other reports have been reviewed by many, for
further details readers may refer it.>*2%41542
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Although these examples have led to significant develop-
ment in the field of non-equilibrium supramolecular polymer-
ization, most of them are different from their biological
counterparts. Biological systems have a precise control over
their structure and function and utilize cascade of enzymes to
facilitate the temporal programming. As we urge towards
smarter life-like materials, biological systems being smartest of
all are inspiration to us. We believe using a “bio-inspired fuel-
driven strategy mediated by cascade of enzyme reactions” can
be exploited as a generalized strategy and a higher the
complexity of supramolecular systems can be targeted. Also,
amongst a plethora of biologically relevant molecules, natural
systems employ a very few specific and highly selective fuels to
drive transient changes. For instance, actin filaments utilize
ATP and microtubules utilize GTP. Additionally, these fuels
such as ATP have a range of enzymes that facilitate ATP
formation and transformation via orthogonal routes and hence,
giving us a control over independent modulation of formation
and decay kinetics. Based on this we utilized a bio-inspired fuel-
driven strategy to build complex supramolecular systems with
kinetic control over formation and decay rates and temporal
regulation of transient state lifetimes.

We selected NDPA molecule from our previously studied bio-
fuel (phosphate guest) driven self-assembly due to its salient
features such as high dynamicity, adaptiveness and phosphate
selective self-assembly, necessary to build complex transient
supramolecular polymers (Fig. 7a). As discussed above, the
molecule assembles into a right-handed helix in presence of
ATP and forms left-handed helix in presence of ADP/AMP
(Fig. 1b). Moreover, inorganic phosphate lacks in inducing
any significant assembly. Utilizing these properties of NDPA, we
utilized a bio-inspired “enzymes in tandem” strategy and
coupled it to two enzymes in tandem to transiently modulate
the NDPA structure (Fig. 9a). First, we attempted to obtain ATP
fueled transient conformational switching similar to biologi-
cally important proteins such as ATP Binding Cassette (ABC)
transporters that undergo conformational switching when
fueled by ATP to facilitate the exchange of matter across the cell
membrane.” For this, we selected two complementary phos-
phoryl transferase enzymes that generate and consume ATP,
creatine phosphokinase (CPK) and hexokinase (HK). CPK
generates ATP from ADP by consumption of phosphate donor
phosphocreatine and enzyme HK hydrolyzes ATP to ADP in
presence of its substrate glucose. Although, the two enzymes
undergo opposite reactions but via orthogonal pathways and
hence formation and decay process of fuel can be easily pro-
grammed. A solution containing an appropriate concentration
of both the enzymes, glucose and ADP-bound NDPA shows
a steady negative CD signal confirming the presence of left-
handed helix and no enzyme activity. On introducing, phos-
phocreatine, the fuel in this case, activates the CPK enzyme for
the formation of ATP. The in situ formation of ATP at the
expense of ADP converts the left-handed helix into right-handed
helix gradually as seen by a change in CD signal from negative
to positive (Fig. 9b). As ATP forms in the solution, HK gets
activates and a simultaneous hydrolysis of ATP to ADP occurs.
As a result, transiently formed right-handed helix converts back
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Society).

to the initial state of ADP bound left-handed helix as depicted by
retrieval of negative CD signal. Hence, we obtain transient
conformational switching in a supramolecular polymer. Since
the kinetics of system is directly determined by enzyme kinetics,
we modulated the rates and lifetime of the transient state by
changing the concentration of enzymes CPK and HK and their
substrates phosphocreatine and glucose. Hence for the first
time, a modular temporal change in conformation of helical
self-assembly is obtained.

Going a step ahead towards the higher complexity of tran-
sient supramolecular systems, we extended our system to
undergo programmable multiple transient/non-equilibrium
helical conformational states before the system relaxes to
thermodynamic equilibrium via our bioinspired fuel-driven and
enzyme mediated strategy (Fig. 9c).** For this we first utilized
phosphate hydrolyzing enzyme alkaline phosphatase (and
alternatively apyrase) to convert ATP to Pi via ADP and AMP. In
presence of only the enzyme, NDPA shows negligible traces of
self-assembly as seen by absorption spectra, no CD signal
(Fig. 9d) and dynamic light scattering measurement. However,

18922 | RSC Adv., 2018, 8, 18913-18925

the addition of chemical fuel ATP results in instantaneous
formation of ATP bound right-handed helical assembly of
NDPA, as the first transient state indicated by an instantaneous
increase in positive CD signal. As ATP gets enzymatically
hydrolyzed to ADP/AMP, a helical inversion from right-handed
(transient state 1) to left-handed (transient state 2) assembly
depicted by a gradual change of CD signal from positive to
negative is observed. This occurs due to the phosphate selective
self-assembly of NDPA. On successive hydrolysis of ADP/AMP to
inorganic phosphate results in complete disassembly of the
supramolecular polymer and CD signal becomes zero. Hence,
an unprecedented transient self-assembly with two helical
transient state is presented. The transient cycles could be effi-
ciently refueled via subsequent addition of fuel (ATP) which
follows the same path as the first cycle. Hence, we could obtain
multiple cycles by refueling with ATP. Moreover, the rate of
disassembly and lifetime of transient states were modulated by
variation of phosphatase enzyme that controls the rate of ATP
hydrolysis (Fig. 9d).

This journal is © The Royal Society of Chemistry 2018
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We further increased the complexity of our system by
coupling the NDPA monomers to our previously studied crea-
tine phosphokinase enzyme and alkaline phosphatase (or
apyrase). The two enzymes have an orthogonal function, CPK
forms ATP from ADP using phosphocreatine and alkaline
phosphatase hydrolyze adenosine phosphates. Hence, the bio-
inspired “enzymes in tandem” strategy could result in control-
lable rates and realization of newer transient species via
a complex network of enzymatic transformations. We began
with the solution containing both the enzymes and NDPA in the
monomeric state. Addition of ADP along with phosphocreatine
converted NDPA monomers into an ADP induced left-handed
helical assembly (transient state 1). The addition of fuel acti-
vates the CPK enzyme that slowly converts ADP into ATP and
hence a helical inversion from left-handed transient state 1 to
right-handed transient state 2. Interestingly, the in situ formed
ATP undergoes hydrolysis into ADP (and AMP) via the action of
alkaline phosphatase and again a left-handed helical assembly
(transient state 3) is obtained. Until this point, no significant
disassembly occurs, but further hydrolysis into inorganic
phosphate disassembles the supramolecular polymer into the
thermodynamic equilibrium state. As a result of the coupling of
phosphate selective NDPA with orthogonal “enzymes in
tandem”, we could obtain transient self-assembly up to three
transient states. Since, this supramolecular system is highly
dynamic, adaptive and dependent on enzymatic action, we
further envisaged to control the extent of formation of transient
states and their lifetimes. For this, we varied enzyme concen-
tration and alternatively employed apyrase enzyme instead of
alkaline phosphatase that has higher selectivity towards ATP for
hydrolysis than other adenosine phosphates. Indeed, we could
selectively enrich particular transient states amongst the three
and control their independent lifetimes. This is a unique report
exemplifying complex transient self-assembly with multiple
non-equilibrium/transient states that can be preprogrammed
via appropriate coupling of an intricate loop of enzymatic
conversions.

Our group has also extended the field of transient systems by
utilizing different chemical fuels and chemical reactions.*> We
have recently reported transient conformational changes of
a foldamer and morphological switching of a foldamer in an
amphiphilic charge-transfer based foldamer monomer using
redox fueled modulation of charge-transfer interactions. Since
a variety of charge-transfer based supramolecular systems are
known in the literature, this strategy can be extended as
a general approach to attain a temporal control over their self-
assembly. We are further extending the field by using light
and other chemical fuel systems.

Conclusions

With the shift of interest from thermodynamically driven
supramolecular polymers to a fuel-driven out-of-equilibrium
systems, unprecedented bio-mimetic properties have been
imparted to synthetic assemblies. With this perspective, our
group has made significant advancement to build generic bio-
inspired fuel-driven and enzyme mediated strategy to control
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structural and temporal fate of supramolecular assemblies.
Precisely, in an actin-mimetic system, we have demonstrated
a control over size and dispersity of supramolecular polymers
using an ATP-fueled, Kkinetically controlled cooperative and
seeded growth and also constructed ATP-driven out-of-
equilibrium transient self-assemblies that undergo a pre-
programmed conformational switching and complex transient
state reorganizations prior to disassembly. With this fuel-driven
approach, we could temporally program the kinetics of supra-
molecular polymerization to obtain controlled length and dis-
persity and alternatively to attain transient structures and
functions with modular lifetimes.

The field it still under infancy and a wider scope is still
unaccomplished. The multiple components needed to acquire
a temporal programming are still primitive, a plethora of fuels
such as light, chemical, mechanical etc. are underexplored. A
significant level of advancement has to be developed to build
orthogonal systems that specifically interact and communicate
amongst each other. Mesmerizing properties such as self-
replicating, self-evolving and learning and thinking behavior
are long term goals that urge a clear identification and inves-
tigation of complex systems. The successful orchestration of
fuel-driven growth in a temporal domain shall pave the way to
build multicomponent systems that can form varied architec-
tural supramolecular block co-polymers that can foster towards
real-life applications such as soft-lithography.
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