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Abstract

The thesis "Creating Life-like Transience in Synthetic Vesicles" explores several techniques and
approaches for imbuing life-like non-equilibrium features in synthetic vesicular systems and their

potential biomimetic applications in laboratory settings.

Chapter 1 provides a brief overview of transient out-of-equilibrium systems, the classification of
various types of assembly processes based on their energy profiles, and the progress accomplished

thus far in the field of non-equilibrium system chemistry.

Chapter 2 presents a novel strategy for constructing transient supramolecular peptide amphiphiles

(SPA) based on cucurbit[8]uril and its vesicular assembly under the influence of a pH clock.

Chapter 3 focuses on the development of a cucurbit[8]uril based pH-responsive supramolecular
peptide amphiphile (SPA) that transiently assembles into hydrolase mimetic vesicular nanozymes
upon the addition of alkaline TRIS buffer (activator) but then instigates its self-destruction due to

the catalytic generation of acidic by-products (deactivator).

Chapter 4 describes a chemoenzymatic pH clock mediated transient assembly of a vesicular
nanozyme wherein the distinct confinement of two catalytically discrete units, histidine groups on
the periphery and hemin in the lipid bilayer, results in an efficient hydrolase-peroxidase tandem

catalysis in a temporally controlled fashion.

Chapter 5 discusses the multi-luminescent behaviour of a transiently breathing vesicular light-
harvesting system in which variations in the luminescent characteristics of the entrapped FRET
donor and acceptor molecules allow broad-spectrum luminescence tuning over the course of the

pH regulated breathing cycles.
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1.1. Transient Out-of-Equilibrium Processes — An Introduction

The self-organization of simple molecular building blocks into highly complex assemblies
through self-assembly process is paramount for the development and formation of a wide array of
functional structures in nature. Biological systems make extensive use of self-assembly, and in fact,
the extremely intricate and ordered arrangement of proteins, nucleic acids, etc., is responsible for
the origin of primitive life forms and their evolution. From the formation of micelles in detergent to
the alignment of liquid crystals in LCDs, mankind too has effectively used molecular self-assembly
to develop innovations and make life simpler in countless ways. Self-assembly processes, be it
natural or artificial, relies on non-covalent interactions such as hydrogen bonding, n-m stacking,
hydrophobic interactions, van der Waals forces, electrostatic interactions, etc. Self-assembly
processes are generally energetically downhill processes and tend towards a low energy equilibrium
state. The self-assembled states are highly dynamic, but are in a stable chemical equilibrium as long
as the physiological conditions are conducive. However, many self-assembly processes occurring in
nature, such as the reversible formation of actin filaments,' formation of microtubules,? cell division,?
motility,®> and signal transduction* are energetically demanding processes and require a steady
inflow of energy to retain the functional self-assembled state. The thermodynamic pathway of
assembly is inadequate to maintain the functional efficacy of these systems, and therefore such
systems are kinetically driven where the assembly process is governed by the assembly pathway
rather than the stability of the assembled state.” Such out of equilibrium self-assembly processes

which are self-regulatory in nature and generate supramolecular assemblies of short finite lifetimes

are referred to as transient self-assembly processes.
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Figure 1.1. Schematic representation of transient self-assembly process.
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Chemists have long prioritised the design and development of stable and durable self-
assembled systems. However, in the last several decades, constructing molecular building blocks
that demonstrate an energy-driven autonomous self-assembly process has been a major scientific
objective for system’s chemists in order to produce life-like dynamic systems that are self-sustaining,
adaptable, and capable of exhibiting smart properties like replication, reproduction, and catalysis.
In transient self-assembly, the chemical building blocks are essentially dormant and solubilised in
the media (Figure 1.1). Upon activation by an energy source (fuel), these building blocks undergo
assembly in a highly spatiotemporal order. However, these activated blocks and their assemblies are
extremely unstable, and their fate is determined by the supply of energy. When the energy supply
is depleted, they revert to a low-energy inactive state, and the assembly dissipates. The notion of
transient self-assembly allows one to obtain control over the assembly/disassembly kinetics and
lifespan of the self-assemblies. Furthermore, it enables for the time-gated regulation of various

functions and characteristics of the system in a repetitive and self-regulatory manner.

1.2. Thermodynamic Regimes of Self-Assembly Processes

On the basis of thermodynamic and kinetic stability of the molecular building blocks as well
as the self-assembled structures, and the pathway adopted for the self-assembly process, three
different thermodynamic regimes have been identified (Figure 1.2).> The most researched and
commonly seen self-assembly process is equilibrium self-assembly, in which the assembly process
is primarily thermodynamically driven. In equilibrium self-assembly, the precursor molecules are
energetically unstable and occupy a slightly higher energy state in the energy landscape. As the
precursor molecules interact with each other through various non-covalent interactions, energy is
lost and the self-assembled structures come down to a low energy equilibrium state. These
thermodynamically favoured ensembles are highly dynamic, but allow exchange of molecules and
energy between the assembled and disassembled states. However, the exchange takes place in an
equilibrated manner and a stable chemical equilibrium is maintained within the system. Thus, there
is no net influx or efflux of energy and matter, and overall the assembly process is in equilibrium.

Occasionally, during self-assembly, the ensembles may fall into a state of local energy
minima, which is substantially higher than the global minimum of the given thermodynamic energy
landscape. There are two conceivable outcomes in such a scenario, depending on the amount of
activation energy needed to break out of the local energy minima. If the activation energy required
is relatively low, the self-assembled state can cross the energy barrier and escape to the global
minima of the energy landscape. In this situation, the self-assembly in the high energy trapped state
has a finite lifespan and is hence referred to as metastable. However, if the available energy is

insufficient to transcend the energy barrier, or if the self-assembled state is incapable of exchanging

TH-3062_176122002
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matter or energy with the surrounding environment, the self-assembled state becomes "kinetically
trapped" in the local minima for an endless duration. In either situation, these self-assemblies are

not in equilibrium.
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Figure 1.2. Thermodynamic regimes of equilibrium and non-equilibrium self-assembly processes. Adapted with
permission from Ref. 5, 6.

In the third scenario, the self-assembled state occupies a higher energy state than the
precursors and hence are out-of-equilibrium. This assembly process is also referred to as “dissipative
or transient self-assembly”. In this case, the low energy monomers stay dormant and do not self-
assemble, however when excited to a higher energy state, they spontaneously form self-assembled
structures. These inactive building blocks can be assembled transiently under the influence of two
orthogonally coupled chemical reactions. The activation reaction, exhibiting faster reaction kinetics,
activates the precursor molecules by pushing them out-of-equilibrium into a high energy active
building block state. The population of activated building blocks increases as the activation stage
advances, and they eventually assemble into high energy and transient self-assembled structures.
These transient structures, however, are thermodynamically labile and may be kept out-of-
equilibrium by constant influx of energy. Once the energy source is depleted or as the activation
reaction culminates, the deactivation reaction sets in and destabilizes the system. It is worth
mentioning here that the non-equilibrium assemblies may disintegrate either because of their
inherent thermodynamic instability or as a result of the deactivating reaction. The former is regarded
as "dissipative,” whilst the latter is referred to as "transient." Nonetheless, following deactivation, the

activated building blocks revert back to their initial inactive state. The amount of energy (fuel)

TH-3062_176122002
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supplied into the system, as well as the kinetics of the activation/deactivation phases, control the
longevity of transient assemblies and allow for the time-gated modulation of emergent properties

of the system.

1.3. Non-Equilibrium Processes in Nature

Life is a manifestation of out-of-equilibrium processes that are maintained at the expense of
energy. Nature primarily employs chemical energy to trigger the thermodynamic actuation of inert
cellular components into kinetically stable ensembles that carry out essential life-sustaining
processes. The smallest organised unit of life, the cell, exploits out-of-equilibrium chemistry to
perform vital tasks such as reproduction, metabolism, motility and communication with the external
environment. The non-equilibrium nature of biological machinery endows them with excellent
dynamicity and adaptivity. The continuous flow of energy in the form of nutrition keeps these

systems functioning, and once the energy reserves are exhausted, the cells starve to death.
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Figure 1.3. A) Tubulin GTPase cycle: GTP fuelled dissipative polymerization of microtubules. B) Monomer treadmilling:

ATP fuelled dissipative growth of Actin filaments. Reproduced from Ref. 7.

From breathing to division, numerous non-equilibrium processes have been observed in
nature. A well-known example of non-equilibrium assembly process in biological systems is the GTP
fuelled dissipative polymerization of microtubules.? The rigid cores of organelles like axonemes and
mitotic spindles are formed by microtubules, which are polymers of the tubulin protein.® Besides,
they also act as tracks for motor proteins and provide structural integrity to the cells. Microtubules
are nanotubular structures that grow by incorporating heterodimers of a- and B-tubulin into their
growing end. Above a certain threshold concentration of tubulin, microtubules spontaneously

incorporate tubulin units in the polymeric structure (Figure 1.3A). However, below the threshold
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concentration, they display an intriguing switch-like behaviour known as “dynamic instability”,
where they abruptly switch between phases of growth and shrinking.'® Head-to-tail interactions
between aB-tubulin heterodimers generate elongated structures known as protofilaments.
Microtubules are formed by lateral associations of these protofilaments. The longitudinal
arrangement of tubulin heterodimers in the protofilaments causes the microtubules to have one

end (-) with the a-subunits exposed, and the other end (+) with the -subunits exposed.

The assembly and disassembly of microtubules are controlled by guanosine triphosphate
(GTP). Both the a and B-tubulin monomers can bind with GTP but their binding sites have stark
differences. The a-tubulin binding site (N-site) is buried at the juncture of a- and B-tubulin, where
the bound GTP is neither exchangeable nor hydrolysable. In contrast, the binding site (E-site) in B-
tubulin is exposed. Again, the E-site of free and polymerized tubulin show different properties. GDP
bound free tubulin effectively exchanges GDP with GTP, which in fact, initiates the microtubule
formation. GTP-tubulin adds to the (+) - end of developing microtubules through a
thermodynamically favourable route. Following binding, kinked GTP-tubulin dimers are forced into
the straight form, and GTP-tubulin dimers are spontaneously hydrolysed to GDP-tubulin dimers. The
conversion of GTP to GDP increases strain in the microtubule lattice, but the tubular shape remains
stable as long as the stabilising GTP cap is present at the (+)-end of the microtubule. As the amount
of stabilising GTP-tubulin in the cap declines, the microtubule enters the "catastrophe" phase and
eventually collapses.

Likewise, the ATP-driven self-assembly of the actin filaments presents another noteworthy
example of non-equilibrium self-assembly in nature." The actin filaments constitute the cytoskeletal
networks that offer structural support to the cell wall and aid in cell movements. The formation of
actin filaments (F-actin) begins with the activation of globular actin subunits (G-actin) by ATP, which
results in the formation of small oligomers, which then organize into elongated filaments (Figure
1.3B). ATP-activated actin subunits are spontaneously added to the (+)-end of the filament and, at a
slower rate, to the (-)-end. However, following self-assembly, the ATP bound to actin hydrolyses
spontaneously into ADP and the resultant inactive actin subunits disassemble. The net effect is the
spontaneous insertion of the active actin subunits to the (+)-end and the dissociation of the inactive
subunits from the (-)-end. This is termed as monomer treadmilling.'? As the concentration of active

G-actin units decline, the dissipation phase predominates and the actin filament collapses.

In addition to these, many other processes, including the templated self-assembly of viral
capsids,'* " enzyme-regulated reversible activation and deactivation of motor proteins during

muscle contractions,'® unidirectional motion of kinesin for cargo transport,'” and numerous signal
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transduction pathways,'® ' invariably follow non-equilibrium thermodynamics to accomplish their

tasks.

1.4. Designing Transient Reaction Networks

Over the last decade or so, supramolecular chemists throughout the world have been
inspired by both covalent and non-covalent modification strategies found in nature to construct
artificial reaction cycles for regulating assembly and disassembly processes. Several studies have
been published that use biological components such as enzymes?®?, living cells*> 2?6, and DNA%" %,
as well as abiotic triggers such as redox reactions,?3° and temporary pH changes?' to generate non-
equilibrium states. These investigations have revealed unique phenomena, wherein transient gels,

vesicles, nanoreactors, etc. 2" 30323

which defy the thermodynamic rules followed by conventional
supramolecular systems, are produced by the use of supramolecular oscillations between activated

and deactivated states.
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Figure 1.4. Timeline of chemical reaction cycles developed so far that have been used to control the assembly and
disassembly of supramolecular structures. Reproduced with permission from Ref. 40.

A wide range of chemical reaction networks developed over the years for designing
transient self-assembling systems are summarised in Figure 1.4.* The chemical reactions outlined
above serve to thermodynamically activate the precursor molecules and propagate the otherwise
thermodynamically unfavourable self-assembly process via a high energy kinetic pathway. Energy
dissipation may occur via two separate paths following the formation of self-assembled structures.
In the first case, the high energy self-assembled structure may breakdown to their original form due
to the intrinsic instability of the activated state under the given environmental conditions. In such

cases, the solvent molecules mostly drive the degradation of active building blocks to inactive
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precursors. These transitory processes are referred to as "dissipative self-assembly" because they
dissipate energy and return to a low energy state on their own and without any external
intervention. In the second case, a competitive and particularly slow backward deactivation reaction
is necessary to trigger the breakdown of the formed structure. These systems tend to retain their
self-assembled structure in the absence of the backward reaction. As the disassembly process is
directed by reaction conditions rather than intrinsic molecular instability, these processes are
referred to as "transient self-assembly under non-equilibrium conditions." The following section
provide a comprehensive assessment of the progress made thus far in the design and development

of out-of-equilibrium systems employing the aforementioned strategies.

1.4.1. Dissipative Assembly

As the name suggests, the self-assembled structures in this case are composed of
metastable building blocks which autonomously dissipate in the absence of the fuel and without
the need of a deactivating agent. These metastable species are thermodynamically unstable and are
maintained out-of-equilibrium at the expense of persistent energy supply. In most cases, the solvent
initially promotes the self-assembly of the active self-assembling species, but eventually causes their
deactivation, endowing them with metastable attributes. A variety of chemical agents have been
identified which transiently generate activated building blocks from inactive precursors in water
and allow the creation of self-dissipating self-assemblies. The following sections provide a succinct

description of the advances made in this direction.

1.4.1.1. Self-Hydrolysing Chemical Bonds

A distinct class of dissipative self-assembly processes make use of transient chemical bonds
that are generated upon the addition of a chemical fuel and subsequently hydrolysed under the
same reaction conditions, regenerating the precursors. This approach gave rise to the notion of
dissipative self-assembly in 2010, when van Esch et al. employed methyl iodide (Mel) in the presence
of hydroxide ions under alkaline conditions to produce transient, metastable ester linkages.*' By
employing Mel as the fuel for the methylation reaction, they were able to shield the negative
charges of the dianionic DBC (N,N'-dibenzoyl-l-cystine) molecule, and create a supramolecular
hydrogel (Figure 1.5A). The hydrogel, however, dissolved shortly after due to hydrolysis of the ester
bonds under alkaline conditions. In a subsequent investigation, they obtained similar results using
dimethyl sulphate (DMS) as the alkylating agent, but with substantially faster reaction kinetics.*®
Boekhoven et al. used carbodiimides, especially EDC (1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide), as the chemical fuel to produce similar shielding and charge-neutralization response
(Figure 1.5B). The precursors used in this scenario are non-assembling dicarboxylates that are

activated for assembly upon the formation of relatively hydrophobic and metastable anhydrides.*

TH-3062_176122002




TH-3062_176122002

Creating Life-like Transience in Synthetic Vesicles

When the EDC in the system is depleted, the anhydrides hydrolyse back to their inactive diacid state.
The carbodiimide chemistry has been extensively utilised to stimulate the assembly of a range of C-
terminal aspartic/glutamic acid containing non-assembling peptide precursors into a variety of
autonomously forming and degrading supramolecular ensembles.*” The self-assembly pathway and
the kinetics of activation/deactivation reaction in these systems is predominantly determined by
the molecular design of the precursors* and degree of organisation of the self-assembled
structures.* The charge-neutralization feature of EDC-powered systems has been used on many
occasions to reversibly modulate the overall charge of multivalent peptide sequences, prompting
the transient formation of active droplets and coacervates.**® Hartley et al. revealed that EDC can
also be utilised as a transient cross-linking agent and can cyclize oligo(ethylene glycol) diacids into
transient crown ether analogues (Figure 1.5C).* Later this strategy was used to transiently cross-link
carboxylic acid containing polymeric as well as monomeric building blocks in order to induce

transient hydrogelation.>**2
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Figure 1.5. A) DMS/Mel fuelled transient hydrogelation of N,N"-dibenzoyl-I-cystine, B) EDC fuelled dissipative assembly
of peptides, C) EDC fuelled dissipative formation of crown ether, D) Dissipative assembly of nanoparticles (NPs) triggered
by EDC fuelled formation of transient NHS esters, E) EDC fuelled transient p-nitrophenolate ester hydrogel that dissipates

following a cooperative ester hydrolysis reaction.

In addition to producing unstable anhydrides, the carbodiimide hydration reaction has also
been investigated for producing unstable ester derivatives. Using N-hydroxysuccinimide (NHS) in
combination with EDC, Boekhoven et al. transiently capped the negatively charged carboxylate

units on the surface of gold and silica nanoparticles through the formation of corresponding NHS-
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esters (Figure 1.5D).>* The charge shielding resulted in the aggregation of the otherwise soluble
nanoparticles, but as the NHS-esters are only feebly stable, they were slowly hydrolysed and the
assembly dispersed. It is worth mentioning that NHS-esters are more stable than anhydrides and
allow easy manipulation of reaction kinetics and lifetime of self-assembled state. Das et al. employed
p-nitrophenol to produce esters via EDC coupling (Figure 1.5E).* In this study, they used an
amphiphilic histidine containing carboxylic acid in which the histidine moiety initially acts as an
internal base to help in the synthesis of p-nitrophenol ester derivatives. The resultant ester
derivatives co-assemble to produce a supramolecular gel. Later, as the EDC is consumed, histidine
assumes its hydrolase mimicking activity and breaks down the ester linkages, causing the hydrogel
to dissolve. This action is reminiscent to the disintegration of tubulin microtubules in biology. All
these studies substantiate the fact that simple molecules like Mel, DMS and EDC have the ability to
drive the dissipative assembly of a diverse set of precursor molecules. Furthermore, combining
these reagents with other chemical reactions may open up a world of possibilities for building

transient structures with advanced functional attributes.

1.4.1.2. Autonomous Decarboxylation of Carboxylic Acids

Chemical agents that produce predictable alterations in the pH of a solution provide an
elegant method for manipulating the pH sensitive characteristics of molecular assemblies. Some
activated carboxylic acids have been found to serve this job extremely efficiently, allowing a cyclic
basic-acidic-basic pH shift to be produced with a single chemical fuel. In general, when these acids
(RCOOH) are added to a basic solution, the pH of the solution drops rapidly. The unstable
carboxylate ions (RCOO") produced in this process are decarboxylated to produce a very strong
carbanion base (R). These carbanions then absorb protons from the solution, shifting the pH back
to the alkaline range’®* The first example of an activated carboxylic acid is 2-cyano-2-
phenylpropanoic acid. Di Stefano et al. were the first to exploit this to autonomously switch a
phenanthroline-based [2]catenane between an "ON" and "OFF" state via transient protonation-
deprotonation of the system (Figure 1.6A).>* In brief, when 2-cyano-2-phenylpropanoic acid is added
to the system, the neutral catenand (the "OFF" state) is protonated and transformed to the catenate
(the "ON" state). Following decarboxylation, reverse proton transfer from the catenate to the
carbanion restores the catenane's "OFF" state. They also demonstrated that para-substituting 2-
cyano-2-arylpropanoic acid with different electron donating and electron withdrawing substituents
allow the lifetime of the protonation-deprotonations cycles to be varied from minutes to days.*®
They further availed the variable kinetics of differently substituted 2-cyano-2-arylpropanoic acids to
control the shuttling kinetics of a crown-ether based wheel along the axel of a pH-sensitive bistable

rotaxane.”” Schmittel et al. also employed 2-cyano-2-arylpropanoic acid as a chemical fuel to
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transiently establish logic circuits and tune emissive properties of interlocked and metal

coordinated molecular devices.”®>°
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Figure 1.6. A) 2-cyano-2-phenylpropanoic acid fuelled transient back and forth motion of a phenanthroline-based
[2]catenane, B) Trichloroacetic acid fuelled transient operation of a catenane-based molecular rotor, C) pH dependent

host-guest interaction between a-cyclodextrin and p-aminobenzoic acid. Reproduced with permission from Ref. 54, 60.

Trichloroacetic acid is another activated carboxylic acid that was first utilised by Leigh et al.
to demonstrate unidirectional motion in a catenane-based molecular rotor (Figure 1.6B).®° They
constructed a molecular rotor with a pH sensitive dibenzylammonium station and a triazolium
station, both guarded by an acid-labile hydrazone-based blocker and a base-labile disulphide-based
blocker. When trichloroacetic acid is added as a fuel, the crown-ether based wheel shuttles to the
dibenzylammonium station due to scission of the hydrazone blocker and protonation of the
dibenzylammonium site. Thereafter, as the pH of the system returns to the alkaline range, the
hydrazone blockers are fixed in place while the disulphide blocker is cleaved. Concurrently, the
dibenzylammonium group is deprotonated, causing the wheel to return to its initial triazolium
position. In another report, using the same principle, they showed fuel-induced transient shuttling
and catalysis using a rotaxane based molecular machine.®' The fact that trichloroacetic acid
generates volatile by-products like CO, and CHCI;, it significantly helps with waste management. As

trichloroacetic acid is easily cleared out of the system, Kim et al. were able to produce transient
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single crystals of a cucurbituril-based host-guest complex with minimum poisoning and excellent
repeatability across several cycles.®? Tribromoacetic acid has recently been discovered to be an
alternative to trichloroacetic acid and has been employed for the transient assembly of covalent
cages capable of transiently hosting guest molecules.®® Nitroacetic acid is another activated
carboxylic acid that permits the pH of a solution to be shifted from high to low and back to pH ~9.%
The starting pH and duration of the pH cycle may be readily modulated depending on the
concentration of NaOH in the system and the amount of fuel (i.e., Nitroacetic acid) injected. As a
proof of concept, this new pH clock was used to control the transient pH dependent host-guest
interaction between a-cyclodextrin and p-aminobenzoic acid (Figure 1.6C). All of these studies
suggest that, due to their autonomous mode of proton donation and reabsorption, activated

carboxylic acids offer a simple technique for imbuing transitory properties in pH sensitive systems.

1.4.1.3. Light/Sound Driven Structural Remodelling

Light has numerous benefits as a fuel for dissipative self-assembly since it is a clean and
abundant source of energy, it provides great spatiotemporal resolution, it can be provided in many
wavelengths, and, most significantly, it generates minimal waste in the system.®* There are two
fundamental approaches to utilise light as a fuel. First, light energy is used to elicit a chemical
response in the system, which indirectly drives the self-assembly process in photo-irresponsive
materials. A notable example of light energy to chemical energy transformation is presented by the
photoacid, protonated merocyanine (MCH*). When exposed to blue light, MCH* undergoes ring-
closing isomerization to generate spiropyran, releasing a proton.® The spiropyran form, however, is
short lived and it spontaneously reverts to the MCH" state, reabsorbing the proton. Klajn et al.
utilised this unique behaviour of spiropyran to trigger transient self-assembly of carboxylic acid
functionalized gold nanoparticles (AuNPs). In methanol, strong hydrogen bonding interactions
between the terminal COOH groups causes the AuNPs to stay in aggregated form (Figure 1.7A).¢ In
presence of MCH*, irradiation with blue light causes acidification of the medium and consequently
disengages the hydrogen-bonded bridges between the AuNPs, causing dissolution of the AuNPs
into a stable suspension. In the absence of blue light, thermal relaxation of spiropyran to MCH*
induces reabsorption of protons from the medium and reassembly of the AuNPs. Later, they
validated the applicability of this concept in aqueous media as well, wherein, using a water-soluble
spiropyran derivative as the photoacid, they demonstrated AUNP aggregation upon irradiation and
subsequent disassembly in the dark.®® Many other research groups employed spiropyran's
photoacidic feature to demonstrate photo-controlled transient shuttling in a molecular shuttle,®
assembly of cyclic peptides into supramolecular tubules,’® and light-triggered transient photo-

deformation of emissive self-assemblies.”!
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In the second approach to using light as a fuel, light is used to trigger a transient structural
change in the molecular building blocks. In this context, Parquette et al. employed spiropyran not
as a photoacid generator but as a component of their gelator molecules (Figure 1.7B).”> They
developed a peptide-spiropyran conjugate wherein the positively charged merocyanine form
inhibits hydrogel formation in the dark. When exposed to visible light, the conversion to neutral
spiropyran form causes the formation of transient nanofiber gel. In absence of light, as spiropyran
reverts to the merocyanine state, the gel disintegrates. Azobenzene is another well-known photo-
responsive molecule that undergoes reversible cis-trans isomerization when exposed to light. Huck
et al. employed azobenzene to create a variety of photo-switchable enzyme inhibitors (Pls). They
inserted enzyme inhibitory modules (denoted as W, meaning enzyme inhibiting Warhead) at the
terminals of several azobenzene derivatives and showed that the trans-azobenzene Pl competitively
binds to the active site of the enzyme and inhibits its activity under visible light (Figure 1.7C). When
exposed to UV light, the cis-azobenzene Pls are drawn out of the active site due to a lack of
conformational parity with the enzyme site, and the enzymes become active. A microfluidic flow
arrangement was employed to induce out-of-equilibrium conditions, with chemicals and enzymes
continually supplied and withdrawn from the system. Using this method, they successfully

controlled the catalytic activity of a-chymotrypsin and trypsin.’*7*
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Figure 1.7. A) Light controlled transient assembly of non-photoresponsive NPs, B) Light triggered dissipative assembly
of a peptide hydrogel, C) Light controlled transient regulation of enzyme activity, D) Sound controlled generation of
transient Oz rich domains and spatiotemporal regulation of a GOx-HRP bienzymatic cascade. Reproduced with permission

from Ref. 73, 75.
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Among other stimuli, Hwang, Mukhopadhyay, and Kim et al. chose audible sound as a
trigger to produce out-of-equilibrium self-assembly. They created standing waves of predictable
and controllable patterns on the surface of water using low-frequency audible sound.” In these
standing waves, the regions with the lowest vibrations (nodes) have low gas dissolution, while the
regions with the highest vibrations (antinodes) have relatively high gas dissolution (Figure 1.7D).
Thus, by regulating the dissolution of gases such as O, and CO, at the nodes and antinodes, transient
spatiotemporal zones with discrete redox and pH-specific features were formed in the bulk solution.
These transient domains maintained their boundary features for a set period of time, allowing pH
and redox chemical reactions to be carried out with excellent spatiotemporal control. In the first
example, they demonstrated varied rates of oxidation of methyl viologen radical cation (produced
via reduction of methyl viologen using sodium dithionite) at discrete spatiotemporal zones of the
solution using O, as the diffusing gas. They also demonstrated formation of spatially distinct pH
zones utilising CO; as the diffusing gas and bromothymol blue (BTB) as the pH sensitive probe. Later,
utilising aerial O, as a substrate, they established a GOx-HRP bienzymatic cascade in the
spatiotemporal domains.”” In another study, they demonstrated complex mechanical functions
such as maze solving and cargo movement utilising a combination of light and sound as stimulus.”’
Thus, in comparison to chemical fuelling agents, physical stimuli like light and sound often offer
several advantages. They are extremely benign, give excellent spatiotemporal control, and produce
no waste. As a result, they are a superior alternative for developing future out-of-equilibrium

systems.

1.4.2. Transient Assembly Under Non-Equilibrium Conditions

A well-established approach for imbuing transient features in synthetic precursor molecules
is to strategically integrate stimuli responsive functionalities in the system that may aid in inducing
sequential assembly and then disassembly under the simultaneous action of two orthogonally
related chemical stimuli. The following sections provide a concise overview of the various activator-

deactivator pairings that produce transient alterations in the assembly process.

1.4.2.1. pH Controlled Transient Assembly

The pH of the medium plays a decisive role in guiding the assembly of pH responsive
building blocks in solution. To control the lifetime of assemblies generated as a function of pH,
Walther et al. developed a generic concept of using an alkaline buffer (TRIS) as a fast promoter and
different types of lactones/ester as the dormant deactivator (DD) (Figure 1.8A).>' They strategically
chose three distinct self-assembling systems, all of which assemble in the alkaline regime: a
polymeric micelle (Figure 1.8B),”® a peptide gelator (Figure 1,8C)” and, Au-NPs functionalized with

a phenol ligand (Figure 1.8D).° and Upon addition of a combination of the promoter and the DD,
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the rapid jump in pH triggers the self-assembly process. Concurrently, the DDs undergo hydrolysis

at alkaline pH and produce

acids that function as the active deactivator. As dormant deactivators,

three distinct lactones/ester were used: gluconic acid &-lactone (6-GL), methyl formate (MF), and ¢-

caprolactone (e-CL). It is worth mentioning that lactones with strained rings show higher rate of

hydrolysis in order to get
hydrolysis and allowed the |
(MF), and even days (e-CL).
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application of this pH cycle for transient assembly of B) Block copolymer micelles, C) Peptide hydrogel, and D) AuNPs, in

the alkaline region. E) Programming transient pH changes using a bienzymatic reaction network, F) Acidic buffer/Urea-

Urease pH cycle controlled transient breathing and luminescence of a polymersome. Reproduced with permission from

Ref. 23, 54.
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In an alternative approach, they designed enzymatic logic gates utilising invertase-glucose
oxidase and R-galactosidase-glucose oxidase enzyme couples which mediate an enzymatic
disaccharide-to-monosaccharide-to-sugar acid reaction cascade.’' By combining a sequential TRIS
buffer powered YES gate and the enzymatic cascade powered NAND gate, they effectively
modulated the lifespan of the transient pH regime from minutes to days. Apart from sucrose or
glucose as chemical fuels, they also used everyday items such as soda and baking soda as promoters,
and sucrose from sugar beet syrup and lactose from milk as fuelling agents. To gain finer control
over the pH modulations, in another study, they employed an antagonistic enzyme couple, urease
and esterase, for generating ammonia and acetic acid from urea and ethyl acetate, respectively
(Figure 1.8E).2 They started the pH cycle at an acidic pH, which keeps both the chemical fuels
dormant. Initially, slow generation of ammonia takes place (lag phase) owing to the low activity of
urease at acidic pH. After that, when the pH becomes slightly acidic/neutral, the activity of urease
increases and a rapid jump in pH (ON phase) is observed. Thereafter, at alkaline pH, the activity of
esterase increases and it lowers the pH back to the acidic regime, completing the pH cycle. By
varying the buffer strength and the ratio of the enzymes and the substrates, they precisely regulated
the lag time and lifespan of the pH cycles and also showed highly programmable transient assembly
of a DNA based hydrogel.

Later, to generate transient assemblies in the acidic regime, Walther’'s group coupled a fast
promoter (acidic buffer) with the slow biocatalytic transformation of urea (DD) to ammonia (active
deactivator) using urease.®? By varying the ratio of the activator and the deactivator, they effectively
programmed the lifetime of a transiently formed peptide hydrogel (Fmoc-Leu-Gly-OH dipeptide)®
across orders of magnitude of time. In a following report, they coupled a pH-responsive block
copolymer photonic gel with this urease-based enzymatic switch and demonstrated advanced
autonomous features such as transient memories, photonic patterning, and remotely controlled
signal propagation.®* van Hest et al. employed the same pH cycle to demonstrate transient
breathing behaviour with concurrent change of fluorescence intensity in a fluorescein tethered
hybrid microgel (Figure 1.8F).% At the transient acidic pH, protonation of the polymer and ring-
opening of the lactone moiety of fluorescein resulted in swollen microgels with strong fluorescence
intensity. However, as the pH dropped to the alkaline range, deprotonation of the polymer and

lactone ring-closing produced shrunken microgels with quenched fluorescence intensity.

Adams et al. described the transient hydrogelation of a minimalistic cationic amphiphile,
mono-Fmoc ethylene diamine hydrochloride, using a combination of Urea-Urease mediated fast pH
rise and the slow generation of formic acid through hydrolysis of methyl formate.®® The initial lag

time, longevity, and mechanical characteristics of the transient hydrogels could all be easily
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regulated by varying the urease concentration in the system and the activator/deactivator ratio. In
a subsequent work, they showed that, in addition to generating transient assemblies, the slow pH
variations during the pH cycle also aid in accessing certain kinetically stable states that would
otherwise be inaccessible via thermodynamic routes. They demonstrated that when urea is added
to a solution containing a peptide hydrogelator, Nap-FF-OH, urease and Ca** ions, initially a hydrogel
is generated at an acidic pH due to protonation of terminal acid groups of the peptide gelator.?” The
acidic groups begin to deprotonate as the pH gradually rises, which causes the hydrogel to
disintegrate. Interestingly, as the pH rises further, the Ca** ions present in the solution bind two
peptide building units together, resulting in a refined and mechanically stronger hydrogel. Such a
gel-sol-gel transition is extremely unusual and cannot be obtained by directly adding a base such
as NaOH. All these studies support the idea that by carefully selecting acid and base producing
chemical/enzymatic processes, one may simply install a feedback mechanism into a pH responsive
self-assembling system and build kinetically stable assemblies with tuneable lifespan and emergent

features.

1.4.2.2, Redox Triggered Transient Assembly

Amongst the various approaches adopted for generating transient self-assembly, redox
fuelled approaches are particularly appealing because they reversibly alter the building blocks at
the molecular level and help in controlled association/dissociation of various disulphide linked
molecules, charge-transfer complexes, and chromophoric substrates.®®#° In this regard, Hermans et
al. designed perylenediimide (PDI) based supramolecular fibres which show redox responsive
collapse and growth cycles under the influence of a redox cycle driven by sodium dithionite
(Na;S;0s, reducing agent) and aerial oxygen (oxidising agent) (Figure 1.9A).” The neutral PDI
derivative (PDI-1), under thermodynamic control, form extended supramolecular fibres which
gradually precipitate out of the solution. However, when Na,S,0; is added, the PDI derivatives are
reduced to their dianionic form (PDI-1%), which destabilises the fibres due to their strong repulsive
interactions. Since the anionic species are unstable and have short lifetime, they eventually return
to their neutral state by aerial oxidation, restoring the fibrillar structure. Later, George et al.
described transient reconfiguration of supramolecular organisation with an accompanying shift in
fluorescence colour using the same redox cycle.” They used a core-substituted naphthalene diimide
(cNDls) derivative that forms green emitting vesicles. Upon reduction with Na,S,0s, the resulting
dianionic species are reconfigured into sheet-like structures. Simultaneously, the fluorescence
colour shifts from green to red. After Na,S,0, is consumed, the sheets reconfigure back to their
vesicular state and the fluorescence colour changes back to green. The lifetimes and decay rates of

these assemblies may be efficiently controlled by altering the dose of Na,S;0.. In another work, to
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gain control over the dissipation step, they coupled glucose oxidase catalysed H,O, generation

(oxidation) with the Na,S,0. facilitated reduction process.”’ They designed an amphiphilic foldamer,

PN-VN, consisting of an electron-rich pyranine unit and an electron deficient viologen unit (Figure

1.9B). As a result of charge-transfer (CT) interaction between the pyranine and viologen units, the

molecule assumes a folded state and assembles into vesicles. When subjected to the redox cycle,

reduction of viologen by Na,S,0, (SDT) disrupts CT interactions in the molecule and the transiently

generated unfolded conformation reconfigures into sheet-like morphology. The transient existence

of the sheets could be effectively regulated by controlling the ratio of Na,S:04, glucose and glucose

oxidase. Aerial oxidation also produced similar results but with a slower decay kinetics.
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Figure 1.9. A) Redox controlled transient disassembly-assembly of PDI based supramolecular fibers, B) Redox responsive

transient conformational switching of PN-VN foldamer, C) Citric acid buffer/TCEP guided transient hydrogelation of DBC,

D) Generic concept for transient assembly of disulphide containing hydrogelators, E) Glucose regulated transient

assembly/disassembly of a polymeric hydrogel. Reproduced with permission from Ref. 29, 30, 91, 92.

Disulphide bonds are dynamic covalent bonds that form spontaneously in an oxidising

environment and cleave in a reducing environment.”**> Thordarson et al. used disulphide chemistry
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for the first time to achieve transient hydrogelation of a well-known gelator, N,N"-dibenzoyl-I-cystine
(DBQ).*° DBC in anionic form (DBC?) is soluble and shows no gelation (Figure 1.9C). To induce
transient gelation of anionic DBC, TCEP dissolved in citric acid buffer was used as a fuel. Protonation
of the carboxylic acid units by the acidic buffer resulted inimmediate hydrogelation. However, TCEP,
a disulphide breaking agent, gradually hydrolysed the disulphide bonds, eventually dissipating the
hydrogel. Guan et al. proposed a generic kinetically controlled reaction network for controlling the
transient assembly of disulphide-based hydrogelators (Figure 1.9D).* They used a dilute solution of
H.0O; as the oxidant and a relatively concentrated solution of dithiothreitol (DTT) as the reductant.
Both H,O, and DTT activity were found to be pH sensitive, with the latter being more active at higher
pH and less active at lower pH. Thus, a slightly acidic pH (5.5-6.0) was chosen to achieve operable
lifetimes. By varying the concentrations of the redox-active fuels, the H.O,-DTT couple generated
redox gradients of tuneable lifetimes and facilitated the transient hydrogelation of a rather simple
cysteine disulphide based hydrogelator (CSSC). Ferrocene is another redox sensitive molecule that
exhibits redox responsive switching of oxidation states and has been widely used in the
development of a variety of smart materials.”” * Das et al. exploited ferrocene's unique redox
sensitive property to create a fatty acid-based hydrogel that is triggered for gelation when a
ferrocenylated-base (Fc-NMe,) is added as a counteraction.” Under an oxidising environment,
ferrocene progressively oxidised, and the loss of ion pair interactions between Fc-NMe; and the fatty
acid caused the gel network to disintegrate. Meanwhile, the transiently generated gel network
entrapped hemin in its hydrophobic domains, permitting time-gated upregulation and
downregulation of peroxidase-mimetic catalytic activity across multiple cycles. Ravoo et al. utilised
the host-guest chemistry of ferrocene (Fc) and B-cyclodextrin (B-CD) to design a redox responsive
hydrogel (Figure 1.9E).”? When Fc is oxidized by HRP/H.O,, the positively charged oxidized ferrocene
(Fc*) dislodges out of the B-CD cavity, disintegrating the hydrogel. However, when reduced by
GOx/Glucose, Fc* reverts back to its neutral form (Fc) and the gel structure is restored. The
biocatalytic intermediate, GOx[FADH.], formed during the oxidation of glucose, interestingly plays
a dual role here. It catalyses the conversion of Fc* to Fc at low glucose concentrations, causing a sol
to gel transition. However, at higher glucose concentration, the excess GOx[FADH,] generated
converts aerial oxygen to H.O,, generating a non-equilibrium response and triggering autonomous
gel to sol transition. As a result of the negative feedback response at high glucose concentrations,
the redox responsive system was able to transition to a non-equilibrium system, and display
autonomous assembly and disassembly of the hydrogel. In nutshell, as redox sensitive molecules
show stringently different properties in their oxidised and reduced state, they offer a wide range of
opportunities for the design and development of out-of-equilibrium autonomous self-assembly

processes.
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1.4.2.3. Enzyme Assisted Transient Assembly

Enzymes are known for their high substrate specificity and have been profusely employed
to direct the assembly as well as disassembly of supramolecular structures in both physiological and
abiotic environments. Ulijn et al. described the first example of enzyme-regulated transient
assembly, in which both the transient assembly and subsequent disassembly stages were
propagated by a single enzyme, a-chymotrypsin (Figure 1.10A).% It is a serine protease that
preferentially cleaves peptide bonds containing hydrophobic residues such as tyrosine, tryptophan,
and phenylalanine at the N-terminus. It can also catalyse the formation of amide bonds between a
free amine group and an activated acyl donor via a kinetically favoured pathway. Thus, in the
presence of a-chymotrypsin, a naphthalene-functionalized amino acid acyl donor (Nap-Y-OMe)
underwent trans-acetylation reaction with an amino acid amide (X-NH,; where X=L-tyrosine, L-
phenylalanine, or L-leucine) to generate a self-assembling dipeptide amide Nap-YX-NH,. After a
short while, the peptide bonds were slowly hydrolysed by a-chymotrypsin itself, disintegrating the
gel and regenerating the starting amino acid amide and the corresponding acid, Nap-Y-OH. It is
worth mentioning that the peptide Nap-YF-NH,, which has a comparatively low critical gelation
concentration (CGC), formed thermodynamically stable gel. However, the peptides Nap-YY-NH, and
Nap-YL-NH,, exhibiting comparatively higher CGC, displayed non-equilibrium hydrogelation. This
methodology was further extended by employing the methyl ester of aspartame (DF-OMe) as the
acyl donor, and it was shown that the peptide sequence used intimately controls the kinetics and
hence the lifespan of transient nanostructures.'® Also, using fluorogenic 1,8-naphthalimide amino
acid methyl esters as the acyl donating substrates allowed for in situ imaging of the transient

assembly process.'”!

Adenosine triphosphate (ATP) is a fascinating biomolecule that has been employed as both
a template and a fuel to control transitory self-assembly processes.'”? George et al. discovered that
a zinc(ll) dipicolylethylenediamine appended naphthalene diimide derivative (NDPA) attaches to
the phosphate groups of ATP to form assemblies with P-helicity ((P)-NDPA-ADP), whereas binding
to ADP results in M-helices ((M)-NDPA-ADP).'® Using the complementarity of the two phosphoryl
transferase enzymes, hexokinase (HK) and creatine phosphokinase (CPK), which consume and
create ATP, respectively, they obtained temporal control over the transient interconversion of ATP
to ADP and demonstrated transient switching of conformational helicity with modular control over
lifespan and stereomutation rates (Figure 1.10B).'* Later, using ATP in combination with an ATP
hydrolysing enzyme, potato apyrase, they demonstrated fuel-mediated controlled nucleation,
growth and subsequent decay of a chiral supramolecular polymer in a highly programmed

manner.* The same approach was adopted by Schanze et al. to trigger the transient assembly of a
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cationic water-soluble porphyrin derivative into chiral double-helical supramolecular fibers.'” Das
et al. also employed ATP as a fuel to promote the condensation of small polycationic peptides into
coacervate droplets.'” When an ATP-ase enzyme was present, these condensates also only lasted
for a brief duration. Moreover, these coacervates could temporally entrap and boost the catalytic

activity of cytochrome c (CytC), mimicking membraneless condensates of enzymatic proteins in

biology.
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Figure 1.10. A) a-chymotrypsin catalysed non-equilibrium self-assembly, B) Bienzymatic cascade driven transient
switching of supramolecular helicity, C) CGTase mediated transient formation/degradation of cyclodextrins, D) y-
CD/amylase driven transient assembly and the resultant multicolour fluorescence emission. Reproduced with permission

from Ref. 107-109.

Cyclodextrins (CD), one of the most widely employed hosts, have been utilized extensively
to create a range of self-assembled structures. Beeren et al. described for the first time an out-of-
equilibrium technique for producing different types of CDs utilising cyclodextrin glucanotransferase
(CGTase), a glycosyltransferase enzyme (Figure 1.10C).'® It first catalyses the cyclization of linear-1,4-
glucans into various types of CDs via a reversible pseudo-thermodynamic mechanism, and then
causes irreversible hydrolysis of CDs, resulting in transitory behaviour. Furthermore, using
different types of stimuli-responsive (pH'"° and light'"") as well as non-responsive templates, they
exquisitely tweaked the distribution of the various types of cyclodextrins and exclusively created
either q, B, or y-CD with fine control and selectivity. Qu et al. created a pyrene-containing single
fluorophore system in which the assembly state and resulting luminescence characteristics may be
tuned by varying the concentration of y-CD.'”® Thus, employing y-CD as a fuel and a-amylase, a
carbohydrate digesting enzyme, as a slow deactivator, they demonstrated dynamic changes of the
assembly state and multicolour photoluminescence in a transitory manner (Figure 1.10D). Similarly,

using a-CD as a hydrolysable host cum fuel and a-amylase as an enzymatic scavenger, Wang et al.
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showed host-guest interactions mediated transient cross-linking and subsequent hydrogelation of
Pluronic F127 micelles."? Furthermore, by varying the temperature and composition of the
hydrogel, the lifespan of the sol-gel-sol transitions could be precisely tuned. All of these examples
demonstrate that enzymes are exceptionally capable of changing the energy landscape of self-
assembly processes, making them an attractive choice for the design of transient self-assembling

systems.

1.5. Non-Equilibrium Assembly of Vesicles

Vesicles have extensively been employed in the creation of synthetic cells and protocell
models to explore and imitate the biological functions of cells. Developing techniques and
approaches to create transient vesicles may therefore get us closer to the notion of achieving life-
like qualities in synthetic systems. Prins et al. described transient generation of vesicles using ATP as
a chemical fuel?' Here, ATP acts as a multivalent anionic counterion which complexes with multiple
cationic amphiphiles, C;¢sTACN-Zn**, through electrostatic interactions and results in the formation
of the vesicles (Figure 1.11A). The lifespan of these vesicles is regulated by an ATP hydrolysing
enzyme, potato apyrase, which slowly hydrolyses ATP, disrupting the multivalent interaction
between ATP and the surfactants and causing the vesicles to disassemble. The apolar lipid
compartments of the vesicles were used to catalyse a nucleophilic aromatic substitution reaction
between two hydrophobic precursor molecules. The kinetics of this reaction and the amount of
product formed is determined by the lifespan of the out-of-equilibrium state, which in turn depends
on the concentrations of ATP and potato apyrase in the system. The cationic amphiphile,
CisTACN-Zn*, also possesses the ability to cleave phosphodiester bonds. To exploit this catalytic
activity of C;6TACN-Zn?* for transient assembly, in another study, 2-hydroxypropyl p-nitrophenyl
phosphate (HPNPP), a model substrate for phosphodiester hydrolysis, was used as the counterion
to trigger the assembly of C;sTACN-Zn?* into vesicles.'” Following the formation of the vesicles, the
HPNPP counterions were slowly hydrolysed by C;sTACN-Zn?* through a cooperative mechanism and
the assembly was disrupted owing to loss of favourable ion-pair interactions. This presented a
unique example of substrate induced self-assembly and subsequent disassembly through
cooperative catalysis. Lee et al. also used hydrophobic substrates to induce self-assembly of
otherwise soluble pyridine-based amphiphiles into vesicles (Figure 1.11B).3® The hydrophobic
substrates underwent aromatic nucleophilic substitution reaction in the hydrophobic lipid bilayer
of the vesicles and generated acid as the by-product. This acid in turn protonated the pyridine
groups of the amphiphiles, solubilising the vesicles and introducing the out-of-equilibrium nature.

The precipitated product could be easily removed from the system and following neutralization of
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protonated pyridine groups (using K,COs), the cycles could be repeated by simple addition of fresh

batches of substrate.
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Figure 1.11. A) Transient vesicular aggregation triggered by addition of ATP/Potato Apyrase (Top) and HPNPP (Bottom),

B) Substrate induced transient assembly of vesicles, C) Transient assembly of self-replicating vesicles. Reproduced with

permission from Ref. 21, 36, 113, 114.
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In addition to exhibiting dissipative self-assembly, natural systems also show features like
reproduction and metabolism. To incorporate these life-like features in vesicular assembilies,
Fletcher et al. exploited the well-known Cu-catalysed alkyne-azide cycloaddition (CUAAC) reaction
to create transiently forming and self-replicating catalytic protocells (Figure 1.11C)."™ Briefly, in a
phase separated solution of a hydrophobic azide (tail) and a hydrophilic phosphocholine (head),
slow CuAAC reaction using a hydrophobic copper-ligand complex leads to the formation of
surfactants capable of assembling into vesicles. The produced vesicles engage in a process known
as self-replication whereby they draw in and sequester increasing amounts of hydrophobic tails
from the organic phase into the aqueous phase, speeding up the production of the surfactants. In
order to add transient properties, ester linkages were deliberately placed in the tail group. Thus, in
alkaline conditions, vesicles are generated by an autocatalytic process, and then the vesicles are
destroyed via base-promoted ester bond hydrolysis. Furthermore, employing a proline-containing
alkyne derivative as the head group, they exhibited enantioselective aldol reaction at the interface
of the resulting organocatalytic vesicles. In another report, Boekhoven et al. demonstrated the
dissipative formation of peptide-based vesicles at the expense of carbodiimide fuel.'> They used
two peptides, Fmoc-GGD-OH and Fmoc-GGE-OH, both of which remain solubilized in their di-
anionic form. Following EDC-induced anhydride formation, these peptides assemble into vesicles
that undergo continuous membrane remodelling as they progress through the various phases of
growth and decay. Despite the fact that vesicles can replicate life-like properties far more effectively
than other types of self-assembled structures, little progress has been achieved in their utilisation as
dissipative assemblies. Developing novel methodologies and techniques for producing non-
equilibrium vesicles holds enormous potential and thus, there is a pressing need for further

advancement in this direction for the creation of life-like systems.

1.6. Emergent Features of Transient Systems

Nature chose out-of-equilibrium dynamics because it permits biological systems to work
flexibly based on the demands of the cell. A constant influx of energy-rich feed molecules into the
system and an outflow of undesirable effluents from the system permits certain metabolic processes
to be accomplished in a time-regulated manner with minimum systemic toxicity in the interior
cellular compartments. This gives critical biological processes self-regulatory, self-responsive, self-
adaptive characteristics and enables the system to maintain a homeostatic environment. System’s
chemists share this common goal of generating transient functions, but in closed abiotic reaction
systems. In an effort to create systems with life-like properties, transient systems with certain

distinctive qualities such as modular lifetimes, adaptivity, reproducibility, signal generation and
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catalysis have been developed over the years, and a summary of these transient functions is given

in the following sections.

1.6.1. Tuneable Lifespan

The generation of dynamic assemblies with tuneable lifetimes is central to the idea of
transitory self-assembly and has been extensively covered in the preceding sections. There are two
general approaches to tuning the lifespan of transient assemblies depending on the stability of the
intermediate active building blocks. If the activated building blocks are unstable in the given
reaction media, the lifespan of the transiently assembled state is dictated by the kinetic imbalance
between the rate of chemically-fuelled formation and self-dissociation of the building blocks. The
continuous supply of energy maintains the high-energy state populated and permits the creation
of transient assemblies. At some point, when there is no more fuel to produce new building blocks,
the equilibrium swings towards the dissipation phase, causing the assembly to disintegrate. This is
the case of dissipative self-assembly. Here, the lifetime of the assembly solely depends on the

concentration of the chemical fuel and the molecular properties of the building blocks.

In certain situations, the generated building blocks are stable and require the intervention
of a deactivator to disassemble. In these cases, a combination of activator and deactivator indirectly
create a kinetic imbalance for the transient formation of active assemblies. To achieve the transitory
nature, low dosages of fast activators are typically delivered in combination with relatively high
doses of slow deactivators. The activator's fast reaction kinetics rapidly actuates the building blocks
for assembly. Following that, the slow and orthogonal coupled deactivator gradually dissolves the
assembly. In these instances, the assembly's lifespan is determined by an intricate balance of the
activator and deactivator concentrations, as well as the kinetics of the activation and deactivation
events. These systems offer a far greater degree of control over the kinetics of the dissipative

assembly process.

1.6.2. Adaptivity and Reproducibility

One of the most crucial stages in the evolution of complex living forms is learning to adapt
to unfavourable environmental conditions. Adaptability is represented in a system's ability to store
energy rather than its proclivity to dissipate energy.'"® Small changes in the molecular structure of
building blocks can significantly modify their self-assembling properties, opening up new energy
routes for self-assembly with new emergent properties. Ulijn et al. demonstrated, using a series of
tripeptides, that the molecular structure of the peptide dictates the kinetics pathway of a transitory
biocatalytic self-assembly process.'® Using a common fuel, aspartyl-phenylalanine-methyl ester
(DF-OMe), and the enzyme a-chymotrypsin, they proved that the amino acid amides F-NH, and Y-
NH, produce transient hydrogels, but W, L, V, S, and T do not (Figure 1.10A). Moreover, as compared
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to Y-NH,, F-NH, formed stronger and more persistent hydrogels. Interestingly, when F-NH, and Y-
NH, are mixed together for transient assembly, they compete for the common fuel, and it was
discovered that the dominant F-NH, populated the corresponding high energy tripeptide state to a
much greater extent than Y-NH.. This kinetics selection is because of the ability of the more
hydrophobic DFF-NH; to store energy more efficiently and adapt to the changes presented by the
bienzymatic reaction cycle more effectively, as compared to DFY-NH,. Although the tripeptides,
DFX-NH. (X=W, L, V, S,and T), have the ability to generate hydrogels, they were either not generated
or extremely short lived during the transient cycle owing to their inability to store energy and adapt
to the transient changes. Boekhoven et al. reported similar findings, stating that when peptides are
exposed to the EDC-fuelled reaction cycle, they can adapt to a dissipative, equilibrium, or non-
assembling pathway depending on the molecular design of the precursors.** Both studies
concluded that the peptides exhibited sequence-dependent pathway selection and adaptationin a

non-equilibrium self-assembly process, analogous to natural selection in biology.

The ability to generate reproducible functions is another key aspect of natural systems, and
to some extent, artificial transient systems also exhibit this trait. Natural systems pump out the
effluents out of the cells and organelles, and maintain the conditions conducive to the biochemical
processes. Artificial transient systems, on the contrary, mostly operate in a closed setup and suffer
dampening owing to accumulation of waste in the system. Though light and sound energy and
chemical fuels such as trichloroacetic acid, provide a waste-free route to transient self-assembly, the
majority of chemically fuelled reaction cycles generate waste, which affects the system's
repeatability. Nonetheless, with careful optimizations, nearly all transient systems documented thus
far present repeatability across multiple cycles with fresh addition of fuel after each cycle. A
convenient approach to mitigate the issue of waste accumulation may be to perform transient
chemical reactions in a continuous flow reactor such that fresh fuel is continuously refuelled and
waste is simultaneously removed from the system. This will significantly improve the reproducibility

and adaptability of the transient systems across multiple reaction cycles.

1.6.3. Transient Signal Generation

The numerous cellular microcompartments communicate with one another and transduce
signals through mechanisms that are invariably non-equilibrium in nature. Processes like transient
membrane permeabilization and transient opening/closing of ion-channels allow for the exchange
of matter and signal transduction, respectively. Researchers have made significant efforts to
recreate these processes using synthetic analogues. Flyes et al. described the dissipative formation
of an ion-transport channel through a thiol-thioester exchange process (Figure 1.12A)."7 In brief,

they began with an amphiphilic thiol that is not long enough to span the membrane and hence is
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incapable of transporting ions. When a high energy amine terminated thioester (fuel) was
introduced into the system, a fast thiol-thioester exchange resulted in the formation of elongated
thioester, which was capable of forming ion-channels in the membrane. Following that, the amine
group's intramolecular nucleophilic attack on the thioester group progressively hydrolysed the
thioester linkages, releasing the starting inactive thiol and disrupting the ion channel. Fresh pulses

of thioester fuel could reactivate the channels for ion transport.
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Figure 1.12. A) Dissipative assembly of a membrane transport channel, B) ATP fuelled transient signal generation.

Reproduced with permission from Ref. 117, 118.

Living systems transduce and perceive signals using various sensory mechanisms. In abiotic
systems, signal generation is typically reciprocated by luminescence and colour changes. To
demonstrate transient signal generation using ATP, Prins et al. developed gold nanoparticles
(AuNPs) with their surface functionalised with cationic ligands (Figure 1.12B).""® They employed an
anionic fluorophore that could adhere to the positively charged surface of the AuNPs and
experience fluorescence quenching. When ATP is added to the system, it competitively binds to the
surface of AuNPs, dislodging the fluorophores. The liberated fluorophores regain their fluorescence
in the free state. Under dissipative conditions, the ATP molecules are slowly hydrolysed by potato
apyrase already present in the system. The generated ADP and AMP monomers have a low binding
affinity for the AuNP surface, and thus, the free fluorophores again bind to the AuNP surface,
suppressing the fluorescence. In this way, each fuel pulse transiently produces a fluorescence signal,
whose lifespan may be tuned by adjusting the fuel and enzyme concentrations. In another study,
they demonstrated that ATP may also be utilised as a template to transiently produce vesicles that
can accommodate and enhance the fluorescence properties of a hydrophobic named Laurdan
dye."” After addition of ATP, time dependent transient gradients of ATP concentration in the system
allows the assembly state to transition from a non-fluorescent aggregated state (high ATP) to a
metastable fluorescent vesicular state (intermediate ATP) and then back to the initial non-
assembled state (low ATP). Thus, the time-gated sequential activation of the different assembly state

allowed the fluorescent properties of the entrapped dye to be controlled in the time-domain. These
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signal generation features not only add to the appeal of transient systems but also provide a

quantifiable output that can be utilised to gauge the progress of the transient assembly process.

1.6.4. Confinement and Catalysis

Compartmentalization and metabolism are two essential criteria for the creation,
propagation, and evolution of life. A multitude of metabolic processes keep natural systems out-of-
equilibrium. Advances in non-equilibrium system chemistry have resulted in the emergence of
artificial systems that excel in biomimetic catalytic activities. Transiently formed self-assemblies
have distinct microdomains with characteristics that differ from the bulk solution. These
microdomains can accumulate catalyst and substrate in a transitory manner and orchestrate
chemical reactions in a time-controlled fashion. For example, Das et al. showed that the peroxidase
activity of cytochrome c is transiently boosted when it is trapped in the hydrophobic domains of
transient peptide-based coacervates.'® Likewise, they also showed that hemin, which is inherently
inactive in aqueous medium, becomes catalytically active when compartmentalized in the
hydrophobic spaces of a transiently formed hydrogel.® Prins et al. revealed that ATP templated
transient vesicles may selectively harbour hydrophobic precursors in their lipid bilayer and speed
up the formation of hydrazone bonds in a time-dependent manner.'® Also, Boekhoven et al.
reported the transient assembly of a polymeric micellar nanoreactor capable of sequestering

substrates in its hydrophobic core and increasing the rate of a Diels-Alder reaction.™'

Some catalytic groups have been shown to exhibit catalytic activity exclusively through a
cooperative mechanism in which a number of catalytic units located in close proximity work
together to accomplish a catalytic reaction. This synergistic catalysis is conceivable when the
catalytic entities are aligned in a well-ordered self-assembled structure. Making use of this property,
Prins et al. demonstrated hydrolysis of phosphodiester bonds through a cooperative mechanismin
a transient system (Figure 1.11A).""*122 Similarly, Das et al. exploited the cooperative effect of closely
aligned histidine units in a supramolecular gel to catalyse ester hydrolysis in a transient fashion.* In
each of these examples, when the transient structures are disassembled, the cooperativity is lost
and the catalysis stops. Fresh fuel injection may again restore the assembled structure and restart

the catalytic process.

Transient systems have shown great promise for the development of dynamic, intelligent
and responsive materials. Non-equilibrium features endow them with unique autonomous, self-
sustaining and reproducible features that are not attainable under equilibrium conditions. However,
this discipline is still in an evolutionary phase and there is enormous scope for further growth and

development in this sector.
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1.7. Objectives of the Present Thesis

Intrigued by the exceptional life-like features of transient systems, we envisioned the use of
synthetic vesicles as our platform of choice for the development of transient systems. Vesicles are
highly dynamic yet far more stable than other amphiphilic assemblies such as micelles. Vesicles
feature a hydrophilic corona with easily customizable structural and functional characteristics. They
also have hydrophobic bilayer and a hydrophilic aqueous lumen, allowing them to host both
hydrophobic and hydrophilic guest molecules. The assembly properties of vesicles can be easily

controlled in the time domain by transient changes in their hydrophilic to lipophilic balance.

Vesicles are typically constituted by amphiphilic species that bear two or more aliphatic
chains. However, macrocyclic host molecules such as cyclodextrins, calixarenes, pillararenes, and
cucurbiturils have been found to form vesicular aggregates when bound to single tail guest
molecules.'”® Cucurbiturils are a class of pumpkin shaped macrocyclic hosts composed of cyclic
methylene-bridged glycoluril oligomers.'** Depending on the number of glycoluril units,
cucurbiturils have varying cavity sizes and thus can accommodate a wide range of guest molecules
of different sizes and shapes. Cucurbit[8]uril is unique in that it can form a ternary complex by
clamping together two different guest molecules, one electron-rich and one electron-deficient, in
its hydrophobic cavity. Scherman et al. and our group have used this ternary complexation to create
supramolecular peptide amphiphiles (SPA) that readily assemble into vesicles.””'?” The hydrophilic
peptide segments lined along the corona of these vesicles can be easily tweaked to instil different
functional attributes in these vesicles. As the SPA mentioned herein place no restrictions on the
nature or charge of the hydrophilic peptide segment, using catalytic peptides containing histidine,
lysine, proline, and/or arginine residues may allow the creation of enzyme mimetic vesicular
nanozymes.'® These distinguishing characteristics enabled us to design vesicle-based transient
systems with distinct feedback mechanisms and advanced functions such as tandem catalysis and

self-inhibition.

Furthermore, in response to certain stimuli, vesicles have the ability to selectively and
reversibly trap and release various fluorophores from both their charged hydrophilic corona and
hydrophobic bilayer. The rational selection of fluorophores that can fluoresce and communicate
with each other through a FRET mechanism, only when colocalized in the vesicular domains, may
thus open up the possibility of realising stimuli-responsive multi-colour luminescence. This concept
has been explored in the current thesis to create jellyfish-like breathing vesicles with broad-
spectrum multi-luminescence in a temporally controlled manner. The complete thesis work is

organised into four chapters, with a brief summary of each part provided below.
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Chapter 2: pH Clock Instructed Transient Supramolecular Peptide Amphiphile and Its
Vesicular Assembly

This chapter demonstrates a new method for creating a transient supramolecular peptide
ampbhiphile (SPA) and its vesicular aggregates. The ternary complexation of cucurbit[8]uril and the
creation of pH sensitive imine bonds aid in the construction of the amphiphile. The transient
assembly corresponds to a pH clock established by urea/urease and glucono delta-lactone
hydrolysis (GdL). By feeding the system with fresh fuel pulses, the transient assembly may be

performed several times.

Chapter 3: Controlling the Lifetime of Cucurbit[8]uril based Self-Abolishing Nanozymes

In this chapter, we report a cucurbit[8]uril-based pH sensitive supramolecular peptide
amphiphile (SPA) that assembles into hydrolase mimetic vesicular nanozymes upon addition of
alkaline TRIS buffer (activator) but eventually disintegrates due to the catalytic formation of acidic
by-products (deactivator). The lifespan of these nanozymes may be controlled in a variety of ways,
including varying the number of catalytic groups on the surface of the vesicles, the acid producing
substrate, or the activator/substrate ratio. The self-inhibitory nanozymes demonstrated highly
customizable lifetimes spanning from minutes to hours, controlled and in situ production of

deactivating agents, and excellent repeatability over multiple pH cycles.

Chapter 4: Bi-directional Feedback-Controlled Transience in Cucurbituril based Tandem
Nanozyme

In this chapter, we present a chemoenzymatic pH clock mediated transient assembly of a
vesicular nanozyme in an attempt to mimic natural catalytic systems. An effective hydrolase-
peroxidase tandem catalysis is demonstrated in a time-controlled manner by the distinct
confinement of two catalytically separate components, Histidine groups on the periphery and
hemin in the lipid bilayer. The pH clock, constituted by alkaline TRIS buffer (promoter) and glucose
oxidase (GOx) catalysed oxidation of glucose, guides the transience in an asymmetric manner. The
addition of alkaline TRIS buffer raises the pH of the solution, causing the creation and subsequent
assembly of imine-linked Supramolecular Peptide Amphiphiles (SPAs) into vesicles. The oxidation
of glucose, on the other hand, creates gluconolactone and H,0,. Gluconolactone hydrolyses to
gluconic acid (deactivator), which dissipates the nanozyme, whilst H,O, is utilised in peroxidase
catalysis. Thus, the bi-directional feedback from the fuel not only governs the existence of the
transient state but also controls the activity of the assembly. The transiently constructed nanozyme
preserved the activity of the catalytic units, demonstrated substrate selectivity, and demonstrated

catalytic repeatability through several fuelling cycles.

TH-3062_176122002 31

—
| —



Creating Life-like Transience in Synthetic Vesicles

Chapter 5: Transiently Breathing Multi-Luminescent Vesicles with Broad-Spectrum Tunability

To replicate the complex non-equilibrium dynamics of cell membranes, in this chapter, we
present a pH responsive vesicular assembly that exhibits jellyfish-like breathing behaviour and
broad-spectrum transient fluorescence oscillations under the influence of a chemically induced pH
cycle. The vesicular architecture serves as a versatile platform for entrapping and displaying FRET
interactions between multiple donor and acceptor fluorophores. The breathing effect was produced
by the vesicle's spontaneously fluctuating interfacial charge during the pH cycle. It also altered the
donor fluorophore's emission intensity, affecting the efficacy of FRET interactions between donor-
acceptor couples. This allowed the vesicles to glow in several colours during the breathing cycles.
Furthermore, the vesicles displayed remarkable adaptability in terms of the lifespan of the breathing

cycles and the tunability of the luminescence colour transitions.
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Chapter 2
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2.1. Introduction

One of the primary instruments employed by nature for the development and sustenance
of life is the self-assembly of simple molecules into complex and highly organised systems that
execute vital biological processes.'” As previously stated, the assembly of synthetically designed
supramolecular structures follow a thermodynamic pathway, and the assembled form typically
occupies a low-energy equilibrium state.> ' However, the majority of self-assembly processes that
occur in nature are energetically demanding processes that require a steady inflow of energy to
keep the self-assembled systems functional.? In natural systems, a constant flow of energy kinetically
and transiently pushes the system out of equilibrium, endowing it with energy-dependent self-

responsive, self-regulatory, and self-adaptive qualities.

Recently, substantial efforts have been made to mimic the out of equilibrium processes in
nature and to unravel the mysteries regarding the origin of life. The concept of transient assembly
has been exploited to develop temporally controlled and short lived gels, vesicles, nanoreactors and
nano-assemblies.?” 3% 323% An elegant approach towards developing transient systems is to
temporally control various factors such as temperature, pressure, light, pH etc. -3 which mediate
the formation of the self-assembled state. Using a combination of two competing triggers that
induce a change in pH from acidic to basic reaching a transient state before coming back to the
acidic range can be established.>’ Combining this pH clock efficiently with any self-assembling
system whose assembly/disassembly is governed by the pH of the medium can lead to a transient

self-assembled system.*?
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Scheme 2.1. Chemical structures of different components and graphical presentation of the fuel driven temporal

formation of CB[8] assisted supramolecular peptide amphiphile and its vesicles.

We anticipated that such a fuel-driven pH clock can be utilized to temporally form

supramolecular peptide amphiphiles and also their self-assembly. In this regard, cucurbit[8]uril
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(CB[8], Scheme 2.1)'* 130 131 3ssisted ternary complexation driven formation of supramolecular
amphiphiles and their self-assembly into robust and stimuli responsive vesicles have been reported
on several occassions.'>'? 132 Inspired by our previous experience with CB[8] based vesicles, herein
we report pH regulated transient formation of a supramolecular peptide amphiphile (SPA) which

self assembles to form transient vesicles.

2.2.Results and Discussion

2.2.1. Formation of Supramolecular Peptide Amphiphile through Ternary Complexation
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Figure 2.1. A) UV-Visible spectra of 0.75mM aqueous solutions of different components of 1 showing the appearance of
the charge transfer band upon ternary complexation in case of 1; Thermogram (top) and binding isotherm (bottom) of B)
MV-CHO@CBI[8] with Nap-P, and C) MV-CHO@CB[8] with Compound-H at 298 K, D) 'H NMR of different combinations of
MV-CHO, compound H and CB[8] showing the ternary complexation between them, E) Slipped packed arrangement of
MV-CHO and Compound-H in the ternary complex, F) '"H NMR of 1 and DA under different conditions showing formation

and disappearance of the SPA as a function of pH of the medium.

Prior to the construction of the pH clock and the transient system, the ternary complex (1)
formation by the viologen unit (MV-CHO) and naphthalene functionalized peptide (Nap-P) with
CBI[8] was confirmed through the appearance of the characteristic broad charge transfer (CT) band
at 396 nm in absorption spectra (Figure 2.1A)."* The isothermal titration calorimetric (ITC) titration
experiment also showed a 1:1 complexation between Nap-P and MV-CHO@CBI8] (Figure 2.1B)."**
Since a '"H NMR experiment with Nap-P resulted in a complex spectrum, a shorter analogue,
compound H, (Scheme 2.1) was used to understand the situation. An ITC experiment using

compound H and MV-CHO@CBI[8] also showed 1:1:1 ternary complexation (Figure 2.1C). The NMR
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spectra of different compositions of MV-CHO, H and CBI[8] were recorded (Figure 2.1D). In the
presence of CB[8], the MV and naphthalene-protons of H showed an up-field shift'*> but no change
in position was observed for the imidazolium-protons. This indicated a slipped parallel stacking of
the viologen and naphthalene units inside the CBI[8] cavity (Figure 2.1E). A similar slipped-stacking
between donor acceptor groups has also been reported earlier.”**"*” In presence of dodecylamine
(DA), the ternary complex 1 formed the desired SPA under basic condition (pH ~8). The formation
of the SPA was confirmed by the disappearance of the aldehyde signal and appearance of the imine

peaks in "H NMR spectra as shown in Figure 2.1F.

2.2.2. pH Clock Directed Transient Assembly

Imine bonds are dynamic covalent bonds (DCB) which are stable at basic pH but are highly
labile under acidic conditions.’*® The SPA breaks down to the parent amine and 1 upon acidification
which is confirmed by the disappearance of the imine signals and reappearance of the aldehyde
proton. The formation-deformation of the SPA thus can be controlled using a pH switch. To verify
the proposed temporal aggregated system using this SPA, the pH clock was established. The pH
clock (Scheme 2.1) has been realised by using a combination of two triggers: (i) the autocatalytic
reaction of urea with the enzyme, urease, which releases NH; and leads to an increase in pH of the
system, and (ii) the base-catalysed saponification reaction of the dormant deactivator Glucono
delta-lactone (GdL) as a counter trigger which furnishes gluconic acid and thereby decreases the

pH.

Upon addition of a mixture of urea and GdL in a definite ratio to an aqueous solution of
urease enzyme, initially a swift increase in pH was observed. After the activation kinetics of urease
reaches its peak, no further rise in pH takes place. Under alkaline conditions, the hydrolysis of GdL is
aggravated and initially, there is a rapid fall in pH until the pH reaches around 7.5 when the decrease
in pH becomes slow and steady (Figure 2.2A). A probable reason for this is that as the optimum pH
for urease is 7.4"°, the rate of formation of ammonia abruptly increases at this pH range and slows
down the drop in pH. An increase in the concentration of urea and/or urease not only elates the rate
of activation but also causes an increment in the maximum overall pH. A high concentration of GdL
restricts the rise in pH and escalates the rate of fall in pH. By fine tuning the rates of the activation
and deactivation steps, the lifetime of the transient supramolecular assemblies can be easily
modulated. An aqueous solution containing 0.2 mg/ml of urease showed an initial pH in the range
of 6.5-6.8. The pH of the solution was adjusted to ~5 before initiating the pH cycle. A very slow
deactivation kinetics was observed when the amount of GdL was < 2 equivalents of urea (Figure
2.2A). This may be ascribed to the fact that one molecule of urea releases two molecules of NH;

which neutralize the acid generated by GdL and thereby slow down the decay in pH. In order to
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accelerate the deactivation step, the amount of GdL used should be sufficient to counter the
neutralization caused by urea. Upon adding a mixture of Urea and GdL in the ratio 1:3, an initial pH

jump to 9.2 - 9.3 followed by a steady decay to 6.8 - 6.9 was observed in 120 minutes (Figure 2.2A).
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Figure 2.2. A) Optimizing the pH clock. The change in pH with time for four different urea/Gdl compositions. B)
Appearance of particles of different sizes (from DLS) as a function of time for the transient system constructed by 1 and
DA in presence of 0.2 mg/mL urease, and 1:3 urea/Gdl showing the response toward the pH clock. C) Representative plot
of DLS measurements during the transient formation of vesicles in response to the pH clock. D) FETEM, E) FESEM, F) AFM,

and G) CLSM images of the transient vesicles formed during the cycle mentioned in (B).

The kinetics of the transient formation of the SPA was then assessed under the influence of
the pH clock. A 0.1 mM solution of the ternary complex, 1, in water containing 0.2mg/ml of urease
and an equivalent amount (0.1 mM) of DA (dissolved in THF to facilitate solubilisation) showed an
initial pH of 7.0-7.2. The presence of the amine might be responsible for this higher initial pH. The
pH of the solution was adjusted to ~5 in order to avoid any SPA formation. The pH jump induced by
the addition of urea and GdL (1:3) led to the transient generation of the SPA through the formation

of imine bond under alkaline pH conditions.

The aggregation process of the so formed amphiphiles were monitored using Dynamic
Light Scattering (DLS) measurements. Figure 2.2B shows the appearance of particles of different
sizes and change in pH of the system as a function of time. Prior to the addition of the triggers, no
particular size distribution was observed in the DLS profile. However, aggregates with a
hydrodynamic diameter of ~220 nm started (Figure 2.2C) appearing soon after the pH clock started
(addition of urea/Gdl). Peaks corresponding to 220 nm distribution continued appearing until the
pH of the system remain above 7.4 (~ 60 mins). However, after that the distribution disappeared
completely. Even though the pH jump takes place almost instantaneously, aggregation takes place

in a relatively slower and delayed fashion. This might be due to the reason that the ammonium ions
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present in the system might compete with the long chain amines for imine formation.>> However,
DA, owing to its stronger hydrophobic interactions in the assembled state form stronger imine
bonds and outweigh the effect of ammonium ions. The aggregation pattern clearly demonstrates a

pH dependent behaviour.

In order to determine the morphology of the supramolecular aggregates, microscopic
techniques like FETEM, FESEM, AFM and CLSM were employed. The FETEM image of the sample at
pH 7.8 showed nearly mono-dispersed hollow spherical aggregates with a thin dark boundary which
is indicative of the formation of vesicles (Figure 2.2D). The diameter of the vesicles was found to be
200 nm which is in good agreement with the DLS data obtained. Furthermore, the absence of any
specific morphology for the samples at pH below 7.5 corroborates the transient formation of
vesicles. FESEM, AFM and CLSM experiments also showed the formation of spherical aggregates

with similar dimensions (Figure 2.2E, F, G).
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Figure 2.3. A) Time dependent emission of DPH at 438 nm (Aex = 355 nm) in presence of 1 and DA in water at room
temperature. To trigger the vesicle formation, NaOH was added and then to disrupt the vesicles, HCl was added. B) The
emission spectra of the same system at different times as mentioned in (A). Three consecutive cycles of the transient SPA
and its vesicle formation as monitored by C) emission spectra of DPH and, D) appearance of particles of different sizes as

a function of time (from DLS).

Ternary complexation induced formation of supramolecular amphiphiles and their vesicles
are already demonstrated by our group and in the present case, the microscopic images also
indicate the formation of vesicles.”” However, it is important to confirm that the spherical

aggregates are indeed vesicles. To prove the vesicular nature of the aggregates, diphenylhexatriene
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(DPH) was used which is well-known for the enhancement of emission upon encapsulation in the
lipid bi-layer of vesicles.?' In the present case, when the pH of the system (1 + DA) is increased to ~8
by the addition of NaOH solution, significant enhancement in the emission (at 438 nm; Aex = 355 nm)
was observed which confirms the vesicular nature of the system (Figure 2.3A, B). Upon addition of
HCl to this system, the emission returns back its original position. Further, to confirm the transient
nature, similar experiments were performed (1 + DA + DPH + urease) in presence of GdL and urea
and a prominent enhancement in the emission of DPH was observed until 5 min followed by a decay

to its original position afterward within 90 min (Figure 2.3C).
Al

30 meii

B)

Figure 2.4. A) CLSM images of the transient system constructed by 1, DA, 0.2 mg/mL urease, and 1:3 urea/Gdl in presence

of NR at different times showing the temporal formation of the vesicles, B) Statistical analysis of the images shown in (A)

It is worth mentioning that, control experiments in the absence of CB[8] showed the
formation of imine bonds at higher pH. However, neither any size distribution nor any particular
morphology could be found for this system. The attachment of DA with MV-CHO certainly created
an amphiphile which presumably could not form any vesicular aggregates as no particular
morphology could be seen from microscopic experiments. Experiment with DPH also showed no
change in the emission of the dye upon increasing the pH from 5 to 8 confirming the absence of
vesicles (data not shown). It is well-established that asymmetric viologen amphiphiles are not
capable of forming vesicular assembly alone but ternary complexation with CB[8] assists the

aggregation to vesicles.'*
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To have a conclusive evidence for the transient formation of the vesicles, confocal laser
scanning microscopy (CLSM) was performed to directly visualize the assembly as well as the
disassembly processes. A hydrophobic dye, Nile red (NR) was used to facilitate the visualization of
the aggregates. A control experiment with 1 and DA at pH 8 showed that fluorescent spots of the
vesicular aggregates remained unchanged for 2 hours ensuring no photobleaching. During the
experiment under pH clock, initially, no fluorescence was observed in the absence of pH triggers
due to the absence of vesicles (Figure 2.4A). However, the fluorescence intensity of NR increased
abruptly after 15 minutes from the addition of the fuel indicating the formation of vesicles and
entrapment of NR in the bilayer. As the reaction proceeds further, the fluorescence intensity
diminishes slowly indicating the breakdown of the vesicular assemblies. One cycle of vesicle
formation and dissociation was visualized by recording an image every 30 s. The number of
fluorescent objects (Figure 2.4B) was then counted to quantify the analyses. From the Figure 2.4B,
the formation and dissociation of the vesicles is clearly visible as the number of fluorescent particles

increased and then disappeared following the pH clock.

2.2.3. Repeatability of the Transient Cycles

An interesting property of natural dissipative systems is their reusability or repeatability
without significant fatigue. Having established the transient formation of vesicles, we were
interested to check the repeatability of the transient assembly by refuelling after each cycle.
Refuelling after the first cycle reproduced similar cycle of events and the aggregation in subsequent
cycles was studied using fluorescence spectroscopy (using DPH) and DLS as shown in Figure 2.3C
and D. In subsequent cycles, a lower rise in initial pH followed by a rapid decay in pH was observed
(Figure 2.5A). The DLS data also showed a steady decrease in the lifetime of the assembled state in
consecutive cycles (Figure 2.3D). This fall in efficiency of the pH clock is due to the accumulation of
gluconic acid in the system after each cycle which increases the overall acidity of the system.
Fluorescence studies using DPH as the hydrophobic probe also showed an increase in the
fluorescence intensity followed by a steady decay. The second reaction cycle shows a nearly
identical variation in the fluorescence intensity which indicates the stability of the system under

repeated pH cycles.

To gain further insight into the dynamics of the aggregation, DLS studies were performed
with aliphatic amines of varying chain lengths (Figure 2.5B). The chain length had no significant
effect on the aggregation behaviour and time scale. However, a direct proportionality between the
size of the aggregates and the chain lengths could be observed as the average diameter increases

with the chain length of the amine.
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Figure 2.5. A) Representative plot showing the change in pH during the transient vesicle formation across three
consecutive cycles, B) Representative plot of DLS measurements during the transient formation of vesicles in response to

the pH clock by amines of different chain lengths.

2.3. Conclusion

In conclusion, we have shown the transient formation of a SPA which subsequently forms a
vesicular assembly in response to a pH clock. The formation of the SPA is assisted by the ternary
complexation by CB[8]. The pH clock is established by combining urea/urease based fast biocatalytic
processes and slow hydrolysis of GdL. The imine bond formation under basic conditions and its
hydrolysis under an acidic medium are the key chemical transformations used for the construction
of the SPA and its transient assembly. The temporal formation of the vesicle requires chemical fuel
to maintain the out-of-equilibrium state and several cycles of the transient assembly can be

achieved by supplying the fuel to the system.
2.4. Experimental Section

2.4.1. General Information and Materials

2-Naphthaldehyde, 4,4'-Bipyridyl, Phosphorus Tribromide (PBrs) and Gluconolactone (GdL)
were purchased from Sigma-Aldrich (USA). Imidazole, Sodium Hydride, Methyl lodide and Urea were
obtained from Spectrochem (India). Methyl Bromoacetate and Terephthalaldehyde were acquired
from TCl Chemicals (India). Sodium Borohydride and Urease from Canavalia ensiformis (Jack bean;
Activity=345 u/mg) were procured from SRL (India). Cucurbit[8]uril (CB[8]) was synthesized
following a previously published protocol and characterized accordingly.'' Rink amide MBHA resin,
protected amino acids and coupling reagents were purchased from Novabiochem. HPLC-grade
dimethylformamide (DMF), dichloromethane (DCM), and acetonitrile (ACN) were procured from
Spectrochem (India) and Fisher Scientific (India). Solvents were dried whenever required according
to the reported procedures. Milli-Q water with a conductivity of less than 2 uScm™ was used for all

sample preparations. 60-120 mesh silica gel (SRL) was used from column chromatography.
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Chromatographic purifications were performed on a Luna 5 um (C18) column (Phenomenex) using
a Dionex Ultimate 3000 HPLC. '"H NMR and "*C NMR spectra were recorded using a Bruker Ascend
600 MHz (Bruker, Coventry, UK) spectrometer and referenced to deuterated solvents. Coupling
constants (J values) are reported in hertz, and chemical shifts are reported in parts per million (ppm).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), m (multiplet), and br
(broadened). Electrospray ionization mass spectrometry (ESI-MS) were performed with a Q-Tof-
Micro Quadrupole mass spectrometer (Micromass) and data were analyzed using the built-in
software. MALDI analysis were performed with Bruker Daltonics - autoflex™ speed MALDI-TOF

instrument.

2.4,2, Synthesis and Characterization

MV-CHO and Nap-P were synthesized following Scheme 2.2.
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Scheme 2.2. Synthetic route for MV-CHO and Nap-P.(i} NaBH4, Ethanol/THF, 0°C, 6 h; (ii) HBr, Toluene, Reflux, 3 h; (iii) Mel,
Dry DCM, Reflux, Overnight; (iv) Dry Acetonitrile, 80°C, Overnight; (v) NaBH4, Dry Methanol, RT, 2 h; (vi) PBrs, Dry DCM, 0°C
to RT, 4 h; (vii) Imidazole, NaH, Dry THF, RT (1 hr) to Reflux (Overnight); (viii) Methyl bromoacetate, Toluene, 100°C,
Overnight; (ix) TM HCI, 105 °C, 3 h; (x) Solid Phase Peptide Synthesis (SPPS).

4-(Hydroxymethyl)benzaldehyde (A):

NaBH, (70.5 mg, 1.86 mmol, 0.25 eqv.) was slowly added to a solution of terepthalaldehyde
(1 g, 745 mmol, 1 eqv.) in a mixture of ethanol and THF (1:1.5; 10 mL) at 0°C in an ice bath over a
period of 30 minutes with constant stirring. The solution was then stirred at 0°C for 6 hours. The
reaction mixture was acidified to pH 5 using 2M HCl and the solvent was evaporated using a rotary
evaporator. Water was added to the residue and the product was extracted using ethyl acetate. The
organic fractions were collected, dried over anh. Na,SOy, filtered and evaporated. The crude product
was purified using column chromatography (50% Ethyl Acetate/Hexane) to give the product as a

white solid. Yield=751.1 mg; 74%. '"H NMR (600 MHz, CDCls) & (ppm) 9.99 (s, 1H), 7.86 (d, J = 8.1 Hz,
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2H), 7.52 (d, J = 7.9 Hz, 2H), 4.79 (s, 2H). *C NMR (151 MHz, CDCls) & (ppm) 192.30, 148.09, 130.12,
130.10, 127.80, 127.08, 127.04, 64.51.

4-(Bromomethyl)-benzaldehyde (B):

1.2 mL of 48% aqueous HBr was added to a solution of Compound A (447 mg, 3.28 mmol) in toluene
(4 mL) and refluxed for 3 hours. The reaction mixture was cooled to room temperature, DCM was
added to it and the organic phase was washed with saturated NaHCOs until neutral. The organic
phase was dried over anh. Na,SO,, filtered and evaporated to give the crude product as a yellow
solid. Upon further purification using column chromatography (3% Ethyl acetate/Hexane), the
product was obtained as a white crystalline solid. Yield= 477 mg; 73%. 'H NMR (600 MHz, CDCl;) 6
(ppm) 10.01 (s, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 4.51 (s, 2H). *C NMR (151 MHz,
CDCls) 6 (ppm) 191.67, 144.39, 136.26, 130.32, 129.83, 32.11.

1-methyl-[4,4'-bipyridin]-1-ium iodide (C):

Methyl lodide (585 uL, 3.85 mmol, 1.2 eqv.) was added to a solution of 4 4'-bipyridyl (500
mg, 3.2 mmol, 1 eqv.) in dry DCM and refluxed overnight. The precipitate so obtained was washed
with copious amounts of ether to give the product as a yellow solid. Yield=715.8 mg, 75%. '"H NMR
(600 MHz, D,0O) & (ppm) 8.86 (d, J = 6.2 Hz, 2H), 8.72 (d, J = 4.2 Hz, 2H), 8.34 (d, ) = 6.2 Hz, 2H), 7.86 (d,
J=4.5Hz, 1H), 4.40 (s, 3H). ®"CNMR (151 MHz, D,0) & (ppm) 153.50, 149.89, 145.55, 142.59, 125.71,
122.42,47.77. Mass (ESI-MS): m/z calcd. for Cy1H1iN2* [M]*: 171.092, found 171.093.

1-(4-formylbenzyl)-1'-methyl-[4,4'-bipyridinel-1,1'-diium (MV-CHO):

Compound B (674 mg, 2.26 mmol, 1 eqv.) and € (450 mg, 2.26 mmol, 1 eqv.) were dissolved
in dry acetonitrile and stirred at 80°C overnight under an inert atmosphere of argon. The resultant
precipitate was filtered and washed multiple times with ether to give the product as an orange
colored solid. Yield=1.09 g; 97%. '"H NMR (400 MHz, D,0) & (ppm) 10.00 (s, 1H), 9.22 (d, J = 6.7 Hz, 2H),
9.07 (d, J= 6.3 Hz, 2H), 8.60 (d, J = 6.4 Hz, 2H), 8.54 (d, J = 6.4 Hz, 2H), 8.06 (d, J = 8.0 Hz, 2H), 7.71 (d,
J =8.0 Hz, 2H), 6.08 (s, 2H), 4.51 (s, 3H). *C NMR (101 MHz, D,0) & (ppm) 195.62, 150.80, 149.61,
146.36, 145.85, 138.97, 136.63, 130.97, 129.70, 127.33, 126.77, 64.19, 48.42. Mass (ESI-MS): m/z calcd.
for CyoH1sBrIN,O** [M]2*: 495.965, for CisH17N,O* [M-Br-I-H]*:289.134, found [M-Br-IH]*: 289.135.

Naphthalen-2-ylmethanol (D):

2-Naphthaldehyde (1 g, 6.4 mmol, 1 eqv.) was dissolved in dry MeOH and was cooled to 0
°C. To this cooled solution, sodium borohyride (266.4 mg, 7.04 mmol, 1.1 eqv.) was added in one
portion, and the reaction mixture was allowed to come to room temperature and then stirred at
room temperature for 2 hours. After completion of the reaction (confirmed by TLC), the solvent was

removed under reduced pressure. To the resulting reaction mixture saturated NaHCO; was added
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and it was extracted with DCM. The organic phase was dried over Na,SO,, filtered and concentrated
under reduced pressure to give the desired material as a white solid. Yield = 891.4 mg, 88 %.'H NMR
(600 MHz, CDCl;) & (ppm) 7.87 - 7.76 (m, 4H), 7.52 - 7.43 (m, 3H), 4.83 (s, 2H). *C NMR (151 MHz,
CDCls) 6 (ppm) 138.43, 133.50, 133.06, 128.42, 128.00, 127.82, 126.28, 126.00, 125.54, 125.28, 65.50.

2-(bromomethyl)naphthalene (E):

PBr; (457.5 ulL, 4.87 mmol, 1.1 eqv.) was added dropwise to the cooled DCM solution of
Compound-D (700 mg, 442 mmol,1 eqv.). Then the reaction mixture was warmed up to room
temperature and stirred for 4 hours. Sat. NaHCOs was added to the reaction mixture and the solution
was extracted with DCM. The organic phase was collected, dried over anh. Na,SO,, filtered and
evaporated with the help of rotary evaporator. The residue was then purified by silica gel
chromatography with DCM to yield the desired product as a greyish solid. Yield = 802.2 mg, 82%. 'H
NMR (600 MHz, CDCls) 6 (ppm) 10.01 (s, 1H), 7.86 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 4.51 (s,
2H). CNMR (151 MHz, CDCls) 6 (ppm) 191.67, 144.39, 136.26, 130.32, 129.83, 32.11.

1-(naphthalen-2-ylmethyl)-1H-imidazole (F):

Imidazole (585.6 mg; 8.6 mmol; 3 eqv.) was taken in dry THF and the solution was cooled to
0°Cin an ice bath. Pre-dried NaH (206.46 mg; 8.6 mmol; 3 eqv.) was added to the solution at 0°C with
constant stirring. The ice bath was then removed and the solution was allowed to stir at room
temperature for 1 hour. Compound E (634 mg; 2.87 mmol; 1 eqv.) dissolved in dry THF was then
added to the solution drop wise using a dropping funnel with constant stirring. The solution was
allowed to stir for 3 hours at room temperature and then refluxed at 70°C overnight. THF was
evaporated from the pale-yellow suspension so obtained and ethyl acetate was added to the
reaction mixture. The organic phase was washed multiple times with water followed by brine, dried
over anh. Na,SO, filtered and the organic phase was evaporated to give the product as a white solid.
The product was taken to the next step without further purification. Yield=531.5 mg; 89%. 'H NMR
(600 MHz, CDCls) 6 (ppm) 7.86 - 7.75 (m, 3H), 7.58 (d, J = 10.4 Hz, 2H), 7.53 - 7.45 (m, 2H), 7.24 (dd, J
=8.5,1.8 Hz, 1H), 7.13 - 7.09 (m, 1H), 6.93 (d, J = 1.4 Hz, 1H), 5.24 (s, 2H). *CNMR (151 MHz, CDCl;) §
(ppm) 137.59, 133.62, 133.34, 133.08, 129.93, 129.03, 127.92, 127.83, 126.74, 126.55, 126.37, 124.93,
119.45, 51.03. Mass (ESI-MS): m/z calcd. for Cy4Hq3N,* [M+H]*: 209.107, found 209.109.

3-(2-methoxy-2-oxoethyl)-1-(naphthalen-2-ylmethyl)-1H-imidazol-3-ium (G):

Compound F (555.6 mg, 2.67 mmol, 1 eqv.) was dissolved in toluene in a round-bottomed
flask and methyl bromoacetate (378.8 uL, 4 mmol, 1.5 eqv.) was added to it. The solution was then
stirred at 100°C overnight. The white precipitation so formed was collected and washed multiple

times with ether and finally dried under high vacuum to give the product as a white solid. Yield=950
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mg, 98.6%. 'H NMR (600 MHz, DMSO-ds) & (ppm) 9.36 (s, TH), 8.02 - 7.98 (m, 2H), 7.97 - 7.90 (m, 3H),
7.81 (t, J = 1.8 Hz, 1H), 7.60 - 7.52 (m, 3H), 5.71 (s, 2H), 5.30 (s, 2H), 3.74 (s, 3H). *C NMR (151 MHz,
DMSO-ds) & (ppm) 167.28, 137.50, 132.74, 132.68, 132.06, 128.84, 127.84, 127.68, 127.64, 126.79,
126.77, 125.66, 124.19, 122.39, 52.79, 52.20, 49.65. Mass (ESI-MS): m/z calcd. for Ci7H7N2O," [M]*:
281.128, found 281.132.

3-(carboxymethyl)-1-(naphthalen-2-ylmethyl)-1H-imidazol-3-ium bromide (H):

Compound G (900 mg, 2.49 mmol) was dissolved in 25mL 1M HCl and the solution was
refluxed at 105°C for 3 hours. Water in the reaction mixture was then evaporated on a rotary
evaporator and the solid so obtained was washed multiple times with ether and dried under high
vacuum to give the product as a white solid. Yield= 846 mg, 97.8%. '"H NMR (600 MHz, D,0) & (ppm)
8.77 (s, 1H), 7.85(dd, J =9.9, 6.3 Hz, 3H), 7.78 (d, ) = 1.9 Hz, 1H), 7.54 - 7.49 (m, 2H), 7.38 (d, J = 1.9 Hz,
2H), 7.34 (dd, J = 8.5, 1.9 Hz, 1H), 5.41 (s, 2H), 4.92 (s, 2H). *C NMR (151 MHz, D;0) & (ppm) 170.18,
136.84, 133.03, 132.92, 130.87, 129.24, 128.10, 128.05, 127.81, 127.25,127.11, 125.59, 123.94, 122.29,
53.18, 50.40. Mass (ESI-MS): m/z calcd. for Ci6H1sN2O,* [M]*: 267.113, found 267.115.

Synthesis of the Peptide (Nap-P):

The peptide was synthesized on Rink amide MBHA resin using standard Fmoc (9-
fluorenylmethoxycarbonyl) solid phase peptide synthesis (SPPS) protocol. In a typical coupling, 3
equiv. of protected amino acid (with respect to the loading of the resin), 3 equiv. of HBTU, and 6
equiv. of DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect to the resin loading) and
stirred for 5 minutes prior to addition of the mixture to the swelled deprotected resin. The reaction
mixture was shaken for 60 min and the resin was washed several times with DMF. The Fmoc-
deprotection was achieved by treatment of the resin thrice with 5 ml of 20% piperidine in DMF for
5 minutes followed by thorough washing of the resin with DMF and DCM. The Fmoc-deprotection
and coupling steps were repeated until the designed peptide sequence was obtained. The resin
with the loaded peptide was washed several times with DMF and DCM and dried. The dried resin
was then treated with a mixture of freshly prepared mixture of 8.5:1:0.5 (TFA/TES/H,0O) and stirred
for 1 h. The resin was finally washed with DCM several times. The cleavage cocktail and the washings
combined were concentrated to a minimum volume on a rotary evaporator. The cleaved peptide
was then precipitated from cold dry ether, centrifuged and lyophilized to get the crude peptide.
Purification was done in a semi-preparative HPLC using a Luna 5 um (C18) column (Phenomenex)
and an eluent of acetonitrile and water starting at 5% ACN in H20 reaching at 100% ACN in 30 mins)
to complete the chromatogram in 35 mins. (Yield = 65%)

MALDI-TOF: m/z calcd. for CzsHasN 100" [M]*, 765.808; found 765.418.
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2.4.3. Methods and Instrumentations

UV-Visible and Fluorescence Spectroscopy: UV-Visible spectra were recorded on a PerkinElmer
Lambda 750 spectrometer, while fluorescence measurements were performed on a Cary Eclipse

(Agilent) spectrophotometer.

Isothermal Titration Calorimetry (ITC): ITC was performed using a Nano-ITC instrument from
MicroCal for determining the formation constants and thermodynamic parameters for the inclusion
complexes. TmM Nap-P solution in buffer (10 mM phosphate, pH 7) was injected in parts (each
injection, 1.3 ul) at an interval of 2 mins from a 40 uL micro-syringe into the MV-CHO@CBI[8] s(1:1)
solution (0.05 mM, 200 uL) with constant stirring (300 rpm) at 298K. All the solutions were degassed
prior to titration. The ITC thermogram showed a 1:1 binding ratio between MV-CHO@CBI[8] and Nap-

P, thus indicating the formation of the ternary complex.

Dynamic Light Scattering (DLS) Studies: The particle sizes of the assemblies were obtained at 298
K using a 632.8 nm He—Ne laser using Zetasizer Nano-ZS90 (Malvern). The stock solutions of
assemblies were prepared in water and filtered through appropriate filters to remove dust particles,

if present before the measurement. All the measurements were performed in triplicates.

pH Measurements: The pH curves were recorded on a Hanna HI 2210 pH meter equipped with

HI1131 pH probe from Hanna.

Field Emission Scanning Electron Microscopy (FESEM): 5 L of appropriate sample solution at
specific time intervals during the pH cycle were cast on a silicon wafer and immediately freeze-dried
to cease the kinetics of the pH cycle. FESEM images were then taken on a Gemini SEM 300 (Sigma

Zeiss) instrument.

Field Emission Transmission Electron Microscopy (FETEM): 5 uL of the sample solution at
specific time intervals during the pH cycle were cast on the carbon coated copper grid (300 mesh
Cu grid with thick carbon film from Pacific Grid Tech, USA) and allowed to air dry for 2 minutes and
then the excess sample was bloated with a tissue paper. The grid was then immediately freeze-dried

and the FETEM images were taken in JEOL 2100F microscopes.

Atomic Force Microscopy (AFM): Sample solution at specific time intervals during the pH cycle
were casted on a silicon wafer and freeze-dried before the experiment. AFM images were then taken

on Oxford Cypher microscope.

Confocal Laser Scanning Microscopy (CLSM): Confocal laser scanning microscopic (CLSM) images

and videos were recorded on a TCS SP8 microscope from Leica, Germany.
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Preparation of CB[8] stabilized Host-Guest Ternary Complex:

To prepare 2 mL of 0.75 mM MV@CB[8] stock solution, appropriate amount of CB[8] (2.6 mg)
and MV-CHO (0.75 mg) were taken in a 2 mL volumetric flask and MilliQ water was added to the
mixture. The heterogeneous solution was then sonicated for 1 hour at 298 K. An equivalent amount
of the peptide (Nap-P) was added to the solution of the binary complex and sonicated for 1 hour at
298 K. The solution was then kept undisturbed at 298 K for 1 day before utilizing for further
experiments. The formation of the CB[8] stabilized charge-transfer ternary complex was confirmed

by the appearance of a CT band at 390 nm as well as by ITC ( Figure 2.1).

NMR Study for the pH dependent reversible formation of the supramolecular peptide
amphiphile:

Stock solutions of the ternary complex (1) (1 mM in D,O) and DA (100 mM in THF-ds) were
prepared. Solution containing equimolar amounts (0.5mM) of the ternary complex (1) and DA was
prepared in D,O and its NMR spectra was recorded. A drop (1 uL) of NaOD was then added to the
above solution to induce the formation of imine bonds and thus the supramolecular peptide
amphiphile and the NMR spectra was recorded again. Finally, few drops (5 puL) of DCl was added to
the above solution to neutralize NaOD and break the imine linkages and the NMR spectra was
recorded again. The disappearance of the aldehyde peak and the appearance of the imine peak and
vice versa in basic and acidic medium, respectively indicate the formation and breakdown of the

supramolecular peptide amphiphile.

Programming of the transient pH states for establishing a tunable pH Cycle:

Stock solution of Urease enzyme (2 mg/mL) was prepared in MilliQ water and stored at-20°C
for further use. Gluconolactone (Gdl) and urea were used in the solid form for all experiments. Urea
beads were ground to a fine powder to facilitate easy dissolution in water. The required amount of
urease (final concentration : 0.2 mg/mL) was added to MilliQ water and the pH of the solution was
adjusted to ~5 using 1 M HCl solution. A solid mixture of GdL and urea in the required ratio was
added in one portion to solution and were immediately dissolved by simple hand shaking. The

change in pH was then monitored over time at 298 K.

pH Kinetics Study of transient vesicle formation:

Stock solutions of the ternary complex (1) (1 mM in water) and DA (100 mM in THF) were
prepared. Equimolar amounts (0.1mM) of the ternary complex and DA were taken in water and
mixed thoroughly. The requisite amount of urease (final concentration: 0.2 mg/mL) was added to
the solution and the pH of the solution was adjusted to ~5 using 1M HCl solution. The pH cycle was

initiated by addition of a 1:3 mixture of GdL and urea in solid state to the solution at 298 K. The solids
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were dissolved in the solution by simple hand shaking and the pH changes were monitored over

time.

Dynamic Light Scattering Kinetics Study of transient vesicle formation:

The solution containing equimolar amounts (0.1 mM) of the ternary complex and DA along
with the required amount of urease (0.2 mg/mL) was acidified to pH 5 using 1M HCI solution and
then filtered through a 0.22 pum syringe filter into a 3 mL quartz cuvette with 1 cm path length. A 1:3
mixture of GdL and urea were added to the solution and the solution was sonicated briefly to
facilitate dissolution. DLS measurements were performed immediately and the change in the
hydrodynamic size distribution with time was monitored at 298 K. All measurements were
performed with a constant angle of 90° and the results were reported as Number Distribution to

reflect the number of aggregates formed. All measurements were performed in triplicates.

Fluorescence Kinetics Study of the repeatability of the formation of the transient vesicle:
Stock solution (10 mM) of the hydrophobic dye DPH (Diphenylhexatriene) was prepared in
THF. Equimolar amounts (0.1 mM) of the ternary complex (1) and DA were dissolved in MilliQ water
containing 0.2 mg/mL urease and the pH of the solution was adjusted to 5 using TM HCl solution.
10 uM of the hydrophobic dye DPH (Diphenylhexatriene) was added to the solution and then the
pH cycle was started by addition of a 1:3 mixture of GdL and Urea. The solution was excited at 355nm
(slit width= 10 nm) and the emission intensity was monitored at 438 nm (slit width= 10 nm) over a

period of 250 mins.

Fluorescence Confocal Microscopy Studies:

Transient vesicle formation was performed as mentioned earlier but in the presence of Nile
red and the phenomenon was monitored through CLSM. Nile red was used as a hydrophobic dye
for fluorescence imaging as it specifically accumulates in the hydrophobic vesicle bilayer and shows
fluorescence upon vesicle formation. The sample was excited at 488 nm and the fluorescence

emission was observed at 549 nm - 662 nm over a period of 120 mins at 298 K.

Particle Count Analysis from CLSM:

The particle count from the CLSM images obtained at different time points were analysed
using ImageJ software. In particular, the images were converted to 8-bit format and visible particles
were counted with threshold level set at 20, 25 and 30. The particles having a minimum object

dimension of 2, 4, 6, 8 and 10 px? were considered for particle count analysis.
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Chapter 3
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3.1.Introduction

Self-regulatory feedback and feedforward mechanisms are ubiquitous in living systems.
These feedback loops help in maintaining homeostasis by controlling various chemical signalling
pathways.'**'* For example, signal amplification in positive feedback loops leads to enhanced
secretion of oxytocin during child birth'* and rapid activation of platelets for clotting'* in the event
of an injury. On the other hand, negative feedback loops exert a decelerating effect on certain
metabolic processes that help in maintaining a stable physiological environment through
regulation of body temperature, blood pressure, and blood sugar level, among other processes.'’
Likewise, in the self-inhibitory feedback mechanism, the activity of certain enzymes is inhibited by
their own metabolic end product. Feedback inhibition helps in modulating the activity of the
enzymes according to the need of the cell and prevents accumulation of harmful metabolites in the

cellular micro-compartments.

Akin to the biochemical reaction networks, a few instances of chemically triggered feedback
loops have been exploited in synthetic organic systems as well."*#*">! Chemical reaction relays in
synthetic systems have profusely been used for designing out-of-equilibrium self-assemblies
wherein rationally designed feedback mechanisms regulate the lifetime of the assemblies.? 38 414
152135 These non-equilibrium systems, however, invariably employ a slow deactivating agent as a key
component of the dissipating reaction and thus, the concentration of the deactivator and/or the
rate of the backward dissipative reaction dictates the lifetime of the self-assembly. Biomimetic
transient self-assembly processes driven by negative feedback reaction relays wherein the self-
assembled structures catalyse their own decomposition have rarely been explored and thus,
development of autocatalytic self-destructive molecular assemblies that follow non-equilibrium
kinetic pathways still remain highly elusive. Moreover, with proper adjustment of the self-inhibitory
activity, control over the lifetime of the assemblies can be achieved without the need of any external

deactivating agent.

Environmental factors such as pH, temperature, ionic and redox strength play key roles in
driving the self-assembly of supramolecular ensembles with emergent functional attributes and
have been exploited on many occasions to generate transient self-assembled nanostructures.? 3"
% 136 Chemically triggered cyclic pH changes have been exploited as an efficient technique to
instigate self-assemblies in a temporally controlled fashion.3" &' 86 137159 Following our previous
findings'®, herein, we report a cucurbit[8]uril (CB8)'** 3! based supramolecular peptide amphiphile
(SPA)'€ 18 with an intermediate pH responsive imine linkage that assembles into transient vesicles
with hydrolase like catalytic properties (nanozyme) under alkaline conditions. The nanozyme

catalyses its own degradation owing to the generation of deactivating acidic products (and thereby
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changing the pH) in the system (Scheme 3.1). Moreover, by simple changes in the headgroup
composition or by changing the substrate for the catalysis, control over the lifetime of the nanozyme

can be achieved for a wide time range.
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Scheme 3.1. Chemical structures of different components and graphical presentation of the self-inhibitory feedback

driven temporal formation of a CB[8] assisted supramolecular peptide amphiphile and its vesicles.

3.2. Results and Discussion
3.2.1. Design of the SPA and the Corresponding Vesicle Formation

The vesicle formation by CB[8] assisted ternary complexation of the asymmetric viologen
amphiphile and an electron rich second guest is very well documented in the literature,'?>:127. 132140
We took the help of this phenomenon and designed our transient nanozyme accordingly. As
depicted in Scheme 3.1A, the head group of the SPA was constructed with the help of well-

established hetero-ternary complex formation by CB[8].'%'?:1*! An electron rich guest for CB[8] was
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designed wherein naphthalene is connected to a hydrophilic catalytic peptide sequence bearing
Histidine (His) at the C-terminal (Nap-His). The naphthalene unit of the peptide forms a 1:1:1
heteroternary complex (termed TC, hereafter) with electron deficient viologen (MV) units inside the
hydrophobic cavity of CB[8]. The complexation is stabilized through charge transfer interaction

between the naphthalene and viologen units.'*

It is worth mentioning here that entrance of both
the guests from the same side of CB[8] is not energetically favourable mainly because of the steric
crowding. Moreover, the ternary complexation where guests enter the CB[8] cavity from opposite
directions is very well documented in the literature.'* %> %3 The peptide was designed in a way to
incorporate catalytic amino acid residues His and Serine (Ser) commonly found in the catalytic
pockets of hydrolases to induce hydrolase like catalytic activity.'®* '®* The presence of Arginine (Arg)
unit not only provides hydrophilicity but also enhances substrate binding because of its strong H-
bond donating propensity.'®> On the other hand, the viologen units (MV) carry an aldehyde group

at one end. The incorporation of this aldehyde unit was judicially done to form imine linkages with

alkyl amine (dodecylamine, DA) and form the SPA as discussed later.
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Figure 3.1. Formation of charge transfer complex as observed from A) UV-Visible spectra, and B) Fluorescence spectra of
different components of TC (0.2 mM), C) Isothermal Titration Calorimetry (ITC) thermograms (top) and binding isotherms

(bottom) of Nap-His@CBI[8] with MV at 298 K

Formation of the TC was monitored utilizing various standard techniques. UV-Visible
absorption spectra of 1:1:1 CB[8], Nap-His and MV showed the appearance of the characteristic
charge transfer band at 394 nm which was not present for any other combinations as can be seen
in Figure 3.1A."* A prominent colour change was also observed when all these three components

were mixed and confirms the formation of the CT complex (inset of Figure 3.1A). Further, the
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emission of the naphthalene moiety of Nap-His at 333 nm decreased drastically upon formation of
TC with MV and CB[8] which indicates the incorporation of MV and Nap units of the peptide inside
the CBI[8] cavity (Figure 3.1B)."** Moreover, isothermal titration calorimetric (ITC) titration of the
1:1 Nap-His@CB[8] solution with the MV solution shows a 1:1 binding between these two
components with a binding constant of 3.44x10° M and thereby confirm the formation of TC
(Figure 3.1Q).
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Figure 3.2. Formation of the SPA vesicles. A) 'H-NMR showing formation/disruption of the imine linked SPAs, B) DLS
profile of assemblies formed at different pH values, C) FESEM, and D) FETEM images of the vesicles formed at pH 8.

Next, the formation of the SPA and the corresponding vesicles was confirmed. The imine
bond formation under aqueous basic pH and hydrolysis of the same at lower pH are well
documented in the literature.”*® We have previously shown that such head groups result in SPAs
upon linking with dodecylamine (DA) at basic pH and assembles into higher order aggregates.'*® ¢’
The 'H NMR study shows the disappearance of the aldehyde signal (6 = 9.96 ppm) and appearance
of the imine peak (6 = 9.38 ppm) as we move from neutral to basic condition and confirms the
formation of the imine bond between the aldehyde group of MV and the amine of DA (Figure 3.2A).
Upon acidification of the system, the disappearance of the imine signal and reappearance of the
aldehyde proton peak demonstrates the instability of the imine linkage under acidic conditions.
Dynamic light scattering (DLS) studies showed an increase in the hydrodynamic size of the
assemblies generated by TC and DA from ~20 nm at pH 6 to ~250 nm at pH 7-9, indicating the
formation of ordered assemblies under alkaline conditions (Figure 3.2B). The vesicular nature of the
assemblies was ascertained by microscopic techniques like field emission scanning electron

microscopy (FESEM) and field emission transmission electron microscopy (FETEM) (Figure 3.2C and
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D). A thin dark boundary around the spherical aggregates of ~200 nm size in the FETEM images

confirmed the formation of vesicles.

3.2.2, Catalytic Activity of the Vesicular Nanozymes

It is well known that the enzyme mimicking peptides show significant improvement in the
catalytic efficiency when they are in the aggregated state compared to that in the monomeric
state.'®® In the present case, the proximate localization of the His groups on the surface of the
vesicles was expected to show cooperative interactions amongst them wherein a pair of
neighbouring His units simultaneously can act as a nucleophile and proton donor and thereby
enhance the rate of hydrolysis. To establish the catalytic ability of the SPA vesicles, a pH irresponsive
control viologen derivative, hexadecylmethylviologen (HDMV, Synthesized and characterized
following literature protocol)'®®, was used to form the control SPA using CB[8] and Nap-His. The
resultant pH insensitive SPA vesicles were used to assess the catalytic proficiency of the proximal
histidine units. A bell-shaped curve for the rate of hydrolysis of p-nitrophenylacetate (pNPA) at
different pH values was obtained with a maximum at around pH 7 (close to the pK. of His) (Figure

3.3A). These observations pointed towards the cooperative catalysis mechanism.'”%'72
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Figure 3.3. pH dependent catalytic activity of the nanozymes A) Rate of hydrolysis of p-nitrophenyl acetate (pNPA)
substrate using Nap-His head group and pH irresponsive (HDMV) tail group at different pH values. [CB[8]]/ [Nap-His]/
[HDMV]=100 pM, [pNPA]= TmM. B) Michaelis Menten plot for hydrolysis of pNPA using NapHis/NapGly (Control) head
group by the assembled/disassembled nanozyme (100 uM) at pH 8/6, respectively. C) Switchable catalytic activity of the
nanozyme (100 uM) at pH 6 and 8 using 0.5 mM pNPA.

However, when the catalytic activity was monitored in the pH responsive system (TC + DA),
it displayed negligible catalytic activity at pH 6 (Vimax= 0.378 uM min™, Figure 3.3B). At this pH, the
formation of the SPA and the consequent vesicles is not possible as the imine bonds are cleaved
under acidic condition.””® Thus, the molecules (TC and DA) remain in non-associated form and
thereby the cooperative interactions are essentially absent to promote effective catalysis. Formation
of the vesicles at pH 8, however, led to a 38-fold jump in activity (Vmax= 14.388 uM min™") signifying

the cooperative effect in the vesicular aggregates. Moreover, switching the pH of the solution
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between acidic and alkaline range allowed efficient switching of the activity of the nanozyme over
multiple cycles (Figure 3.3C). To confirm that the values obtained are not arising from the auto-
hydrolysis due to the basic conditions, two control experiments were performed. The hydrolysis
rates in pH 8 buffer (Vmax= 1.562 uM min™') and the activity of the catalytically inert control SPA (Vmax
= 5.01 uM min™) containing glycine (Gly) instead of histidine (Nap-Gly, Scheme 3.1) in the head

group were found to be significantly lower than those of the vesicles with Nap-His at the surface.

3.2.3. Temporal Existence and Self-destruction of the Nanozyme

To introduce transient and self-destructing features into the hydrolase nanozyme, a self-
inhibitory pH feedback response was established by using p-nitrophenol and 2,4-dinitrophenol
ester substrates that generate acidic entities upon hydrolysis. These esters remain stable in a
solution of the inactive nanozyme components (TC and DA) at pH ~5 but undergo hydrolysis as soon
as the nanozyme formation is triggered by the addition of a specified amount of alkaline TRIS buffer
(pH 9) as an activator. The nanozyme catalyses the generation of acid from the esters which in turn
perturbs the environment conducive to its own existence. Thus, a pH drop is registered as long as
the nanozyme is active and below a certain pH value, the nanozyme is dissipated by its own catalytic
by-products. pNPA underwent very slow hydrolysis in the presence of the nanozyme at pH 8 (Vo=
3.327 £0.148 uM min™') as compared to p-nitrophenylchloroacetate (pNPCAA) (Vo= 19.719 £ 0.255
UM min™) (Figure 3.4A). However, both the esters displayed meagre hydrolytic decomposition at
acidic pH. The pH clock established by adding 1 mM pH 9 TRIS buffer to 100 uM nanozyme solution
at pH 5 containing 5 mM pNPA or pNPCAA led to a rapid jump in pH followed by a slow decay. It is
to be noted that the concentrations mentioned (for buffer and substrates) here and hereafter
represent the overall concentrations of the components in the system and not of the stock solutions

added.

Owing to the slow hydrolysis of pNPA to acetic acid, the pH dropped to 6 in 194 mins
whereas pNPCAA (chloroacetic acid as the hydrolysis product) presented a much faster pH drop to
5.73in 34 mins and thereafter a gradual decline owing to slow background hydrolysis of pNPCAA at
low pH (Figure 3.4B). The faster drop in pH in case of choloracetic acid (pKa = 2.68) as compared to
acetic acid (pKa = 4.56) may also be attributed to the stronger acidic nature of the former.'”® On
account of the faster kinetics and more prominent pH change by pNPCAA, it was used as a substrate
for subsequent pH kinetic studies. Time-gated formation of the SPAs and their subsequent
hydrolysis were further monitored through FESEM microscopic analysis. In this case, freeze dried
samples of the system (Nap-His + CB[8] + MV + DA + pNPCAA) collected at different time points
along the course of the pH cycle were analysed and as can be seen from Figure 3.4C, no self-

assembled structures were visible prior to the initiation of the pH cycle. After initiation, as the pH
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clock progressed, vesicular assemblies were observed which slowly disintegrated with the course of

time, indicating the transient formation of the nanozymes.

The in situ generated p-nitrophenol (pNP) chromogenic product served as a pH indicator
and enabled visual monitoring of the pH cycles. pNP is colourless at acidic pH (pH < 6) and shows
absorption maxima at 318 nm. p-Nitrophenolate ions, formed in alkaline solution (pH > 7), however,
strongly absorbs at Amax = 400 nm and appears yellow in colour. The absorption intensity at 318 nm
and 400 nm, thus, gives an approximation of the pH of the solution. The isosbestic point of pNP at
348 nm, on the other hand, is pH independent and allows quantification of the amount of pNP
present/generated in the solution. UV-visible spectrophotometric analyses of the designed pH clock
showed that upon adding 0.5 mM pH 9 TRIS buffer to 1T mM pNPCAA, the nanozyme (100 uM)
resulted in a significant decrease in absorbance at 400 nm and an enhancement in absorbance at
318 nm over a period of 70 minutes (Figure 3.4D and 4E). The blank solution (without nanozyme),
however, displayed only slight fall in the absorbance at 400 nm (Figure 3.4D (inset) and 3.4E).
Although, both systems showed increment in absorbance at 348 nm indicating the formation of
pNP, as expected, the extent of the increment in case of the nanozyme was significantly higher.
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Figure 3.4. A) Rate of hydrolysis of pNPA/pNPCAA (0.5 mM) by the assembled/ disassembled nanozyme (100 uM) at pH
8/6, respectively. B) pH clock with/without the nanozyme (100 uM) using pNPA/pNPCAA/DNPA (5 mM) as substrates and
TmM pH 9 TRIS buffer as the activator. C) FESEM images of the transient vesicles furnished by SPAs accommodating
equimolar (0.1 mM) amounts of CB[8], Nap-His and MV-DA formed during the course of the pH cycle (scale bar = 500 nm).
[pH 9 TRIS buffer] = 1 mM, [pNPCAA] = 5 mM. D) Time dependent UV-Visible spectra obtained at different time intervals
after the addition of 0.5 mM pH 9 TRIS buffer to a solution of T mM pNPCAA in the presence, and (Inset of D) absence of
the nanozyme (100 uM), respectively. E) Change in absorbance at Amax= 318 nm and 400 nm as observed from D. F) Time

dependent variation in pH for the systems in D.
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Furthermore, HPLC kinetics studies using the nanozyme indicated gradual consumption of
pNPCAA and formation of pNP as the pH cycle progressed (Figure 3.5A-C). These results show that
the nanozyme simultaneously catalyses the hydrolysis of pPNPCAA and leads to a fall in the pH of the
solution to the point when the nanozyme is no more existent. The uncatalyzed alkali mediated
hydrolysis of pNPCAA in the absence of the nanozyme failed to produce similar results. These
observations were further corroborated by the pH kinetics experiment where a significant drop in
pH (8.29 to 5.81) was observed in case of the nanozyme as compared to the blank solution (8.51 to

7.23) (Figure 3.4F).
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Figure 3.5. A) Time dependent HPLC chromatograms showing the nanozyme catalysed hydrolysis of pNPCAA to pNP, B)
Standard plot for pNP from HPLC, C) Time course generation of pNP from pNPCAA through the nanozyme catalysed ester
hydrolysis reaction, D) Time dependent emission spectra of DPH (10 uM) at different time intervals during the course of
the pH cycle. [pH 9 TRIS Buffer] = 0.5 mM, [pNPCAA] = 1 mM, E) Change in the emission intensity at Aem = 428 nm (Aex= 355
nm, Slit width (Ex/Em. = 5/5 nm) along the course of the pH cycle.

Also, the transient formation of the nanozyme was confirmed by time dependent
fluorescence kinetics studies using diphenylhexatriene (DPH) as a lipophilic probe.?! The emission
intensity of DPH enhances when trapped in vesicular aggregates.?” ' In the present case, as
expected, DPH showed enhanced emission upon addition of the activator as it gets trapped inside
the vesicles (Figure 3.5D and E). The enhanced emission was followed by a slow decay indicating the
disruption of the vesicles. The transient aggregation process was also monitored through confocal
laser scanning microscopy (CLSM) using Nile Red as fluorescent probe which shows enhanced

emission upon intercalation in lipid bilayers.'® Appearance of fluorescent assemblies shortly after
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the addition of the activator that slowly disappeared within 60 minutes indicated the formation of

transient vesicular nanozymes. (Figure 3.6A). Particle count analysis of the CLSM images also

confirmed the transient emergence of vesicular aggregates (Figure 3.6B).
M. - BJ

Figure 3.6. A) CLSM images showing the transient formation of Nile Red (NR) (10 uM) encapsulated vesicular nanozymes.
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[CB8]/[Nap-Hisl/[MV]/[DA]= 100 uM, [pNPCAA]= 5 mM, [pH 9 TRIS buffer]= 1 mM, B) Statistical analysis of the images

obtained by confocal fluorescence microscopy.

3.2.4. Controlling the Lifetime

As discussed in the Introduction, though creation of artificial transient assemblies has been
reported on several occasions in the last decade, not much attention has been paid to create
systems where the lifetime of these assemblies can be catalytically controlled by the assemblies
itself. In the present work, we put an effort to gain control over the lifetime of the formed nanozyme
through a self-inhibitory mechanism. The change in the pH of the system is a good indicator of the
existence/disappearance of the nanozyme. As no particle distribution corresponding to the vesicles
was observed at pH 6 in the DLS measurement (Figure 3.2B), we consider reaching pH 6 by the
system during the deactivation process as a good consideration of the complete destruction of the
nanozymes. Thus, the corresponding timeframe can be considered as the lifetime of the transient

Nanozymes.

As mentioned earlier, Nap-Gly containing vesicles displayed little catalytic behaviour and
thus we envisioned that a combination of Nap-His and Nap-Gly peptides to construct the nanozyme
may allow us to tune the lifetime of the nanozyme. As can be seen from Figure 3.7A, various
combinations of Nap-His/Nap-Gly containing head groups were tested for this purpose using 3 mM
pNPCAA as the substrate. With the increase in Nap-Gly content, the nanozymes displayed
progressively lowering activities and longer lifetimes (Figure 3.7A and B). The presence of Nap-Gly
along with Nap-His disrupts the cooperative effect that was gained by the assembly process in case

of the Nap-His based nanozyme. Thus, by varying the head group composition, a wide range of
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lifetime (52 min to 145 min) could be achieved. Moreover, the purely NapGly containing nanozyme
presented an insignificant fall in pH (similar to the blank solution) and retained its vesicular form

over an extended period of time.
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Figure 3.7. A) Rate of hydrolysis of pNPA (0.5 mM) using different molar ratio of NapHis/NapGly ((Nanozyme]= 100 uM) in
pH 8 buffer, B) pH clock using different molar ratios of NapHis/NapGly nanozyme (100 uM), 1 mM pH 9 TRIS buffer and 3
mM pNPCAA, C) pH clock using various molar ratios of pH 9 TRIS buffer and pNPCAA in the presence of 100 UM nanozyme,
D) Photographic images of the nanozyme and blank (without nanozyme) solution captured along the course of the pH

clock triggered by using 0.5 mM pH 9 TRIS buffer and T mM pNPCAA.

Another approach to tune the lifetime of the transient state is to vary the molar ratio of the
activator (pH 9 TRIS buffer) and the substrate (oNPCAA). For a fixed concentration of TRIS buffer (1
mM), higher concentration of pNPCAA resulted in shorter lifetimes of the nanozymes owing to the
faster rate of hydrolysis (Figure 3.7C). Higher concentrations of TRIS buffer against a fixed
concentration of pNPCAA (5 mM), however, resulted in longer lifetimes on account of decrease in
the ability of the generated acid to neutralize higher concentrations of the alkaline buffer. Visual
inspection of the nanozyme and blank (without nanozyme) solutions subjected to the pH cycle by
adding 0.5 mM pH 9 TRIS buffer and 1 mM pNPCAA showed that the nanozyme as well as the blank
solution, both turned yellow soon after the addition of the activator owing to the formation of pNP
(Figure 3.7D). However, as the pH became acidic in case of the nanozyme solution, the solution
slowly turned clear whereas the blank solution retained its yellow colour over a prolonged duration
of time. This clearly indicates the hydrolytic prowess of the nanozyme which is in fact responsible

for driving the pH cycle.
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As we were able to construct nanozymes with a lifetime range of 34 mins to more than 3
hours, we focused on preparing systems that can exist for a much shorter period. Working with
esters of stronger acids like trifluoroacetic acid (pK. = 0.0), trinitrobenzoic acid (pK. = 0.42) or
dichloroacetic acid (pK, = 0.87) etc. is extremely difficult both in terms of synthesis and extremely
fast hydrolysis of the corresponding esters.'”? In this regard, we realized that the hydrolysis product,
p-Nitrophenol, though acidic in nature, is not necessarily contributing toward the acidification of
the system mainly because of its higher pKa value (7.2)."* However, if both the products can
contribute (the acid and the phenol) to the self-destruction of the nanozyme, a much lower lifetime
can be achieved. We found that dinitrophenol (DNP) has a much lower pK, (4.09)"7* compared to the
lowest pH (< 6)where the nanozyme can exist. Based on this fact, acetic acid ester of DNP was
prepared (DNPA) and used as a substrate for the nanozyme. The chloroacetic ester derivative of DNP,
however, was hydrolytically unstable and underwent hydrolysis even in the absence of the vesicular
nanozyme. Based on the results obtained from experiments with pNPCAA, a combination of T mM
TRIS buffer and 5 mM DNPA were used (Figure 3.4B). As expected, a fast decrease in the pH was
observed as compared to the case of pNPA (lifetime, 194 mins) and the entire process took ~110
mins to reach a pH value of 6. Although, we were not able to achieve a shorter lifetime than that in
the case of pNPCAA, the use of different substrates significantly enhanced the scope of tuning the

lifetimes of the nanozymes.
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Figure 3.7. A) Time dependent variation in pH (Bottom) and particle size (Top) across six consecutive pH cycles. Note: 1
mM pH 9 TRIS buffer was added to 100 uM nanozyme solution to initiate each cycle and 5 mM pNPCAA was added before
initiating the 1st and 4th cycle, B) Time dependent generation of pNP from pNPCAA by the nanozyme across three pH
cycles as determined by HPLC measurements, C) Fluorescence kinetics across three consecutive cycles using DPH

lipophilic probe. [DPH]= 10 uM, Aex(DPH) = 355 nm, Aem(DPH) = 428 nm.

3.2.5. Recyclability

An interesting feature of natural enzymes is their reactivation and recyclability under
favourable environmental conditions. Akin to natural counterparts, the vesicular nanozymes could
be reactivated by fresh addition of the activator after consecutive pH cycles. Briefly, addition of 1
mM TRIS buffer (pH 9) to the nanozyme solution (100 uM) containing 5 mM pNPCAA triggered a pH
cycle that ended in 34 mins (Figure 3.8A). Subsequent addition of T mM TRIS buffer enacted two
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more consecutive pH cycles without any further addition of pPNPCAA. The lifetimes of the successive
pH cycles, however, increased owing to the consumption of pNPCAA in each cycle. Fresh addition
of 5mM pNPCAA and 1 mM TRIS buffer after the third cycle produced similar cyclic changes to those
observed initially (first cycle).DLS measurements at different time points along the course of the pH
clocks indicated the transient and repeated formation of the nanozymes. HPLC kinetics experiment
also presented progressive formation of pNP towards the beginning of the pH cycle and slower
kinetics at the end of the pH clock (Figure 3.8B). Addition of TRIS buffer after the first pH cycle again
resulted in a jump in the rate of formation of pNP, indicating the regeneration of the nanozymes.
Kinetic fluorescence experiment using DPH also indicated the reproducibility of the system across
three pH cycles (Figure 3.8C). It is worth mentioning that although the nanozyme displayed
appreciable reproducibility owing to the self-catalysed degradation pathway, the accumulation of

wastes in the system led to minor dampening in subsequent pH cycles.

3.3. Conclusions

In conclusion, an imine linked CB[8] based pH responsive SPA is reported which displays
alkaline buffer (activator) triggered vesicular assembly in aqueous medium. The histidine groups
localized on the surface of the vesicles impart catalytic properties to the vesicle through a
cooperative mechanism. The catalytic prowess of the assembled nanozyme leads to in situ
generation of the deactivating agent (acid) from the substrates and results in disintegration of the
nanozyme due to hydrolysis of the imine linkages at acidic pH. The denatured nanozymes could be
reactivated by adding fresh pulses of the activator and the transient formation of the nanozymes
could be repeated across multiple pH cycles. Importantly, we have shown how to modulate the
lifetime of the nanozymes. By varying the composition of catalytic groups on the nanozyme surface,
the catalytic efficiency can be controlled and thereby formation of acid and subsequent self-
destruction of the nanozyme can be manipulated. Another approach is to vary the substrate for the
catalytic reaction and thereby increase or decrease the strength of the generated acid. The rate of
production of the acid and its strength eventually determines the lifetime of the nanozyme. In
another approach, the ratio of the activator (buffer) and the substrates was varied to achieve a wide
range of lifetime for the nanozyme. The self-inhibitory feedback mechanism employed herein
presents a new approach to generation of transient functional assemblies and may serve as a novel

addition to the progressively developing field of out-of-equilibrium systems chemistry.
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3.4. Experimental Section

3.4.1. General Information and Materials

2-Naphthaleneacetic acid, 4,4'-Bipyridyl, Methyl lodide, 4-Nitrophenol, 2,4-Dinitrophenol,
Triethylsilane (TES), 1,6-Diphenyl-1,3,5-hexatriene (DPH) and dodecylamine were purchased from
Sigma-Aldrich (USA). Trifluoroacetic acid (TFA) were obtained from Spectrochem (India).
Terephthalaldehyde, Chloroacetic acid were acquired from TCl Chemicals (India). Sodium
Borohydride were procured from SRL (India). Cucurbit[8]uril (CB[8]) was synthesized following a
previously published protocol'' and characterized accordingly. Rink amide MBHA resin, protected
amino acids and coupling reagents were purchased from Novabiochem. HPLC-grade
dimethylformamide (DMF), dichloromethane (DCM) and acetonitrile (ACN) were procured from
Spectrochem (India) and Fisher Scientific (India). Solvents were dried whenever required according
to the reported procedures. Milli-Q water with a conductivity of less than 2 uScm was used for all
sample preparations. 60-120 mesh silica gel (SRL) was used for column chromatography.
Chromatographic purifications were performed on a Luna 5 um (C18) column (Phenomenex) using
a Dionex Ultimate 3000 HPLC. '"H NMR and "*C NMR spectra were recorded using a Bruker Ascend
600 MHz (Bruker, Coventry, UK) spectrometer and referenced to deuterated solvents. Coupling
constants (J values) are reported in hertz, and chemical shifts are reported in parts per million (ppm).
Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), m (multiplet), and br
(broadened). Electrospray ionization mass spectrometry (ESI-MS) were performed with a Q-Tof-
Micro Quadrupole mass spectrometer (Micromass) and data were analyzed using the built-in

software.
3.4.2, Synthesis and Characterization
1-(4-formylbenzyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium (MV):
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Scheme 3.2: Synthetic procedure of MV

The aldehyde appended viologen derivative, MV, was synthesized following our previously

reported protocol'® and subsequently characterised.
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4-nitrophenyl 2-chloroacetate (pNPCAA):
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2-chloroacetic acid (500 mg, 5.291 mmols, 1 eqv.) and N,N’-dicyclohexylcarbodiimide (1.20
g, 5.82 mmols, 1.1 eqv.) was measured in a clean and dry 100 mL round bottom flask equipped with
a magnetic stirrer. It was then sealed and purged with argon. To it 15 mL of dry EtOAc was added
and then stirred at 0°C in an ice bath for 1 hour. To this continuously stirring reaction mixture a 10
mL solution of p-nitrophenol (810 mg, 5.822 mmols, 1.1 eqv.) dissolved in dry EtOAc was slowly
added dropwise in the inert ice-cold condition. It was then allowed to stir at 0°C for 1 hour and then
gradually allowed to reach room temperature and stirred furthermore for 3 hours. The white
precipitate obtained in the reaction mixture was discarded out by suction filtration. The reaction
mixture was then concentrated by rotary evaporation to give a light-yellow sticky compound as the
crude product. The crude product was purified by column chromatography over silica with an
isocratic elution of 10% ethyl acetate in hexane to give a white crystalline solid compound as the
pure product (462.02 mg, 40.5% yield). '"H NMR (600 MHz, Chloroform-d) & (ppm) 8.97 (d, J = 2.7 Hz,
1H), 8.53 (dd, J = 8.9, 2.7 Hz, 1H), 7.48 (d, J = 8.9 Hz, 1H), 2.43 (s, 3H).

2,4-dinitrophenyl acetate (DNPA):
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2,4-dinitrophenol (500 mg, 2.717 mmols, 1 eqv.) was measured in a clean and dry 100 mL
round bottom flask equipped with a magnetic stirrer. It was then sealed and purged with argon. To
it 10 mL of dry DCM was added and then stirred at 0°C in an ice bath. Triethyl amine (500 L, 3.592
mmols, 1.32 eqv.) was then added dropwise under the continuously stirring inert condition at 0°C
which gave a clear yellow solution, which was then further allowed to stir for 30 minutes. To this
continuously stirring cold reaction mixture, acetyl chloride (252 pL, 3.532 mmols, 1.30 eqv.) was
slowly added dropwise. The reaction mixture was stirred for 1 hour in the inert ice-cold condition
and then gradually allowed to reach room temperature, wherein it was further allowed to stir for 3
hours. A clear yellow reaction mixture was obtained which was then further diluted with 30 mL of
dry DCM. This organic phase was then washed thrice with equal volumes of distilled water, once

with brine and then collected and dried over anhydrous Na,SO.. It was then filtered and
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concentrated by rotary evaporation to give the crude product as a clear yellow oily liquid. The crude
product was then purified by column chromatography over neutral alumina with an isocratic elution
in 15% ethyl acetate in hexane to give a white solid compound as the pure product. (371.9 mg, 60.5%
yield). '"H NMR (600 MHz, Chloroform-d) 6 (ppm) 8.30 (d, J = 9.1 Hz, TH), 7.35 (d, J = 9.1 Hz, TH), 4.34
(s, TH).

General Synthesis of the Peptide (Nap-His/Nap-Gly):

HH,_ _MH HH,  MH
. = i
H= .ﬁ 5H
..I -
Q ¥ 2 0
H H H
L i O P
o, J-‘h H LS L M o n w_MH,
. i A4
L, xl o Ml o =) S
Hap-GRSH (Hap-His) Map-GRSG Map-Gha

The peptides were synthesized on Rink amide MBHA resin using standard Fmoc (9-
fluorenylmethoxycarbonyl) solid phase peptide synthesis (SPPS) protocol. In a typical coupling, 3
equiv. of protected amino acid (with respect to the loading of the resin), 3 equiv. of HBTU, and 6
equiv. of DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect to the resin loading) and
stirred for 5 minutes prior to addition of the mixture to the swelled deprotected resin. The reaction
mixture was shaken for 60 min and the resin was washed several times with DMF. The Fmoc-
deprotection was achieved by treatment of the resin thrice with 5 ml of 20% piperidine in DMF for
5 minutes followed by thorough washing of the resin with DMF and DCM. The Fmoc-deprotection
and coupling steps were repeated until the desired peptide sequence was obtained. The resin with
the loaded peptide was washed several times with DMF and DCM and dried. The dried resin was
then treated with a mixture of freshly prepared mixture of 8.5:1:0.5 (TFA/TES/H,0) and stirred for 1
h. The resin was finally washed with DCM several times. The cleavage cocktail and the washings
combined were concentrated to a minimum volume on a rotary evaporator. The cleaved peptide
was then precipitated from cold dry ether, centrifuged and lyophilized to get the crude peptide.
Purification was done in Dionex Ultimate 3000 HPLC using a Luna 5 um (C18) column (Phenomenex)
and using acetonitrile and water (containing 0.1% TFA each) as the mobile phase. (HPLC Program=

5% Acetonitrile/Water to 100% Acetonitrile in 25 minutes.)

Nap-His: 'H NMR (600 MHz, DMSO-d¢) & (ppm) 8.89 (s, 1H), 8.40 (t, J = 5.8 Hz, TH), 8.18 (d, J = 8.3 Hz,
1H), 8.10 (dd, J=21.8,7.3 Hz, 1H), 7.86 (d, J = 7.7 Hz, 1H), 7.83 (d, J = 8.0 Hz, 2H), 7.74 (d, ) = 18.5 Hz,
1H), 7.57 - 7.40 (m, 4H), 7.32 (d, J = 10.8 Hz, 3H), 4.46 (d, J = 5.0 Hz, 1H), 4.31 (d, J = 6.7 Hz, TH), 4.21
(d,J=6.3 Hz, 1H), 3.77 (d, J = 5.8 Hz, 3H), 3.64 (d, J = 16.3 Hz, 3H), 3.15 (dd, J = 15.4, 5.2 Hz, 1H), 3.06
(d,J=7.4Hz 2H), 2.93 (dd, J = 15.5,8.3 Hz, TH), 1.67 (t, J = 6.1 Hz, TH), 1.47 (dd, J = 13.8, 7.7 Hz, 3H).
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Mass (ES"MS) m/z calcd. for C35H42N905+ [M+H]+Z 624.308, found 624081, C35H43N9052Jr [M+2H]2+Z
312.156, found 312.567; HPLC Rr= 9.25 min.

Nap-Gly: 'H NMR (600 MHz, DMSO-d¢) & (ppm) 8.39 (s, TH), 8.11 (g, J = 6.8, 6.3 Hz, 3H), 7.91 - 7.81
(m, 3H),7.77 (s, TH), 7.52 - 7.40 (m, 3H), 7.32 - 7.11 (m, 5H), 4.36 (q, ) = 7.3 Hz, 3H), 4.24 (9, ) = 6.3 Hz,
2H), 3.13 - 2.99 (m, 4H), 1.68 (dd, J = 15.1, 8.0 Hz, 2H), 1.59 — 1.38 (m, 4H). Mass (ESI-MS): m/z calcd.
for C31H3sN;Os* [M+H]*: 543.267, found 543.193; HPLC Rr= 10.37 min.

2.4.3. Methods and Instrumentations

UV-Visible and Fluorescence Spectroscopy: UV-Visible spectra were recorded on a PerkinElmer
Lambda 750 spectrometer, while fluorescence measurements were performed on a Fluoromax 4

Plus spectrophotometer.

pH Measurements: The pH curves were recorded on a Hanna HI 2210 pH meter equipped with

HI1131 pH probe from Hanna.

Field Emission Scanning Electron Microscopy (FESEM): 5 pL of the sample solution at specific
time interval during the pH cycle was casted on a silicon wafer and immediately freeze-dried to
arrest the kinetics of the pH cycle. FESEM imaging and Energy Dispersive X-ray (EDX) mapping

analysis were then performed on a Gemini SEM 300 (Sigma Zeiss) instrument.

Field Emission Transmission Electron Microscopy (FETEM): 5 L of the sample solution at specific
time interval during the pH cycle was casted on carbon coated copper grid (300 mesh Cu grid with
thick carbon film from Pacific Grid Tech, USA) and allowed to air dry for 2 minutes and then the
excess sample was bloated with a tissue paper. The grid was then immediately freeze-dried and the

FETEM images were taken in JEOL 2100F microscopes.

Isothermal Titration Calorimetry (ITC): ITC was performed using a Nano-ITC instrument from
MicroCal for determining the formation constants and thermodynamic parameters for the inclusion
complexes. T mM MV solution in buffer (10 mM phosphate, pH 7) was injected in parts (each
injection, 1.3 pl) at an interval of 2 mins from a 40 pL micro-syringe into the Nap-His@CB[8] (1:1)
solution (0.02 mM, 200 pL) with constant stirring (500 rpm) at 298K. All the solutions were degassed
prior to titration. The ITC thermogram showed a 1:1 binding ratio between Nap-His@CB[8] and MV,

thus indicating the formation of the ternary complex.

Preparation of CB[8] stabilized Host-Guest Ternary Complex:
To prepare 2 mL of T mM MV@CBI8] stock solution, 3.5 mg of CB[8] (the overall molecular
weight of the used CB[8] was found to be 1730 from the elemental analysis data) and 1 mg of MV
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were accurately weighed into a 2 mL volumetric flask and 1.8 mL of MilliQ water was added to it.
The heterogeneous solution was then sonicated for 1 hour at 298 K. An equivalent amount of the
peptide (Nap-His/Nap-Gly) was added to the solution of the binary complex, the volume was made
up to 2 mL using MilliQ water and the solution was further sonicated for 1 hour at 298K. The light-
yellow colored solution was then kept undisturbed at 298 K for 1 day before utilizing for further
experiments. The formation of the CB[8] stabilized charge-transfer ternary complex was confirmed
by the appearance of a CT band at 394 nm and a significant drop in the fluorescence intensity of

naphthalene. ITC experiment also confirmed the formation of the ternary complex.

Assessment of pH Dependent Hydrolase Activity (Figure 3.3A and B):

Hydrolase activity of the vesicular nanozyme at pH 8 and 6, respectively, were assessed by
spectrophotometrically monitoring the hydrolysis of p-nitrophenylacetate (pNPA) to p-nitrophenol
(pNP). Briefly, 0.1 mM each of the TC (1 mM stock solution in water) and dodecylamine (10 mM stock
solution in THF) were taken in 1 mL of pH 6 phosphate buffer (20 mM) or pH 8 TRIS buffer (20 mM)
in a quartz cuvette of 1 cm path length and varying concentrations of pNPA (0.2, 0.4, 0.6, 0.8, 1.0 mM
from 0.2 M stock solution in acetonitrile) were added to the solution. Following mixing, the
absorbance changes corresponding to the chromogenic product, pNP were monitored at the pH
independent isosbestic point for pNP, Amax= 348 nm (€348nm= 6.75 mMM™.cm’' in water) over a period
of 5 minutes. The catalysis experiments were performed in triplicates and the kinetics of the
reactions at different pH values were calculated via nonlinear regression using GraphPad Prism 9

software, under an assumption of Michaelis-Menten kinetics.

pH Gated Switching of Hydrolase Activity of the Nanozyme (Figure 3.3C):

The pH reversible nature of the nanozyme was assessed by alternatively switching the pH of
an aqueous solution of the nanozyme (containing 0.1 mM each of TC and DA) between pH 6 and 8
using 0.01M HCl and NaOH, respectively. TmL aliquots of the solutions at different pHs were checked
for hydrolase activity by treating with pNPA (0.5 mM) and monitoring the absorbance of the
hydrolised product, pNP at 348 nm. Disruption of the vesicular assembly at pH 6 led to a fall in the
hydrolase activity of the nanozyme underpinning the critical role of the vesicular assembly in the
catalysis reaction. Reconstitution of the nanozyme, however, restored the activity of the nanozyme

over multiple cycles.

Programming of the pH Cycle:
Stock solutions of the fuel, pH 9 TRIS buffer (1 M), was prepared in MilliQ water and stored
at 4°C for further use. For pH clock optimization, TmL aqueous solution containing 0.1 mM each of

the TC (1 mM stock solution in water) and dodecylamine (10 mM stock solution in THF), and the
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required amount of substrate (pNPA/pNPCAA/DNPA) was first acidified to a pH ~5 using 1 mM HCI
(to ensure disassembled state of the vesicles) and then the pH clock was initiated by addition of the

required amount of pH 9 TRIS buffer. The change in pH was then monitored over time at 298K.

Time Dependent Dynamic Light Scattering (DLS) Studies:

The particle sizes of the assemblies were obtained at 298 K using a 632.8 nm He—Ne laser
using Zetasizer Nano-ZS90 (Malvern). Briefly, TmL aqueous solution containing equimolar amounts
(0.1 mM) of the TC (1 mM stock solution in water) and dodecylamine (10 mM stock solution in THF)
was first acidified to a pH ~5 using 1T mM HCI (to ensure disassembled state of the vesicles). The
solution was filtered through appropriate filters to remove dust particles, if any, and the
hydrodynamic size of the aggregates prior to the initiation of the pH clock (i.e., at 0 min) was found
to be ~10 nm. DLS measurements were performed immediately after the addition of the fuel (1 mM
pH 9 TRIS buffer) and the substrate (5 MM pNPCAA) and the hydrodynamic size distribution was
monitored at specific time points at 298 K. All measurements were performed with a constant angle
of 90° and the results were reported as Number Distribution to reflect the number of aggregates

formed. All measurements were performed in triplicates.

Fluorescence Kinetics Study for Transient Vesicle Formation (Figure 3.5D and E):

Equimolar amounts (0.1 mM) of TC and dodecylamine along with T mM pNPCAA were
dissolved together in MilliQ water and the pH of the solution was adjusted to ~5 prior to the
initiation of the pH clock. 10 uM of the lipophilic dye, DPH (Diphenylhexatriene), was added to this
solution and the initial fluorescence intensity was determined. The pH clock was then initiated by
addition of pH 9 TRIS buffer (0.5 mM) and the emission intensity at 428 nm (A=355 nm, Slit width

(Ex./Em.)= 5/5 nm) was monitored across three pH cycles over a period of 90 minutes.

Fluorescence Confocal Microscopy Studies:

Transient nanozyme formation was performed as mentioned earlier but using Nile Red (10
pM) as the fluorescent probe as it specifically accumulates in the hydrophobic vesicle bilayer and
shows fluorescence upon vesicle formation. Post initiation of the pH clock (1 mM pH 9 TRIS buffer
and 5 mM pNPCAA), the assembly/disassembly process was monitored through CLSM wherein the
transient vesicular nanozymes appeared as fluorescent aggregates and slowly disappeared as the
nanozyme assemblies disassembled. The sample was excited at 488 nm and the fluorescence

emission was observed at 549 - 662 nm over a period of 60 min at 298 K.

Particle Count Analysis from CLSM:
The particle count from the CLSM images obtained at different time points were analysed

using ImageJ software. In particular, the images were converted to 8-bit format and visible particles
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were counted. The particles having a minimum object dimension of 2, 4, 6, 8 and 10 px? were
considered for particle count analysis. As anticipated, the number of fluorescent particles first

increased upon initiation of the pH clock and then declined steadily as the pH clock concluded.

Evidence for Cooperative mechanism for the hydrolase activity of the nanozyme:

As the pH sensitive nanozyme containing imine linked MV-DA tail group is highly
susceptible to pH changes, in order to assess the catalytic mechanism of the nanozymes, a pH
irresponsive nanozyme containing HDMV as the tail group was synthesized. The pH irresponsive
nanozyme displayed a bell-shaped curve for the pH dependent hydrolase activity with the
maximum rate at pH 7 (close to the pK. of histidine units) (Figure 3.3A). This pH dependent
behaviour of the nanozyme is indicative of cooperative interaction amongst the neighbouring
histidine units immobilized on the surface of the vesicular nanozyme.'”> As a result of disruption of
the pH sensitive nanozymes (MV-DA) at acidic pH, the cooperative effect is lost and protonation of
the free histidine units (pKa~6) at acidic pH leads to the loss of catalytic of the dissociated

nanozymes.

FESEM images of transient vesicles formed during the pH cycle (Figure 3.4C):

Imine linkage between the aldehyde appended viologen (MV) unit of the TC and
dodecylamine in pH 8 TRIS buffer was found to generate vesicles, which is in line with our previous
observations.'® To visualize the morphology of the assembled nanostructures at different time
intervals during the course of the pH cycle, microscopic images of freeze dried samples of the
nanozymes collected at specific time points were analysed using FESEM technique. The FESEM
images showed no specific aggregation pattern before the initiation of the pH clock. However, upon
addition of fuel, vesicles were observed as long as the pH of the solution was in the alkaline region.
The vesicles, however, disappeared as the solution became acidic after 40 mins, indicating the

transient nature of the vesicles.

HPLC Kinetics for the Hydrolysis of pNPCAA to pNP (Figure 3.5A-C):

The hydrolysis of pNPCAA to pNP was monitored through Analytical High-Performance
Liquid Chromatography (HPLC) using Dionex Ultimate 3000 HPLC system equipped with Luna 5 pm
C18 column (Phenomenex) and using acetonitrile and water (containing 0.1% TFA each) as the
mobile phase (HPLC Program= 0% Acetonitrile/Water to 100% Acetonitrile in 20 minutes). Briefly, 1
mL solution containing 0.1 mM each of the TC (1 mM stock solution in water) and dodecylamine (10
mM stock solution in THF) was prepared 1 mM pNPCAA was added to it. The pH of the solution was
adjusted to ~5 and the hydrolysis reaction was initiated by adding 0.5 mM pH 9 TRIS buffer (1 M

stock solution in water) to the solution. 50 ul aliquots of the solution were collected at specific time
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intervals and the reaction was quenched by acidifying the collected aliquots. The rate of hydrolysis
was thereby monitored through HPLC at different time intervals and the amount of product formed

was quantified using a standard plot prepared with known concentrations of pNP.

Time Dependent Fluorescence Kinetics Study (Figure 3.5D and E):

DPH (Diphenylhexatriene) is a lipophilic probe that shows enhanced emission when
entrapped in the hydrophobic nanodomains of vesicular assembly. The transient entrapment and
resultant fluorescence enhancement of DPH (10 uM) was monitored at an interval of 1-minute post
initiation of pH clock (0.5 mM pH 9 TRIS buffer, 1 mM pNPCAA). A rapid initial jump in emission
intensity was followed by a gradual decay over a course of 90 minutes indicating the transient

formation of the vesicular nanozymes.

Formation of pNP during the pH cycle (Figure 3.8B):

Owing to considerable spectral overlap between the absorbance of the substrate, pPNPCAA
and the hydrolysed product, pNP, the time dependent kinetics for the hydrolysis of pPNPCAA to pNP
was monitored through HPLC. Briefly, 10 mL aqueous solution containing 0.1mM each of the TCand
DA, along with 5 mM pNPCAA was initially maintained at pH ~5 and then subjected to the pH clock
by addition of T mM pH 9 TRIS buffer. 50 uL aliquots of the solution were collected at different time
points and acidified to quench the catalysis reaction. The aliquots were subsequently subjected to
chromatographic separation and the amount of pNP generated across three pH cycles was

estimated using the calibration plot shown in Figure 3.9B.

Determination of Molar Extinction Coefficient of p-Nitrophenol/ 2,4-Dinitrophenol:

The molar extinction coefficient of pNP/DNP in water were determined by plotting the
absorbance of known concentrations of pNP/DNPA in water at 348 nm and 355 nm, respectively.
The slope of the linearly fitted concentration vs absorbance plot yielded the value €348nm=6.75 mM-

'.em™ for pNP and €355nm= 9.62 mM™.cm™ for DNP in water. All measurements were performed in

triplicates.
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Figure 3.8. Calibration plot for A) p-nitrophenol, and B) 2,4-dinitrophenol in water.
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Chapter 4

Bi-Directional Feedback Controlled Transience in
Cucurbituril Based Tandem Nanozyme
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4.1. Introduction

Multicomponent and multienzymatic tandem transformations are at the heart of nature’s
intricate biochemical processes."”® '’ The extreme sophistication, yet the extraordinary synergy in
biological tandem reactions such as cellular metabolism, signal transduction, etc. have fascinated
and inspired synthetic chemists for long to devise synthetic tandem reaction networks for complex
chemical transformations. Multistep sequential chemical reactions in a single system requires the
catalytic steps involved to be mutually orthogonal and feasible under the same reaction settings.
Incompatible catalysts, lack of substrate selectivity and specificity, undesirable competing side
reactions and non-specific reaction sequences, however, present major issues while designing

synthetic tandem reactors.'”®

Although much progress has been made in translating bioinspired compartmentalization
and confinement strategies to self-assembled tandem nanoreactors based on micelles,'”® "%
vesicles,'®' hydrogels,' ' nanorods,'®* '® etc,, artificial tandem nanoreactors still lack certain
unique features that make the natural counterparts far more robust and self-sustaining. Unlike
thermodynamically driven supramolecular nanozymes, natural catalytic processes follow non-
equilibrium pathways where regulatory signals direct transient membrane permeabilization and
dissipative assembly of catalysts in a kinetically driven spatiotemporal order.'®'% This ensures a
time-gated in-and-out movement of substrates and wastes and helps in maintaining an optimal
substrate concentration at the site of catalysis. Lessons learnt from nature have been implemented
for developing chemical fuel driven out-of-equilibrium self-assembled nanoreactors that can amass
substrates and/or catalysts together within catalytically active nano-domains and catalyse
otherwise non-viable reactions in aqueous environment.?!" 3¢ 9% 114120122 Hawever, on account of
difficulty in  simultaneously fuelling catalytic reaction cycles and periodically
assembling/disassembling the nanoreactors, only single step transformations have been
accomplished in non-equilibrium settings to date. Moreover, the fuels used so far work in one
direction controlling mainly the assembly/disassembly processes. A single fuel that offers dual
feedback by generating two components that regulate the self-assembly as well as the output
(catalysis that happens in the assembled state) of the self-assembly process will be extremely

beneficial.

In this work, we present a chemoenzymatically fuelled transient nanozyme with the ability
to perform a tandem catalytic process. The lifetime and activity of the nanozyme is controlled by
the dual feedback mechanism emerging from the GOx mediated oxidation of glucose as shown in

Scheme 4.1.
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Scheme 4.1. Graphical representation of A) CB[8] assisted pH responsive SPA and the corresponding vesicle formation
and, B) pH clock driven transient assembly of vesicular nanozymes for tandem hydrolase-peroxidase catalysis, and

chemical structures of the different components of the transient nanozyme.

4.2. Results and Discussion

4,2,1, System Design and CB[8] Assisted SPA and the Corresponding Nanozyme Formation
We envisioned that confinement of functionally divergent catalytic units capable of
sequential chemical transformations in a transient supramolecular assembly might produce a

biomimetic and transient tandem nanozyme. To this end, we realized that the unique charge

189 124,

transfer complexation'® mediated ternary complex'3? %1% formation by Cucurbit[8]uril (CB[8]),
130131 could be an ideal platform to construct such transient systems. The ability of CB[8] based
supramolecular peptide amphiphile (SPA) vesicles' ¥ 158 to simultaneously place hydrophilic
catalytic peptide segments on its outer surface and host hydrophobic catalysts in its hydrophobic

lipid bilayer prompted us to design a transient SPA based vesicular tandem nanozyme.
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Figure 4.1. Formation of TC, confirmed through A) UV-Vis spectrum of equimolar (5 mM) combination of CB[8], MV and
Py-RSH, exhibiting a CT band at ~400 nm, B) Fluorescence spectra showing quenching of emission for the TC. (Inset:
Images of the solutions 1, 2 and 3 as observed under A. normal light, B. UV light). A ex= 340 nm. C) Isothermal Titration
Calorimetry (ITC) thermograms (top) and binding isotherms (bottom) of Py-RSH@CB[8] with MV at 298 K.

We have recently shown the pH clock®'*>8"1>8 regulated transient formation of CB[8] based
vesicles. Herein, we have endowed the transient vesicles with dual catalytic properties by
incorporating a catalytic peptide in the head group and a hydrophobic catalyst in the lipid bilayer.
Transient vesicular aggregation is expected to briefly activate both the catalytic units and enable
tandem catalysis in a transient fashion. Scheme 4.1A schematically describe the CB[8] assisted pH
sensitive SPA formation. An aldehyde containing viologen (MV) a pyrene containing peptide
(PyRSH) can form heteroternary ¥ ' complex (TC) inside CB[8] where the viologen and pyrene units
work as the first and second guest respectively. Since, the formed TC contains an appended
aldehyde group, in presence of an amine, under basic condition, it will form imine linkages and
thereby the SPA."® The SPA subsequently assembles to form vesicles. The dynamic and reversible
imine bond formation and hence the vesicular assembly can be transiently regulated by the change
in pH of the medium. The incorporation of a catalytic group at the head of the TC and presence of
Hemin group in the lipid bilayer was anticipated to allow the formation of a transient tandem
nanozyme (Scheme 4.1B)."*® Hemin,'”?> was chosen as the hydrophobic catalyst as it shows low
activity in aqueous medium but upon compartmentalization in hydrophobic domains of self-
assembled structures, it catalyses the oxidation of a wide range of phenolic compounds.®®'** The
phenolic substrates, on the other hand, can be generated in situ from the corresponding phenolic
esters by Histidine (His) mediated ester hydrolysis. His groups, however, display efficient hydrolase

activity when immobilized on the surface of multivalent supramolecular assemblies owing to
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cooperative effects amongst neighbouring catalytic entities.'®> 7172 Integrating the catalytic
activities of His and hemin in the confined architectures of SPA vesicle can thus furnish a novel
hydrolase-peroxidase tandem nanozyme in a pH-gated fashion.

The catalytic group for hydrolase activity was constructed through the peptide, PyRSH
where the His serves as the main catalytic unit. Ser was rationally placed near the terminal His moiety
as it is known to reinforce hydrolase activity in esterase mimics.'® Also, Arg was introduced to
enhance substrate binding affinity owing to its strong H-bond donating propensity and enhance
aqueous solubility.'®® The formation of the TC (Scheme 4.1A) was confirmed by the appearance of
characteristic charge transfer (CT) band'* at ~400 nm in the absorption spectra and a drop in pyrene
fluorescence intensity owing to host enhanced CT interaction between MV and Py-RSH (Figure 4.1A
and B)."* 8 Moreover, a red shift in the absorbance maxima owing to the stabilization of the charge
transfer complex in the cavity of CB[8] indicated the formation of the ternary complex.'* Isothermal
Titration Calorimetry (ITC) also displayed a 1:1:1 complexation between CB[8], MV and Py-RSH
(Figure 4.1Q).
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Figure 4.2. A) FESEM images of the vesicles furnished by SPAs accommodating equimolar (0.1 mM) amounts of CB[8], Py-
RSH and MV-DA (in pH 8 TRIS buffer/ pH 6 phosphate buffer) (Images at the left) and HDMV (in Water) (Image at the right).
B) Calibration plot for p-nitrophenol from the absorbance at 348 nm (isosbestic point) in water, C) Rate of hydrolysis of p-
nitrophenyl acetate (pNPA) substrate using Py-RSH head group and pH responsive (MV-DA)/irresponsive (HDMA) tail
group at different pH values. [CB[8]]/ [Py-RSH]/ [HDMV]/ [MV-DA]/ [Dodecylamine]=100 uM, [pNPA]= 1TmM.

4.2.2, Hydrolase and Peoxidase Activity in the Nanozyme
Alkaline pH mediated association of the hydrophilic heads with dodecylamine through
imine linkage afforded SPAs which rapidly assembled into vesicles (Figure 4.2A) and displayed
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hydrolase activity at pH 8. pH dependent hydrolase activity of the nanozyme displayed a bell-
shaped curve with the maxima at pH 7, indicative of a cooperative mechanism for the hydrolase
activity (Figure 4.2C).'” Disassembly of the vesicle at pH 6 (Figure 4.2A), however, deactivated the

nanozymes owing to loss of cooperativity amongst the free His units.
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Figure 4.3. A) UV-Vis spectra for Hemin entrapment in the assembled/disassembled SPA vesicles at pH 8/6, respectively,
B) Time dependent variation of absorbance at the Soret peaks for free hemin and vesicle entrapped hemin treated with 5
mM H0: in pH 8 TRIS buffer, C) Inactivation kinetics of free and vesicle entrapped hemin in the presence of varying
concentrations of H,O,, ). [CB[8]l/[Py-RSH]/[Dodecylamine]=100 uM, [Hemin]= 5 uM, [H202]= 2, 5, 8, 10, 15 mM, D)
Michaelis Menten plot for oxidation of pyrogallol by the assembled/disassembled nanozyme at pH 8/6, respectively, E)
Michaelis Menten plot for cascade reactions employing MPA/MP-Im substrates and Py-RSH/Py-RSG (Control) head group
by the assembled/disassembled nanozyme at pH 8/6, respectively. Bar diagrams showing F) Maximum initial velocity of
hemin degradation (from C), G) Peroxidase activity (from D), and H) Cascade activity (from E) of the nanozyme. [CB[8]]/
[Py-RSH]/ [Py-RSG]/ [Dodecylaminel= 100 uM, [Hemin]= 5 uM, [H202]= 5 mM.

The vesicular nanozymes presented hydrophobic domains similar to the proteinaceous

envelopes in enzymes that protect and preserve the activity of the catalytic centers.”*® ' Therefore,

TH-3062_176122002 79

—
| —



Creating Life-like Transience in Synthetic Vesicles

the ability of the SPA vesicles to encapsulate hemin was followed with UV-Vis spectroscopy (Figure
4.3A). Hemin retains its catalytic activity in monomeric form (within enzymes) but gets deactivated
in agueous medium owing to formation of pu-Oxo-bridged dimers, as indicated by the presence of a
Soret band at 390 nm and Q bands around 610-640 nm in both acidic (pH 6) as well as alkaline (pH
8) buffers.” '3 A well pronounced red shift of the Soret band to 425 nm in the presence of vesicles
formed in pH 8 buffer suggested possible localization of monomeric hemin units within/around the
lipid bilayer.* '8 1%3. 1% The lipid bilayer also shielded and protected hemin from irreversible
oxidative damage by its substrate, H,O,, required for peroxidase catalysis. The absorbance at the
Soret band of H,0O, treated free hemin (Amax= 390 nm) displayed a steady fall, indicating rapid
deactivation of the bare catalyst, whereas the vesicle trapped hemin presented no change in the

Soret peak absorbance (Amax= 425 nm) under similar conditions (Figures 4.3B, Cand F).'*> 1%
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Figure 4.4. A) Time dependent HPLC chromatograms showing the nanozyme catalysed hydrolysis of MP-Im to guaiacol,
B) Standard plot for guaiacol from HPLC, and C) Time course generation of guaiacol from MP-Im through the nanozyme
catalyzed ester hydrolysis reaction (Data obtained from HPLC chromatograms in A), D) UV spectra showing the formation
of tetraguaiacol (Amax= 470 nm) from MP-Im via tandem hydrolase-peroxidase catalysis, and E) Time course generation of

tetraguaiacol from MP-Im (Data calculated from the absorbance values in D).

The effect of pH directed formation/disruption of the SPA vesicle on the peroxidase activity
of hemin was then evaluated using H,O, assisted oxidation of pyrogallol to the chromogenic
oxidation product, purpurogallin (Amax= 420 nm).** ' In the absence of vesicular assembly at pH 6,
hemin displayed nominal peroxidase activity (Vma= 1.0968 pmol/min) as it predominantly formed

dimers and/or loosely bound aggregates with hydrophobic dodecylamine chains in aqueous

TH-3062_176122002

—

80

—t



Creating Life-like Transience in Synthetic Vesicles

medium (Figures 4.3D and G). Schiff base formation at pH 8, however, enacted vesicle formation
wherein the trapped hemin molecules displayed ~7.5-fold higher activity (Vma= 8.244 umol/min). In
order to assess the multitasking capabilities of the nanozyme, an acetylated derivative of guaiacol,
methoxyphenyl acetate (MPA) was prepared, which was projected to undergo subsequent
hydrolase and peroxidase catalysis in a sequential fashion to generate the oxidized product,
tetraguaiacol, which can be easily visualized through UV-Vis spectroscopy (Ama= 470 nm).'®
However, no catalytic conversion by the nanozyme at pH 8 was observed. This is presumably
because of the entrapment of the hydrophobic MPA molecules in the lipid bilayer of the vesicles
which restricted the His-mediated hydrolysis of ester bonds to generate the active substrate for
hemin. An amphiphilic ester derivative of guaiacol, MP-Im, however, localized on the surface of the
vesicles and underwent His mediated hydrolysis to generate guaiacol for the subsequent
peroxidase catalysis (Figure 4.4A and C). Thus, MP-Im was efficiently converted to tetraguaiacol via
tandem hydrolase-peroxidase catalysis (Vinax= 1.0896 pmol/min) at pH 8 (Figure 4.4D and E) and the
activity declined by a factor of ~6.4 (Vinax= 0.1696 pmol/min) and ~18.4 (V= 0.0591 pmol/min) at

pH 6 and 5, respectively, owing to the disruption of the nanozyme assembly (Figures 4.3E and H).
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Figure 4.5. A) Michaelis Menten plot for peroxidase catalysis by the assembled nanozyme at pH 8 using varying
concentrations of Guaiacol, and B) Bar diagram showing comparison between the peroxidase activity (from A) and tandem
activity (From Figure 4.3E and H). C) Bar diagram showing the implication of Hemin, H.O. and free/surface-bound histidine
on the rate of tandem hydrolase-peroxidase catalysis. [CB[8]]/[Py-RSH]/[Py-RSG]/[Dodecylamine]=100 uM, [Hemin]=5 uM,
[H20:]= 5 mM, [Free Histidine]= 100 uM.

A slower rate of tandem catalysis as compared to the rate of peroxidation of guaiacol (Figure
4.5A and B) suggested that the rate of the hydrolysis reaction dictates the overall catalytic activity
of the tandem nanozyme. To understand the implication of His containing head group in the
tandem sequence, a catalytically inert control peptide, Py-RSG, was prepared. At pH 8, the Py-RSG
containing nanozyme displayed significantly lower tandem activity, signifying the critical role of His

units in the tandem catalysis (Table 4.1). Also, control experiments using various combinations of
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the catalytic components validated the critical role of hemin, H,0, and surface bound His for the
tandem catalysis reaction (Figure 4.5C). Moreover, both the peroxidase as well as the tandem
catalysis reactions displayed enhanced catalytic activity with increase in the concentration of the
oxidizing substrate, H.O, (Figures 4.6A and B). Further, the nanozyme showed efficient on-off

switching of catalytic activity across multiple pH cycles (Figure 4.6C and D).

Peroxidase Tandem Hydrolase-Peroxidase
Catalysis Catalysis
Peptide Py-RSH Py-RSG
Substrate Pyrogallol MP-Im MPA MP-Im
pH 8 6 8 6 5 8 8 6
Vimax 8244+ | 1.097+ | 1.089% | 0.169+ | 0.059+ | 0.015+ | 0.366+ | 0.072
(umol.min) |  0.490 0.032 0.124 0.018 0.019 0.001 0.034 0.007

Note: All measurements were performed in triplicates.

Table 4.1: Kinetics Data for the Peroxidase and Tandem Hydrolase-Peroxidase Catalysis Reactions.
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Figure 4.6. A) Michaelis Menten plot for oxidation of pyrogallol by the assembled/disassembled nanozyme at pH 8/6
using varying concentrations of H.0; (Inset: Bar diagram showing the peroxidase activity (from A) at different pH values.)
[Pyrogallol]= 0.5 mM, B) Michaelis Menten plot for tandem hydrolase-peroxidase catalysis by the assembled/disassembled
nanozyme at pH 8/6 using varying concentrations of H20: (Inset: Bar diagram showing the tandem activity (from B) at
different pH values.) [MP-Im]= 0.5 mM, The reversible switching of C) Peroxidase activity of the nanozyme determined
through the oxidation of pyrogallol (2 mM), and the D) Tandem activity of the nanozyme determined through the
hydrolase-peroxidase tandem conversion of MP-Im (2 mM) to tetraguaiacol, at pH 6 and 8. [CBI[8]l/[Py-
RSH]/[Dodecylamine]=100 uM, [Hemin]= 5 pM, [H202]= 5 mM.
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4.2.3. Transient Formation of the Nanozyme and Bi-Directional Feedback by the Fuel

To establish non-equilibrium dynamics into the tandem nanozymes, the nanozyme building
blocks along with the enzyme, Glucose Oxidase (GOx), initially maintained at pH ~5 (to ensure
inactive state of the nanozyme), were subjected to a chemoenzymatic reaction network fueled by
simultaneous addition of pH 9 TRIS buffer and glucose in a definite ratio. TRIS buffer triggered the
formation of imine linked SPAs and their subsequent assembly to tandem nanozymes. GOx
mediated oxidation of glucose, most importantly, steered the non-equilibrium kinetics bi-
directionally in two opposite directions by generating (A) H,O., which promoted the peroxidase
activity of the nanozyme, and (B) Gluconolactone, which slowly hydrolysed to gluconic acid and
disrupted the nanozyme owing to acidification of the medium. In this manner, the designed GOx
powered pH clock, presented an easy yet unique approach to in situ generation of substrate (H,0,)
and deactivating agent (Gluconic acid) from a single fueling agent (Glucose). As anticipated, a higher
concentration of promoter (TRIS buffer) was found to increase the lifetime of the pH clock whereas
higher concentration of glucose declines the longevity of the transient phase (Figure 4.7A). The
progression of the pH clock was visualized with the help of the pH indicator, Bromothymol Blue
(BTB) (Figure 4.8A-C). A 1:5 molar ratio of TRIS buffer (1 mM) and glucose (5 mM) along with 25 U/mL
of GOx was identified as the ideal composition to constrain the lifetime of the transient cycle and

the production of H,O, within practicable limits.
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Figure 4.7. Transient assembly of vesicular nanozyme. A) pH clock optimization using varying ratios of pH 9 TRIS buffer
and glucose in the presence of 25 U/mL GOx, B) Fluorescence kinetics for three consecutive pH cycles using DPH lipophilic

probe, C) UV-Vis spectra displaying the vesicular entrapment of hemin under the influence of the pH clock, D) FESEM and
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E) FETEM images of the nanozymes. Inset of D) EDX mapping of Fe element in one of the nanozymes observed in (D).

[CB[8]1/[Py-RSH]/[Dodecylamine] = 100 uM, [Hemin] = 5 uM, [DPH] = 10 uM, Aex(DPH) = 355 nm, Aem(DPH) = 428 nm.

pH clock mediated imine bond formation was monitored through 'H-NMR spectroscopy
wherein the disappearance of the aldehyde peak and appearance of imine peak at the begining of
the pH cycle indicated the formation of the SPAs. The imine peak, however, disappeared and the
aldehyde peak reappeared towards the end of the pH clock indicating the disruption of the SPAs
(Figure 4.8D). The transient vesicular aggregation was followed through fluorescence kinetics
experiment using diphenylhexatriene (DPH), a well-known lipophilic probe which exhibits
enhanced emission when intercalated within lipid domains of vesicles.”®® The initially weakly-
fluorescent probe at acidic pH (~5), upon addition of the fuels, exhibited sharp fluorescence
enhancement followed by a gradual decay, indicating the formation of transient vesicular
aggregates in the alkaline region (Figure 4.7B). Refueling produced similar cyclic responses for three
consecutive cycles with mild dampening after each successive cycle, as observed in case of the pH

kinetics profile (Figure 4.9A), owing to accumulation of gluconic acid in the medium.
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Figure 4.8. A) UV-Visible spectra of BTB at different time intervals of the pH clock constituted by 1 mM pH 9 TRIS buffer, 5
mM glucose and 25 U/mL GOx enzyme, B) Change in the absorbance at Amax= 616 nm during the course of the pH cycle
(Data obtained from A), and C) Photographic images of the BTB solution captured at different time points during the
progression of the pH clock. D) 'H NMR of TC and DA at different time points post-initiation of the pH clock showing the

formation and disappearance of the imine linkage as a function of the pH of the medium.

Transient entrapment of hemin in the SPA vesicles under the influence of pH clock was then
assessed through UV-Vis spectroscopy. Soret peak at 390 nm for free hemin at acidic pH (~5) shifted
to 413 nm upon initiation of pH clock, indicating entrapment of hemin in monomeric form in the
vesicular bilayer (Figure 4.7C). Slightly blue shifted Soret band of lower intensity at the end of the
pH cycle implied that the hemin molecules retain their monomeric state and form loosely bound

aggregates, possibly with dodecylamine chains, after the collapse of the transient vesicles. A second
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refuelling cycle presented similar cycle of changes in the absorbance pattern. It is worth mentioning
that although the hemin molecules retain their monomeric state at the end of the pH cycle, they
display very low activity owing to the lack of a suitable hydrophobic environment necessary for the
activity of the catalyst.”* '® Visual evidence of pH clock triggered vesicle formation was obtained
through electron microscopic techniques (Figures 4.7D and E) wherein samples collected at pH 8
displayed vesicular aggregates with diameter of ~200 nm, which is in line with the observation from

the time dependent Dynamic Light Scattering (DLS) experiment (Figure 4.9B).

Bl 3]

BrT

Figure 4.9. A) Representative plot showing the change in pH during the transient vesicle formation through three
consecutive. [CB[8]/[Py-RSH]/[Dodecylamine]l=100 uM, B) Representative plots of DLS measurements during the transient

formation of vesicles in response to the pH clock. [CB[8]]/[Py-RSH]/[Dodecylamine]=100 uM, [Hemin]= 5 uM.

The assembly/disassembly process was also monitored through confocal laser scanning
microscopy (CLSM) technique using Nile Red (NR) as the fluorescent probe. Appearance of
fluorescent aggregates after 10 minutes of addition of the fuels, which gradually disappeared over
a period of 40 minutes, validated the transient formation of the vesicular nanozymes (Figures 4.10A-

D).

)
& ol ol

Figure 4.10. A) CLSM images of the transient nanozymes formed under the influence of a pH clock constituted by 25
U/mL GOx, 1 mM pH 9 TRIS buffer and 5 mM Glucose in the presence of 10 uM nile red (NR) at different time points showing
the temporal formation of the vesicles. B) Statistical analysis of the images obtained by confocal fluorescence microscopy

(Data obtained from A). [CB[8]]/[Py-RSH]/[Dodecylamine]=100 uM, [NR]= 10 uM.
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Furthermore, Energy Dispersive X-ray (EDX) mapping analysis revealed extensive localization of iron
in the vesicular aggregates, substantiating the preferential entrapment of hemin in the transiently

formed vesicles (Inset of Figure 4.7D).

4.2.4. Transient Tandem Catalysis by the Nanozyme

Next, the dual feedback-controlled regulation of activity of the transient nanozyme was
assesed through peroxidation of pyrogallol using different concentrations of glucose. With increase
in concentration of glucose the activity increases as can be seen from Figure 4.11A. Here, the initial
high activity of the nanozyme can be attributed to the free hemin molecules (in addition to trapped
hemin) in the system which display high catalytic activity in alkaline medium.'”” However,
deactivation of the free hemin molecules by H,0, leads to lowering of activity after a brief period as
only the trapped hemin molecules now contribute to the catalytic activity. Following the initial burst
reaction kinetics, the rate of peroxidase catalysis using TmM pH 9 TRIS buffer and 3,5 and 7 mM
glucose was found to be 0.84 + 0.04, 1.44 £+ 0.1 and 1.82 + 0.02 uM/min, respectively. This rise in
activity is due to the increase in the concentration of in situ generated H,O, with increase in the
concentration of glucose in the medium. However, the lifetime of the nanozyme decreased with

glucose concentration.
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Figure 4.11. A) Time dependent formation of purpurogallin via peroxidase catalysis of pyrogallol in response to the H,0.
formed by oxidation of varying concentration of glucose by GOx under the influence of pH clock. [Pyrogallol] = 1 mM.
Monitored at 420 nm. B) Transient tandem activity of the nanozyme across five consecutive pH cycles. (Inset: Kinetics
spectra for the 15 pH cycle monitored at Amax= 470 nm) [CB[8]]/[Py-RSH]/[Dodecylamine] = 100 uM, [Hemin]= 5 uM, [GOx]=
25 U/mL, [MP-Im]= 0.5 mM.

In Figure 4.11A, the region of the curve indicating the progressive formation of
purpurogallin represents the active state of the nanozyme and the flattening of the curve represents
the inactive state of the nanozyme. The lifetime of the nanozyme as indicated by this curve
correlates well with that observed from the pH kinetics study (Figure 4.7A) and substantiate the fact
that the lifetime of the nanozyme declines with increasing glucose concentration. All these

observations can be explained in light of the glucose oxidation products generated as discussed
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earlier for the pH clock optimization. Here, the in situ generated H.O, works as the oxidizing agent
for the peroxidase reaction and thereby higher glucose content resulted in higher activity. On the
other hand, gluconic acid generation dissipates the nanozyme. This explains the shorter lifetime of
the nanozyme at higher glucose concentration. In this manner, the dual feedback mechanism

enabled the transient generation of nanozymes with higher activity/ shorter lifetimes and vice versa.

The dual feedback mechanism was then used to transiently upregulate tandem catalysis by
the nanozyme. This was followed through UV-Vis kinetics experiment by monitoring the conversion
of MP-Im to tetraguaiacol (Figure 4.11B). Following the initiation of the pH clock, the initially high
tandem activity decayed with time indicating the course of deactivation of the nanozyme as the pH
clock reached its end. Reinitiation of the pH clock by addition of fresh fuel reactivates the
nanozymes, however, with lower activity owing to poisoning of the system with excessive amounts
of gluconic acid and H,0,, which unfortunately could not be removed out of the system. After the
first three cycles, the dissipation of the nanozyme took place rapidly in the fourth cycle and more so
in the fifth cycle. No more cycles could be performed after five cycles. Owing to the chemically
fuelled dynamic self-assembly process of the transient nanozyme and the limited supply of in-situ
generated H,0O,, the transient nanozyme showed slightly lower activity than the thermodynamically
stable nanozyme at pH 8. Also similar to the peroxidase catalysis reaction, high concentration of free
hemin molecules resulted in a comparitively high tandem activity in the first pH cycle and lowered
activity in the subsequent cycles. Nevertheless, the transient tandem catalysis could be repeated

across multiple pH cycles, marking the reproducibility of the system.

4.3. Conclusion

In summary, a novel transient nanozyme is presented which displays an efficient hydrolase-
peroxidase tandem catalysis event by enhancing the activities of catalytically distinct units- His and
hemin through separately placing them in discrete nano-confinements. Dual feedback controlled
asymmetric relationship between the tandem nanozyme and the chemoenzymatic pH clock
ensured a boosted catalytic activity of the nanozyme for a transient life time. Also, the nanozyme
displayed marked substrate specificity and reproducibility over multiple pH cycles, which is a key
distinguishing feature of natural enzymes. The nano-compartmentalization strategy employed here
can be extended for combining incompatible catalysts in multicompartment nanozymes for
efficient one-pot tandem transformations. Further, the results depicted here will allow us to go for

life-like systems with more complex and multistep catalytic processes.
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4.4. Experimental Section

4.4.1. General Information and Materials

1-Pyrenebutyric acid, 4,4'-Bipyridyl, Guaiacol, 3-Bromopropionic acid, Triethylsilane (TES),
1,6-Diphenyl-1,3,5-hexatriene (DPH), 4-Nitrophenyl acetate and dodecylamine were purchased
from Sigma-Aldrich (USA). 1-Methylimidazole, 4-Dimethylaminopyridine, Thionyl chloride and
Trifluoroacetic acid (TFA) were obtained from Spectrochem (India). Hemin, D-(+)-Glucose and
Terephthalaldehyde were acquired from TCl Chemicals (India). Sodium Borohydride and Glucose
Oxidase from Aspergillus Niger (Activity=280 U/mg) were procured from SRL (India). Cucurbit[8]uril
(CB[8]) was synthesized following a previously published protocol™' and characterized accordingly.
Rink amide MBHA resin, protected amino acids and coupling reagents were purchased from
Novabiochem. HPLC-grade dimethylformamide (DMF), dichloromethane (DCM) and acetonitrile
(ACN) were procured from Spectrochem (India) and Fisher Scientific (India). All chemicals were used
as received without further purification. Solvents were dried whenever required according to the
reported procedures. Milli-Q water with a conductivity of less than 2 uScm™ was used for all sample
preparations. 60-120 mesh silica gel (SRL) was used for column chromatography. Chromatographic
purifications were performed on a Luna 5 um (C18) column (Phenomenex) using a Dionex Ultimate
3000 HPLC. 'H NMR and "*C NMR spectra were recorded using a Bruker Ascend 600 MHz (Bruker,
Coventry, UK) spectrometer and referenced to deuterated solvents. Coupling constants (J values)
are reported in hertz, and chemical shifts are reported in parts per million (ppm). Multiplicities are
reported as follows: s (singlet), d (doublet), t (triplet), m (multiplet), and br (broadened). Electrospray
ionization mass spectrometry (ESI-MS) were performed with a Q-Tof-Micro Quadrupole mass
spectrometer (Micromass) and data were analyzed using the built-in software. UV-Visible spectra
were recorded on a PerkinElmer Lambda 750 spectrometer, while fluorescence measurements were
performed on a Cary Eclipse (Agilent) spectrophotometer. The pH curves were recorded on a Hanna
HI 2210 pH meter equipped with HI1131 pH probe from Hanna. Unless otherwise mentioned, all

experiments were performed at room temperature.
4.4.2, Synthesis and Characterization

2-methoxyphenyl acetate (MPA)'%:

OH N o
SR )LOJK + BN T/ O

MPA

Guaiacol (500 mg, 4.03 mmol, 1 eqv.) was dissolved in dried dichloromethane in a round

bottom flask and triethylamine (842 L, 6.04 mmol, 1.5 eqv.) followed by 4-dimethylaminopyridine
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(49.2 mg, 0.41 mmol, 0.1 eqv.) were added to it. The solution was cooled to ~0°C in an ice-bath and
acetic anhydride (418.8 uL, 4.43 mmol, 1.1 eqv.) was added to it dropwise with constant stirring. The
solution was then allowed to stir at room temperature for 24 hours. Upon completion of reaction
(monitored through TLC), the reaction mixture was washed several times sequentially using
saturated NaHCO;, water, HCI (2N), water and brine. The organic fraction was collected, dried over
anhydrous Na,SO,, filtered and evaporated under reduced pressure to give the product, MPA, as a
clear liquid which required no further purification. Yield= 587 mg, 87.7%. 'H NMR (400 MHz, CDCls)
6 (ppm) 7.21 (td, J =7.9, 1.8 Hz, 1H), 7.04 (dd, J = 7.8, 1.7 Hz, 1H), 7.00 - 6.92 (m, 2H), 3.83 (s, 3H), 2.32
(s, 3H).

3-(3-(2-methoxyphenoxy)-3-oxopropyl)-1-methyl-1H-imidazol-3-ium bromide (MP-Im):
0
sf/\/u\ou
SOCI-Zl o s( o

OH
D 0
~
. ﬂr/\)LCl + Ez’N
A

3-bromopropionic acid (1 g, 6.54 mmol, 1 eqv.) and anhydrous DMF (1 drop) were taken in

thionyl chloride (5 mL) in around bottom flask and the solution was refluxed for 5 hours under argon
atmosphere. SOCl; was removed in vacuo to give the acyl chloride, A, as a light-yellow viscous liquid
which was immediately used for the next step. Guaiacol (720 plL, 6.54 mmol, 1 eqv.) and
triethylamine (1.09 mL, 7.85 mmol, 1.2 eqv.) were dissolved in dried dichloromethane in a round
bottom flask and the solution was cooled to ~0°Cin an ice bath. A solution of A in dichloromethane
was added drop wise to the above solution at 0°C with constant stirring and then the mixture was
allowed to stir overnight at room temperature. The reaction mixture was washed with copious
amount of water and brine to remove excess triethylamine and the crude product was purified
through column chromatography (10% Ethyl acetate/Hexane) to yield the product, B, as a pale-
yellow viscous liquid. (Yield= 881 mg, 52%). Compound B (870 mg, 3.36 mmol, 1 eqv.) was then
dissolved in dried acetonitrile along with 1-Methylimidazole (402 uL, 5.04 mmol, 1.5 eqv.) and the
solution was refluxed overnight. The resultant reaction mixture was then purified through column
chromatography (7-10% Methanol/DCM) to yield the compound, MP-Im, as a light brown viscous
liquid. (Yield= 538 mg, 46.9%) 'H NMR (600 MHz, DMSO-ds) & (ppm) 9.21 (s, TH), 7.84 (s, 1H), 7.74 (s,
1H), 7.24 (t, J=7.8 Hz, 1H), 7.13 (d, J=8.2 Hz, TH), 7.07 (dd, J = 7.9, 1.6 Hz, TH), 6.96 (t, ) = 7.7 Hz, TH),
451 (t,J=6.6 Hz, 2H), 3.87 (s, 3H), 3.71 (s, 3H), 3.29 (t, J = 6.6 Hz, 2H). *CNMR (151 MHz, DMSO-d¢) 6
(ppm) 168.40, 150.55, 138.85, 137.12, 127.18, 123.53, 122.56, 122.40, 120.59, 112.92, 55.72, 44.49,
35.73,33.44.
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1-(4-formylbenzyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium (MV):

TR

Scheme 4.2: (a) Mel, Dry DCM, Reflux, Overnight (b) NaBHa, Ethanol/THF, 0°C, 6 hrs (c) HBr, Toluene, Reflux, 3 hrs (d) Dry
Acetonitrile, 80°C, Overnight

The aldehyde appended viologen derivative, MV, was synthesized following our previously

reported protocol'*® and subsequently characterised.

Cucurbit[8]uril (CB[8]): CB[8] was synthesized following a previously published protocol.'' '"H NMR
(600 MHz, D,O/CF;C0O,D/D,S04 (1:1:0.15)): 6 4.25 (d, 16H), 5.55 (s, 16H), 5.86 (d, 16H); MS (ESI): m/z
1461.41 (CB[8] + Cs)™.

General Synthesis of the Peptide (Py-RSH/Py-RSG):

The peptides were synthesized on Rink amide MBHA resin using standard Fmoc (9-
fluorenylmethoxycarbonyl) solid phase peptide synthesis (SPPS) protocol. In a typical coupling, 3
equiv. of protected amino acid (with respect to the loading of the resin), 3 equiv. of HBTU, and 6
equiv. of DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect to the resin loading) and
stirred for 5 minutes prior to addition of the mixture to the swelled deprotected resin. The reaction
mixture was shaken for 60 min and the resin was washed several times with DMF. The Fmoc-
deprotection was achieved by treatment of the resin thrice with 5 ml of 20% piperidine in DMF for
5 minutes followed by thorough washing of the resin with DMF and DCM. The Fmoc-deprotection
and coupling steps were repeated until the desired peptide sequence was obtained. The resin with
the loaded peptide was washed several times with DMF and DCM and dried. The dried resin was
then treated with a mixture of freshly prepared mixture of 8.5:1:0.5 (TFA/TES/H,0) and stirred for 1
h. The resin was finally washed with DCM several times. The cleavage cocktail and the washings
combined were concentrated to a minimum volume on a rotary evaporator. The cleaved peptide
was then precipitated from cold dry ether, centrifuged and lyophilized to get the crude peptide.
Purification was done in Dionex Ultimate 3000 HPLC using a Luna 5 um (C18) column (Phenomenex)
and using acetonitrile and water (containing 0.1% TFA each) as the mobile phase. (HPLC Program=

5% Acetonitrile/Water to 100% Acetonitrile in 25 minutes.)
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Py-RSH: 'H NMR (600 MHz, DMSO-ds) 6 (ppm) 8.92 (s, TH), 8.37 (d, J = 9.2 Hz, 1H), 8.27 (dd, J = 7.6,
4.7 Hz, 2H), 8.24 - 8.18 (m, 3H), 8.14 (m, 3H), 8.06 (t, J = 7.7 Hz, 2H), 7.93 (d, J = 7.8 Hz, 1H), 7.67 (s, TH),
7.35-7.29 (m, 3H), 4.46 (m, 1H), 4.33 (m, 1H), 4.24 (m, 1H), 3.66 (m, 1H), 3.55 (m, 2H),3.32 (t, J=7.8
Hz, 2H), 3.16 (m, 1H), 3.09 (m, 2H), 2.93 (m, TH), 2.32 (d, J = 7.5 Hz, 2H), 2.01 (t, J = 7.7 Hz, 2H), 1.68 (s,
1H), 1.51 (m, 3H). *C NMR (151 MHz, DMSO-d¢) 6 (ppm) 172.63, 172.01, 171.83, 170.13, 156.79,
136.50, 133.60, 130.89, 130.43, 129.56, 129.32, 128.16, 127.58, 127.46, 127.24, 126.54, 126.17, 124.96,
124.81, 124.24, 124.15, 123.51, 116.73, 61.42, 55.29, 52.35, 51.69, 40.42, 34.78, 32.23, 28.88, 27.47,
26.41, 25.06. Mass (ESI-MS): m/z calcd. for C3sHaaNeOs* [M+H]*: 668.330, found 668.343; C3sHa3sNoOs**
[M+2H]**: 334.669, found 334.675; HPLC Rr= 10.44 min.

Py-RSG: 'H NMR (600 MHz, DMSO-ds) 6 (ppm) 8.38 (d, J = 9.2 Hz, 1H), 8.27 (t, J = 7.6 Hz, 2H), 8.22 (t,
J=28.1Hz 2H), 8.14 (m, 4H),8.07 (d,J=7.3 Hz 2H),7.94 (d,J=7.7 Hz, 1H), 7.53 (t, J = 5.7 Hz, 1H), 7.23
(s, TH), 7.17 (s, TH), 5.11 (t, ) = 5.4 Hz, 1H), 4.39 (d, J = 7.1 Hz, 1H), 4.26 (m, 1H), 3.65 (m, 3H), 3.58 (m,
1H), 3.10 (m, 2H), 2.32 (t, J = 7.2 Hz, 2H), 2.01 (m, 2H), 1.70 (d, J = 8.5 Hz, 1H), 1.50 (m, 3H). *C NMR
(151 MHz, DMSO-d¢) 6 (ppm) 172.36, 171.83, 171.06, 170.23, 156.66, 136.57, 130.89, 130.43, 129.31,
128.16, 127.59, 127.46, 127.23, 126.52, 126.15, 124.96, 124.81, 124.24, 124.15, 123.53, 61.58, 55.18,
52.06,42.07,40.44,34.78, 32.24, 29.05, 27.55, 25.03. Mass (ESI-MS): m/z calcd. for C3;H3sN;Os* [M+H]*:
588.293, found 588.289; HPLC Rr= 11.28 min.

4.4.3. Methods and Instrumentations

Field Emission Scanning Electron Microscopy (FESEM): 5 pL of the sample solution at specific
time interval during the pH cycle was casted on a silicon wafer and immediately freeze-dried to
arrest the kinetics of the pH cycle. FESEM imaging and Energy Dispersive X-ray (EDX) mapping

analysis were then performed on a Gemini SEM 300 (Sigma Zeiss) instrument.

Field Emission Transmission Electron Microscopy (FETEM): 5 L of the sample solution at specific
time interval during the pH cycle was casted on carbon coated copper grid (300 mesh Cu grid with
thick carbon film from Pacific Grid Tech, USA) and allowed to air dry for 2 minutes and then the
excess sample was bloated with a tissue paper. The grid was then immediately freeze-dried and the

FETEM images were taken in JEOL 2100F microscopes.

Isothermal Titration Calorimetry (ITC): ITC was performed using a Nano-ITC instrument from
MicroCal for determining the formation constants and thermodynamic parameters for the inclusion
complexes. T mM MV solution in buffer (10 mM phosphate, pH 7) was injected in parts (each
injection, 1.3 ulL) at an interval of 2 mins from a 40 uL micro-syringe into the Py-RSH@CBI[8] (1:1)
solution (0.08 mM, 200 L) with constant stirring (500 rpm) at 298K. All the solutions were degassed
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prior to titration. The ITC thermogram showed a 1:1 binding ratio between Py-RSH@CB[8] and MV,

thus indicating the formation of the ternary complex.

Preparation of CB[8] stabilized Host-Guest Ternary Complex: To prepare 2mL of TmM MV@CBI8]
stock solution, 3.5 mg of CB[8] (the overall molecular weight of the used CB[8] was found to be 1730
from the elemental analysis data) and Tmg of MV were accurately weighed into a 2 mL volumetric
flask and 1.8 mL of MilliQ water was added to it. The heterogeneous solution was then sonicated for
1 hour at 298K. An equivalent amount of the peptide (Py-RSH/Py-RSG) was added to the solution of
the binary complex, the volume was made up to 2 mL using MilliQ water and the solution was
further sonicated for 1 hour at 298K. The light yellow colored solution was then kept undisturbed at
298K for 1 day before utilizing for further experiments. The formation of the CB[8] stabilized charge-
transfer ternary complex was confirmed by the appearance of a CT band at 400 nm and a significant

drop in the fluorescence intensity of pyrene.

Comparison of pH Dependent Hydrolase Activity of pH Responsive/lrresponsive Nanozyme
(Figure 4.2B and C): The hydrolase activity of the vesicular nanozyme at pH 5.5,6.0, 6.5, 7.0, 7.5 and
8 were assessed by spectrophotometrically monitoring the hydrolysis of p-nitrophenyl acetate
(pNPA) to the chromogenic product, p-nitrophenolate anions (pNP). The extinction coefficient of
pNP in water was determined using a standard calibration curve of the absorbance at the pH
independent isosbestic point, 348 nm for varying concentrations of pNP and was found to be 6.75
mM”'cm. For determining the hydrolase activity, 0.1 mM each of the TC (1 mM stock solution in
water) and dodecylamine (10 mM stock solution in THF) were taken in 1 mL of the respective buffer
solution (20 mM) in a quartz cuvette of 1 cm path length and TmM pNPA (200 mM stock solution in
acetonitrile) was added to the solution. The solution was mixed briefly and the absorbance change
corresponding to the chromogenic product, pNP was monitored at Amax= 348 nm over a period of 5
minutes. Similarly, hydrolase activity of the pH irresponsive nanozyme containing HDMV as the
hydrophobic tail was analysed at different pH values. The velocities of the hydrolysis reactions were
calculated from the average slope in the first minute of the reaction and all the catalysis experiments

were performed in triplicates.

Both the pH sensitive (MV-DA) as well as the pH irresponsive nanozyme (HDMV) displayed a
bell shaped curved for the pH dependent hydrolase activity with the maximum rate at pH 7, which
is close to the pKa of histidine units. This indicates that cooperative interaction amongst the
neighbouring histidine units immobilized on the surface of the vesicular nanozyme account for the
efficient hydrolase activity of the nanozymes.'”> On account of disruption of the nanozymes (MV-

DA) at acidic pH, the cooperativity is lost and protonation of the free histidine units (pKa~6) at acidic
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pH leads to the loss of nucleophilicity and thus the hydrolytic ability of the histidine groups falls

much rapidly at acidic pH in case of the pH responsive transient nanozymes.

Note: 20 mM phosphate buffer was prepared for pH 5.5 - 7.5 and 20 mM TRIS-HCI buffer was
prepared for pH 8.

Inactivation Kinetics of Free/Vesicle Trapped Hemin (Figure 4.3C): As the structural and
electronic features of the catalytically active iron core are reflected in the Soret band of hemin, the
rate of inactivation of hemin in the presence/absence of the vesicular nanozyme was analysed by
monitoring the change in absorbance at the Soret band of free hemin (Amax= 390 nm) and vesicle
entrapped hemin (Amax= 425 Nm) upon treatment with varying concentrations of H,O, in pH 8 TRIS
buffer. Free hemin displayed rapid decomposition upon addition of increasing amounts of H,0,
whereas the trapped hemin displayed negligible inactivation even at higher concentrations of H,0..
The inactivation kinetics of hemin in the presence/absence of vesicular nanozyme were calculated
via nonlinear regression using GraphPad Prism 9 software, under an assumption of Michaelis-
Menten kinetics and the vesicle entrapped hemin was found to exhibit ~26-fold slower inactivation

rate as compared to free hemin in the presence of H,O; in alkaline medium.

HPLC Kinetics for the Hydrolysis of MP-Im to Guaiacol (Figure 4.4A-C): The hydrolysis of MP-Im
to guaiacol was monitored through Analytical High-Performance Liquid Chromatography (HPLC)
using Dionex Ultimate 3000 HPLC system equipped with Luna 5 um C18 column (Phenomenex) and
using acetonitrile and water (containing 0.1% TFA each) as the mobile phase (HPLC Program= 30%
Acetonitrile/Water to 100% Acetonitrile in 20 minutes). Briefly, solution containing 0.1 mM each of
the TC (1 mM stock solution in water) and dodecylamine (10 mM stock solution in THF) was prepared
in pH 8 TRIS buffer and the hydrolysis reaction was initiated by adding 5 mM MP-Im (0.5 M stock
solution in DMSO) to the solution. The rate of hydrolysis was subsequently monitored through HPLC
at different time intervals and the amount of product formed was quantified using a standard plot

prepared with known concentrations of guaiacol.

UV Spectrophotometric Analysis of Tandem Catalysis Reaction (Figure 4.4D and E): The
formation of tetraguaiacol oxidation product from MP-Im via tandem hydrolase-peroxidase
catalysis was monitored by recording the UV-Visible spectra of the solution (pH 8 TRIS buffer)
containing the nanozyme (0.1 mM each of TC and DA, 5 uM Hemin), MP-Im (0.5 mM) and H,0, (5
mM) at an interval of 2 minutes. An enhancement in the absorbance around 470 nm indicated the

formation of tetraguaiacol.

Note: Owing to the unstable nature of tetraguaiacol in the presence of light and high

concentrations of guaiacol,'*?*" the quantitative analysis of the tandem reaction could not be
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performed using techniques like '"H-NMR spectroscopy and HPLC. For obtaining best results, the
tandem catalysis reaction was performed in dark and the quantitative determination of the amount
of product formed was done through UV-Visible spectroscopy (€s7onm= 26600 M'.cm™ in water). All
absorbance measurements were corrected for background contributions that may arise on account
of minor changes in the turbidity of the solution. No obvious enhancement in the absorbance near
750-800 nm as well as around 320-350 nm shows that the enhancement in absorbance around 470
nm originates solely on account of formation of tetraguaiacol'®" ?°* and not due to changes in

turbidity of the solution or due to changes in the absorbance of any other component.

Comparison of Peroxidase and Tandem Activity (Figure 4.5A and B): Peroxidase activity of
hemin in the presence the vesicular nanozyme at pH 8 was assessed by spectrophotometrically
monitoring the oxidation of guaiacol to tetraguaiacol in the presence of H,O,. Briefly, 0.1 mM each
of the TC (1 mM stock solution in water) and dodecylamine (10 mM stock solution in THF) along with
5 uM Hemin (1.5 mM stock solution in DMSO) were taken in 1 mL of pH 8 TRIS buffer (20 mM) in a
quartz cuvette of 1 cm path length and varying concentrations of guaiacol (0.5, 1.0, 1.5, 2.0, 2.5 mM
from 0.5 M stock solution in acetonitrile) were added to the solution. The reaction was initiated by
addition of 5 mM H,0, (1 M stock solution in water) and following mixing, the absorbance changes
corresponding to the chromogenic product, tetraguaiacol was monitored at Ama= 470 NmM (€470nm=
26600 M'.cm™ in water) over a period of 5 minutes. The catalysis experiments were performed in
triplicates and the kinetics of the reactions at different pH values were calculated via nonlinear
regression using GraphPad Prism 9 software, under an assumption of Michaelis-Menten kinetics. The
peroxidase catalysis reaction displayed ~1.5-fold higher activity than the tandem catalysis reaction

which implies that the hydrolysis reaction dictates the overall rate of the tandem reaction.

Control Experiments (Figure 4.5C): In order to assess the catalytic role of the various catalytic
components of the nanozyme, kinetic studies were performed by monitoring the conversion of MP-
Im to tetraguaiacol using varying combinations of the catalytic head group (0.1 mM), hemin (5 uM)
and H,0, (5 mM) in pH 8 TRIS buffer (20 mM). Py-RSH containing nanozyme displayed only nominal
activity in the absence of hemin and almost no activity in the absence of H,0, thereby
substantiating the critical role of hemin and H,O, in the tandem catalysis reaction. The Py-RSG
containing nanozyme displayed lower activity than the Py-RSH containing nanozyme. The activity
observed in the case of Py-RSG containing nanozyme may be attributed to the background
hydrolysis of MP-Im at alkaline pH. Also, the Py-RSG containing nanozyme displayed meagre activity
even in the presence of free histidine implying the critical role of surface bound histidine in the

hydrolase catalysis reaction.
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pH Gated Switching of Peroxidase/Tandem Activity of the Nanozyme (Figure 4.6C and D): The
pH reversible nature of the nanozyme was assessed by alternatively switching the pH of an aqueous
solution of the nanozyme (containing 0.1 mM each of TC and DA, and 5 uM Hemin) between pH 6
and 8 using 0.01M HCI and NaOH, respectively. TmL aliquots of the solutions at different pHs were
checked for peroxidase activity by treating with pyrogallol (2 mM) and H,O, (5 mM) and monitoring
the absorbance of the oxidised product, purpurogallin at 420 nm. Likewise, the tandem activity at
different pHs were scrutinized by monitoring the absorbance of tetraguaiacol (at 470 nm) formed
as a result of tandem hydrolase-peroxidase catalysis of MP-Im (2 mM) in the presence of H,0, (5 mM).
Disruption of the vesicular assembly at pH 6 led to a fall in the peroxidase as well as tandem activity
of the nanozyme underpinning the critical role of the vesicular assembly in the catalysis reaction.
Reconstitution of the nanozyme, however, restored the activity of the nanozyme over multiple

cycles.

Programming of the Chemoenzymatic pH Cycle (Figure 4.7A): Stock solutions of the fuels, pH 9
TRIS buffer (1M) and glucose (1M), as well as the enzyme, glucose oxidase (560 U/mL) were prepared
in MilliQ water and stored at 4°C for further use. For pH clock optimization, TmL aqueous solution
containing 0.1 mM each of the TC (1 mM stock solution in water) and dodecylamine (10 mM stock
solution in THF), 5 uM Hemin (1.5 mM stock solution in DMSO), and 25 U/mL GOx was first acidified
to a pH ~5 using TmM HCI (to ensure disassembled state of the vesicles) and then the pH clock was
initiated by simultaneous addition of aqueous solutions of pH 9 TRIS buffer and glucose in

appropriate molar ratios. The change in pH was then monitored over time at 298K.

For a given concentration of pH 9 TRIS buffer (1mM), the lifetime of the pH clock declined
with the increase in the concentration of glucose owing to GOx mediated faster production of
higher concentrations of the deactivating agent, gluconolactone. Likewise, for a given
concentration of glucose (7mM), the lifetime of the pH clock increased with the increase in the

concentration of pH 9 TRIS buffer.

The decay trend of the pH clock is primarily dictated by the pH dependent activity of GOx
enzyme. GOx exhibits low activity at alkaline pH (8-9)%' and thus the initial drop in pH is slow. As the
pH drops down to ~7, a rapid fall in pH is observed owing to the higher activity of GOx and thus,
faster rate of generation of gluconolactone. However, as the concentration of the substrate, glucose
decreases overtime, the pH clock displays a slow and gradual decay towards the end of the pH cycle.
A higher concentration of glucose (e.g., 7 mM) in comparison to pH 9 TRIS buffer, however,
presented a rapid decline in pH over the course of the pH cycle as in this case the high concentration

of glucose predominantly accelerated the rate of generation of gluconolactone.
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Fluorescence Kinetics Study for Transient Vesicle Formation (Figure 4.7B): Equimolar amounts
(0.1 mM) of TC and dodecylamine along with 5 uM Hemin and 25 U/mL GOx were dissolved together
in MilliQ water and the pH of the solution was adjusted to ~5 prior to the initiation of the pH clock.
10 puM of the lipophilic dye, DPH (Diphenylhexatriene), was added to this solution and the initial
fluorescence intensity was determined. The pH clock was then initiated by addition of 1:5 mixture
of pH 9 TRIS buffer (1 mM) and glucose (5 mM) and the emission intensity at 428 nm (A=355 nm,

Slit width (Ex./Em.)= 5/5 nm) was monitored across three pH cycles over a period of 90 minutes.

pH Kinetics Study using Bromothymol Blue (BTB) pH indicator (Figure 4.8A-C): Bromothymol
Blue (pK. = 7.1) was employed for visualizing pH changes during the pH cycle as it shows wide colour
variation at different pH values ranging from yellow under acidic conditions (pH < 6) to a greenish
blue (cerulean) at neutral pH and an intense blue colour under alkaline (pH > 7.6) pH. Briefly, the pH
kinetics experiment was performed using 1 mM pH 9 TRIS buffer and 5 mM glucose in the presence
of 25 U/mL GOx and 25 uM BTB. The absorbance spectra of BTB was acquired at different time
intervals during the course of the pH cycle. A rapid jump in the absorbance at Amax = 616 nm upon
initiation of the pH clock followed by a slow decay over a period of 40 minutes indicated initial rise
in pH followed by a gradual decay as observed in Figure 4.9A. Also, photographic images of the BTB
containg solution captured at different time points during the pH cycle provided visual evidence of

the changes in pH during the pH cycle.

'H-NMR analysis showing the pH reversible formation of the imine linked SPA (Figure 4.8D):
The reversible formation of imine linkage between the aldehyde appended head group (TC) and
aliphatic amine was followed by monitoring the changes in the 'H-NMR peak for the imine and
aldehyde protons in response to the pH clock. The imine bonds of the SPAs are buried and shielded
in the hydrophobic bilayer of the vesicles and thus are barely visible through 'H-NMR spectroscopy.
Therefore, a short chain amine (n-butylamine) was used instead of dodecylamine to avoid vesicular
aggregation and facilitate detection of the imine peaks. Briefly, solution containing 0.1 mM each of
the TC (1 mM stock solution in D,O) and n-butylamine (10 mM stock solution in THF-ds) along with
25 U/mL GOx was prepared in D,O and its NMR spectrum was recorded. Subsequently, 1 mM pH 8
TRIS buffer and 5 mM glucose (stock solutions prepared in D,O) were added to the solution above
and it's NMR spectra were recorded at an interval of 10 minutes. The disappearance of the aldehyde
peak and the appearance of the imine peak indicated the formation of imine linkages. The imine
peak, however, slowly disappeared and the aldehyde peak reappeared over a course of 40 minutes

as the pH reverted back to the acidic range at the end of the pH cycle.
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Assessment of Catalytic Activity:

pH Dependent Peroxidase Activity: Peroxidase activity of hemin in the presence or absence of the
vesicular nanozyme at pH 8 and 6, respectively, were assessed by spectrophotometrically
monitoring the oxidation of pyrogallol to purpurogallin in the presence of H,O,. Briefly, 0.1 mM each
of the TC (1 mM stock solution in water) and dodecylamine (10 mM stock solution in THF) along with
5 uM Hemin (1.5 mM stock solution in DMSO) were taken in 1 mL of pH 6 phosphate buffer (20 mM)
or pH 8 TRIS buffer (20 mM) in a quartz cuvette of 1 cm path length and varying amounts of
pyrogallol (0.5 M stock solution in acetonitrile used to attain final concentrations of 0.5, 1.0, 1.5, 2.0,
and 2.5 mM) were added to the solution. The reaction was initiated by addition of 5 mM H.0, (1 M
stock solution in water) and following mixing, the absorbance change corresponding to the
chromogenic product, purpurogallin was monitored at Ama= 420 nm (Ag0nm= 2640 M'.cm™ in
water)® over a period of 5 minutes. The catalysis experiments were performed in triplicates and the
kinetics of the reactions at different pH values were calculated via nonlinear regression using

GraphPad Prism 9 software, under an assumption of Michaelis-Menten kinetics.

pH Dependent Hydrolase-Peroxidase Tandem Activity: Tandem catalytic activity of the
nanozyme at different pH values was evaluated by spectrophotometrically monitoring the
formation of tetraguaiacol from MP-Im/MPA through a two-step hydrolase-peroxidase catalysis. The
activity measurements were performed using the same procedure as that in case of peroxidase
catalysis, but using varying concentrations of MP-Im/MPA (0.5 M stock solution in DMSO used to
attain final concentrations of 0.5, 1.0, 1.5, 2.0, and 2.5 mM) substrate instead of pyrogallol. The
absorbance change corresponding to tetraguaiacol was monitored at Amax= 470 nm (€470nm= 26600

MT.cm™ in water)'®

over a period of 5 minutes and the kinetics of the reactions were plotted using
GraphPad Prism 9 software, under an assumption of Michaelis-Menten kinetics. Kinetics
experiments using the control peptide, Py-RSG, were performed similarly but using a heteroternary

complex of CB[8], MV and Py-RSG. All experiments were performed in triplicate.

Time Dependent Dynamic Light Scattering (DLS) Studies (Figure 4.9B): The particle sizes of the
assemblies were obtained at 298 K using a 632.8 nm He—Ne laser using Zetasizer Nano-Z590
(Malvern). Briefly, TmL aqueous solution containing equimolar amounts (0.1 mM) of the TC (1 mM
stock solution in water) and dodecylamine (10 mM stock solution in THF), 5uM Hemin (1.5 mM stock
solution in DMSO), and 25 U/mL GOx was first acidified to a pH ~5 using TmM HCI (to ensure
disassembled state of the vesicles). The solution was filtered through appropriate filters to remove
dust particles, if any, and the hydrodynamic size of the aggregates prior to the initiation of the pH
clock (i.e., at 0 min) was found to be ~6nm, probably due to the aggregation of dodecylamine chains

and hemin molecules. DLS measurements were performed immediately after the addition of the
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fuels (1mM pH 9 TRIS buffer and 5mM glucose) and the hydrodynamic size distribution was
monitored at specific time intervals at 298K. All measurements were performed with a constant
angle of 90° and the results were reported as Number Distribution to reflect the number of

aggregates formed. All measurements were performed in triplicates.

Fluorescence Confocal Microscopy Studies (Figure 4.10A): Transient nanozyme formation was
performed as mentioned earlier but using Nile Red (10 uM) as the fluorescent probe as it specifically
accumulates in the hydrophobic vesicle bilayer and shows fluorescence upon vesicle formation.
Post initiation of the pH clock (1mM pH 9 TRIS buffer and 5mM glucose in the presence of 25 U/mL
GOx), the assembly/disassembly process was monitored through CLSM wherein the transient
vesicular nanozymes appeared as fluorescent aggregates and slowly disappeared as the nanozyme
assemblies disassembled. The sample was excited at 488nm and the fluorescence emission was

observed at 549 — 662 nm over a period of 60 min at 298K.

Particle Count Analysis from CLSM (Figure 4.10B-D): The particle count from the CLSM images
obtained at different time points were analyzed using ImageJ software. In particular, the images
were converted to 8 bit format and visible particles were counted with threshold level set at 10, 20
and 30. The particles having a minimum object dimension of 1, 2, 3, 4 and 5 px? were considered for
particle count analysis. As anticipated, the number of fluorescent particles first increased upon

initiation of the pH clock and then declined steadily as the pH clock culminated.

Transient Peroxidase Activity (Figure 4.11A): Equimolar mixture (0.1 mM) of the TC and
dodecylamine, 5 uM Hemin and 25 U/mL GOx were taken together in 1 mL MilliQ water (maintained
ata pH of ~5) in a quartz cuvette of 1 cm path length and to it pyrogallol (1 M in ACN) was added to
maintain a final concentration of 1 mM. The pH clock was initiated by adding a combination of pH
9 TRIS buffer (1 mM final concentration) and varying concentrations of glucose (3, 5, and 7 mM final
concentrations) to the solutions. Following mixing, the absorbance changes at Amax= 420 nM (€420nm=
2640 M'.cm™ in water) was monitored immediately over a period of 60 minutes. The experiments

were performed in triplicate.

Transient Hydrolase-Peroxidase Tandem Activity (Figure 4.11B): Equimolar mixture (0.1 mM) of
the TC and dodecylamine, 5 uM Hemin and 25 U/mL GOx were taken together in 10 mL MilliQ water,
maintained at a pH of ~5, and the pH clock was initiated by adding a combination of 1 mM pH 9 TRIS
buffer and 5 mM glucose to the solution. 1 mL aliquots of the solution were transferred to a 1 mL
quartz cuvette at certain time intervals and 0.5 mM MP-Im was added to the solution. Following
mixing, the absorbance change at Ama= 470 nm was monitored immediately over a period of 5

minutes and the velocity of the tandem catalysis reaction at different time points was calculated
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from the average slope in the first minute of the reaction. Kinetics were measured for five

consecutive pH cycles and the experiments were performed in triplicates.

Note: All kinetics measurements were corrected for interference from various components of the
system as well as from changes in turbidity of the solution by subtracting the background

contribution prior to fitting using GraphPad Prism 9 software.
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Chapter 5

Trans iently Breathing Multi-Luminescent Vesicles with
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5.1. Introduction

Along the evolutionary pathway, lipids have emerged as one of the simplest yet
indispensable building elements of life. When organized into well-ordered dynamic cellular
membranes via self-assembly, they work together to accomplish complex life-sustaining functions.
The advent of lipid membranes undeniably accelerated the pace of molecular evolution by
compartmentalizing primitive building blocks such as amino acids, sugars, and nitrogen bases in
confined nano-spaces and facilitating the development of complex polymeric macromolecules such
as enzymes, proteins, and RNA.?>> Owing to their close resemblance to cell membranes, synthetic
vesicles have been extensively employed as protocell models to uncover the mysteries of the
genesis of life and to simulate complex cellular events in abiotic settings.?**?® In response to various
chemical and physiological signals, synthetically engineered vesicles have been demonstrated to
exhibit life-like features such as fission, fusion, budding, birthing, adhesion, and aggregation.?% 2
Interestingly, certain deliberately constructed polymeric vesicles have been found to display stimuli-
responsive dynamic "breathing" cycles with concomitant variations in hydrodynamic size and
membrane permeability.?®®2'* This breathing feature has been utilized for controlled release of
payload,?'*?'2 temporal activation of nanoreactors,?'*?'* and modulation of luminescence output.?®®
29 However, these breathing vesicles do not act autonomously and require repetitive
chemical/physical stimulation for the “breath-in” and “breath-out” events. Furthermore, only

polymeric vesicles have been found to be capable of demonstrating breathing cycles.

Living cells, on the other hand, are predominantly made up of much simpler phospholipids
and have highly autonomous and adaptable breathing (i.e. expansion and contraction) cycles that
follow out-of-equilibrium dynamics. In recent years, advances in non-equilibrium systems chemistry
have prompted the development of life-like vesicles and coacervate-based protocell models that
feature fuel-driven transient assembly-disassembly processes with exquisite spatiotemporal
control # 11> 158167.215 |n an attempt to bridge the gap between chemistry and biology, the transiently
generated membrane and organelle mimics are designed to exhibit transitory functional attributes
such as growth, replication, confinement and catalysis.?" ''* 12216219 Although it has received little
attention, bioluminescence is another fascinating transient biological process wherein the
breathing cycles are concurrently coupled with the conversion of chemical energy to light energy.
Certain species of jellyfish (Coelenterates) take up Ca** ions (i.e. the activator) during the breath-in
event, triggering the conversion of non-fluorescent coelenterazine into excited coelenteramide
(Scheme 5.1A). The transiently generated excited fluorophore thereafter emits blue light as it relaxes

back to the ground state during the breath-out event.?>?2 Likewise, in fireflies, ATP (i.e. the fuel)
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drives the oxidation of luciferin to excited state oxyluciferin during the breath-in event, followed by

emission of light and CO, during the breath-out process (Scheme 5.1B).222%
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Scheme 5.1. Schematic illustration of transient luminescence in A) Jelly-fish, using Ca?* (as activator) and O: (as fuel); B)

Firefly, using ATP and Q- as fuel; and C) the pH responsive breathing vesicles, 1, under the influence of a pH clock.

Converging the concepts of transient breathing and luminescence in a single abiotic
ensemble is an enticing and challenging task that has not yet been accomplished under non-
equilibrium conditions. To address this unmet goal, herein, we describe a pH responsive vesicular
assembly that exhibits jellyfish-like breathing behavior and broad-spectrum transient fluorescence
oscillations under the influence of a chemically driven pH cycle (Scheme 5.1C). The vesicular
architecture acts as a versatile platform for entrapping and showing Forster resonance energy
transfer (FRET) interaction between complementary donor and acceptor fluorophores.?%° The
spontaneously changing interfacial charge of the vesicles during the pH cycle caused constant
fluctuations in vesicle size, resulting in the breathing effect. It also altered the emission intensity of

the donor fluorophore, and therefore the efficacy of FRET interactions amongst the donor-acceptor
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pairs. The continuously changing ratiometric fluorescence output from different donor-acceptor
pairs allowed for broad-spectrum tunability of multicolor luminescence during the breathing
events. Furthermore, by altering the activator/deactivator ratio, the lifespan of the breathing cycles
may be simply and effectively regulated across several pH cycles, emphasizing the adaptability of

the vesicles to the surrounding environment.
5.2. Results and Discussion

5.2.1. pH Responsive Breathing

The charge and size of the amphiphile head group are crucial in determining the
amphiphile’s hydrophilic-lipophilic balance, the degree of hydration at the vesicular interface as
well as the lipid packing arrangement within the vesicular architecture.?*" 232 Thus, to create a pH
responsive breathing system, we anticipated using a previously reported pH responsive vesicle.?
The amphiphile is made up of a single tail lipid witha pH responsive dendritic head group (1,
Scheme 5.1C). These lipids, unlike polymeric amphiphiles, are easily accessible via a two-step
synthetic protocol (Scheme 5.2) and form vesicles across a wide pH range (pH>5). The head group
of 1 comprises three pH responsive functional groups, one tertiary amine and two carboxylic acids,
which can be protonated and deprotonated reversibly at different pHs. Previous findings?** suggest
that the pH responsive amphiphile with octadecyl tail displayed noticeable and wide variations in
hydrodynamic size in response to varying pHs, thus we opted for lipid 1 with octadecyl aliphatic

chain to construct our breathing vesicles.

The critical aggregation concentration (CAC) of 1 in aqueous medium was determined using
a Nile red (NR) solubilization fluorescence assay (Figure 5.1A-C) and was found to be 2.42x10°M in
pH 7 phosphate buffer (20 mM), which is consistent with the previously reported value.** Dye
encapsulation and release experiment performed using carboxyfluorescein (CF) also confirmed the
formation of stable vesicles under ambient conditions (Figure 5.1D).'*”%* As previously stated, the
pH of the medium has a significantimpact on the size of the vesicles produced by 1, hence Dynamic
Light Scattering (DLS) analysis was used to assess the size variations at different pHs. At pH 6, the
hydrodynamic diameter of the vesicles was observed to be ~700 nm, but at pH 10, it decreased to
~200 nm (Figure 5.1E). Similar results were depicted by microscopic imaging techniques like FETEM
(Figure 5.1G) and FESEM (Figure 5.1H). Furthermore, by simply altering the pH of the media with
NaOH/HCI, the inflation-deflation of the vesicles may be readily and reversibly regulated across
multiple cycles (Figure 5.1F). The size variations of vesicles as a function of pH can be described using
Israelachvili's theoretical framework of critical packing parameter (P).> The structure of amphiphilic

aggregates can be predicted using the equation, P = v/A,,;nl. where v is the effective volume
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occupied by hydrophobic chains, [, is the maximum effective length (critical chain length), and
Apmin is the effective hydrophilic head group surface area at the aggregate-solution interface.
Fluctuations in the effective charge of the head group at different pHs alter the P of the surfactants,
causing size changes. For conclusive argument, the P values of 1 at pH 6 and 10 were obtained
experimentally using surface tension measurements (Figure 5.11)'*, and as expected, the Cpp of 1
at pH 10 (0.54) was found to be lower than that at pH 6 (0.66) (Table 5.1). Furthermore, for both pHs,

the P values were well within the vesicular aggregation range (0.5-1).2°
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Figure 5.1. pH-responsive breathing. A) Critical aggregation concentration (CAC) analyses for 1 using NR in pH 7 buffer
(20 mM), B) Fluorescence spectra of 1 UM NR taken in pH 7 phosphate buffer (20 mM) upon titrating with increasing
concentrations of the amphiphile 1, C) Normalized fluorescence spectra corresponding to B showing blue shift in the NR
emission with increase in the concentration of 1, indicating vesicle formation. (Aex= 550 nm, Slit width (Ex./Em.) = 5/5 nm),
D) Dye release profile for CF from the vesicles over a period of 24 hours at room temperature. Release of only 16.4% dye
in 24 hours suggested the formation of stable and robust vesicles of 1. E) DLS analysis of the vesicles at different pHs, F)
DLS analysis of HCI/NaOH triggered size changes across multiple cycles, G) FETEM, and H) FESEM images of the vesicles at
pH 6 and 10, 1) Surface tension versus log [1] plot at pH 6 and 10. (For G and H, Scale Bar = 200 nm)

In order to introduce transient out-of-equilibrium breathing feature, we subjected the pH-

responsive vesicles to a chemically driven pH clock powered by two opposing triggers, i) Activator:
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pH 10 TRIS buffer, which rapidly raises the pH of the medium, and ii) Deactivator: Glucono delta-
lactone (GdL), which generates gluconic acid via a comparatively slow base-catalyzed saponification
reaction, reducing the pH.*' The lifetime of the breathing cycles can be easily tuned by varying the
ratio of activator and deactivator (Figure 5.2A). As anticipated, higher concentration of the activator
increases the lifetime whereas a high concentration of the deactivator lowers the lifetime of the
breathing cycles. To analyze the breathing cycle, the swollen vesicles of 1 (~700 nm) maintained at
pH ~6 in water were treated simultaneously with 2 mM pH 10 TRIS buffer and 5 mM GdL, and the
size fluctuations were recorded using DLS. The vesicles rapidly contracted to ~200 nm within 1 -2
minutes after starting the pH clock, as the pH jumped to ~10, and then gradually inflated again to
~800 nm over a 60-minute period as the pH steadily declined to ~6 (Figure 5.2B). Also, the formation
of bigger size vesicles resulted in a rise in the turbidity of the solution as the pH dropped below ~7
(Figure 5.2C). FESEM images of freeze-dried vesicle samples obtained at different time intervals
during the pH cycle also revealed that the vesicles shrink at first, then slowly expand as the pH of

the solution changes over the breathing cycle (Figure 5.2D).
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Figure 5.2. A) pH clock optimizations using different concentrations of pH 10 TRIS buffer and GdL, in the presence of 500
MM 1 in water, B) Representative plots of DLS measurements during the transient breathing of the vesicles in response to
the pH clock triggered by adding 2 mM pH 10 TRIS buffer and 5 mM GdL, C) Changes in turbidity of the vesicle solution
monitored by measuring the absorbance at 400 nm during the pH cycle. [1] = 500 uM, D) FESEM images of freeze-dried

samples of the vesicles collected along the course of the pH cycle. (Scale Bar =200 nm)
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5.2.2. Vesicles as a Platform for FRET

Vesicles have the remarkable ability of immobilizing hydrophobic dyes in their lipid bilayer
and hydrophilic dyes on their surface through various non-covalent interactions. As a result, they've
been widely used as a modular framework for generating FRET interactions amongst numerous
donor-acceptor pairings. Herein, we have used a polarity sensitive dye, 1-anilinonaphthalene-8-
sulfonic acid (ANS) as the donor fluorophore. ANS is a hydrophobic dye that has been frequently
utilized to analyze protein unfolding and enzyme binding interactions.* It has a low fluorescence
intensity in aqueous solution, which increases significantly when it binds to hydrophobic binding
sites in proteins/enzymes.”” ANS binds particularly to cationic amino acid residues in proteins such
as lysine and arginine via electrostatic interactions.?*#%29 |n the present study, the quantum yield
of ANS increased from 0.003 in pH 7 phosphate buffer to 0.205 in the presence of the vesicles (500uM
of 1, 20mM pH 7 buffer) with a ~21-fold enhancement in fluorescence intensity (Figure 5.3A). A
similar fluorescence enhancement was observed when ANS was taken in presence of positively
charged micelles of CTAB, Cetyl Trimethyl Ammonium Bromide (5 mM) (Figure 5.3B). However,
negligible enhancement was observed when ANS was taken with negatively charged micelles of
Sodium dodecyl sulfate (SDS, 20mM). This indicates that the weakly hydrophobic ANS binds with
protonated amine residues of 1 and exhibits intense fluorescence following sequestration in the
palisade layer of the vesicles (The region between the charged head group and the first few carbon

atoms of the tail).230-244
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Figure 5.3. A) Fluorescence spectra of 10 uM ANS in water and in the presence of vesicles formed by 500 uM of the
amphiphile, 1. B) Fluorescence spectra of 10 uM ANS taken in the presence of cationic micelles of CTAB and the anionic

micelles of SDS. (Aex= 360 nm, Slit width (Ex./Em.) = 5/5 nm)

To construct light harvesting system with ANS as the donor fluorophore, the hydrophobic
dyes, 4,7-dithien-2-yl-2,1,3-benzothiadiazole (DBT) and Nile red (NR), were chosen as acceptor
fluorophores because of three reasons, i) All three fluorophores emit only when entrapped in the
hydrophobic lipid bilayer, ii) Within the vesicular architecture, the fluorophores can be brought close
together, which is required for FRET interactions, and iii) There is significant spectral overlap

between the absorption spectra of DBT/NR and the emission spectrum of ANS. (Figure 5.4A-C).
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When 20 uM ANS (in a solution of 500 uM 1 in pH 7 phosphate buffer, 20 mM) was selectively excited
at 360 nm and titrated with increasing concentrations of DBT, ANS emission at 480 nm declined
progressively while DBT emission at 565 nm increased (Figure 5.4D). Concurrently, the fluorescence
color shifted from blue to yellowish-orange (Figure 5.4l). Similarly, titration with increasing
concentrations of NR lowered ANS emission while enhancing NR emission at 635 nm (Figure 5.4F).
The fluorescence color, in this case, changed from blue to red. Also, both DBT and NR showed only
weak emission in the absence of ANS due to their inherent aggregation caused quenching (ACQ)
behavior, ruling out the possibility of direct excitation of the acceptor at the donor excitation

wavelength and substantiating the presence of a FRET mechanism in the system (Figure 5.5A, B)
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Figure 5.4. Spectral overlap between the A) Normalized emission spectrum of ANS and normalized absorption spectrum
of DBT, B) Normalized emission spectrum of DBT and normalized absorption spectrum of NR, and C) Normalized emission
spectrum of ANS and normalized absorption spectrum of NR, in pH 7 phosphate buffer (20 mM). D) Fluorescence spectra
(Aex = 360 nm) of 20 UM ANS in 500 uM 1 (pH 7 buffer, 20 mM) upon addition of increasing concentrations of DBT (One-
step FRET), E) Fluorescence spectra (Aex = 360 nm) of 5 uM DBT taken in presence of 20 uM ANS and 500 uM 1 (pH 7 buffer,

20 mM) upon addition of increasing concentrations of NR (Two-step FRET), F) Fluorescence spectra (Aex = 360 nm) of 20

109

—
| S—



TH-3062_176122002

Creating Life-like Transience in Synthetic Vesicles

puM ANS in 500 uM 1 (pH 7 buffer, 20 mM) upon addition of increasing concentrations of NR (One-step FRET), G)
Fluorescence decay profile of ANS in presence of DBT and NR at 480 nm (Aex = 375 nm), H) Fluorescence decay profile of
ANS/DBT in presence of NR at 565 nm (Aex = 375 nm), and 1) The CIE chromaticity diagram, showing the luminescent color

changes corresponding to the titrationsin D, Eand F.

Quantitative assessment of the titration process revealed that an energy transfer efficiency
(®er) of 72.8% was reached and antenna effect (AE) of 5.4 was attained upon adding 3 uM DBT to 20
MM ANS (Table 5.2). Similarly, addition of 4 uM NR to 20 uM ANS yielded ®gr value of 82% and AE of
4.9 (Table 5.3). Owing to the overlap of absorption spectra of NR with the emission spectra of DBT,
the system also supports two-step sequential FRET from ANS to NR via DBT. When a 500 uM solution
of 1 (containing 20 uM ANS and 5 uM DBT (®er= 87.7%)) was titrated with increasing concentrations
of NR, the DBT emission at 565 nm declined steadily while the NR emission at 635 nm increased,
when excited at the ANS excitation wavelength of 360 nm (Figure 5.4E). The @ and AE value upon
adding 2 uM NR were found to be 75.2% and 3.5, respectively (Table 5.4). Furthermore, when titrated
with increasing concentrations of DBT or NR, the absorption of ANS at 350 - 390 nm remained
constant while that of DBT (at 290 - 340 and 400 - 540 nm), and NR (at 420 - 670 nm), increased
continuously, indicating the absence of any ground state interactions between the donor (ANS) and

acceptor (DBT/NR) molecules (Figure 5.5C,D).
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Figure 5.5. Fluorescence spectra of A) DBT, and B) NR in the presence and absence of ANS. (Aex= 360 nm, Slit width
(Ex./Em.) = 5/5 nm). Changes in the absorption spectra of ANS upon addition of increasing concentrations of C) DBT, and

D) NR, in presence of the vesicles, 1 (500 uM in pH 7 buffer). [ANS] = 20 uM

The energy transfer process was further validated by fluorescence decay experiments

wherein a marked reduction in the lifetime of ANS was observed upon addition of DBT, NR as well
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as a combination of DBT/NR (Figure 5.4G,H; Table 5.5). This clearly indicates efficient transfer of the
excited state energy of the donor to the acceptors and thus the vesicles enabled the construction
of one-step as well as two-step sequential light harvesting systems with broad-spectrum tunability

of luminescence.
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Figure 5.7. Changes in fluorescence intensity of 5 uM ANS at different pH values in presence of the vesicles furnished by
500 uM of A) the amphiphile, 1, and B) the control amphiphile, 1*-Me. (Aex= 360 nm, Slit width (Ex./Em.) = 5/5 nm). Changes

in fluorescence intensity at Aem= 475 nm upon addition of increasing concentrations of ANS to a solution containing
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vesicles furnished by 500 uM of C) the amphiphile, 1, and D) the control amphiphile, 1*-Me, at pH 6 and 10. (Aex= 360 nm,
Slit width (Ex./Em.) = 5/5 nm).

5.2.3. Tuning Transient Multicolor Luminescence

As the head group of 1 contains three pH sensitive moieties, the extent of binding ANS
varies linearly with the pH of the system. The apparent pKa of the two carboxylic acids and one
tertiary amine group were found to be pKai = 3.32, pK.2=4.17 and pK.s= 10.45, respectively (Figure
5.6A), and as can be seen from the microspecies distribution curve, the degree of protonation of the
amine group increases as the pH decreases from 10 to 6 (Figure 5.6B). This explains the drop in the
negative zeta potential of the vesicles (Figure 5.6C) as well as the enhancement in the emission of
ANS (in presence of 1) as the pH decreases from 10 to 6 (Figure 5.7A). A control amphiphile, 1*-Me
(Scheme 5.2), bearing a quaternary ammonium ion in the head group, on the other hand, presented
minimal changes in ANS fluorescence with pH fluctuations (Figure 5.7B). This is due to the fact that
1 bind strongly to ANS at acidic pH (Kys= 43.67 = 5.45) and has weak interactions at basic pH (Kq=

14.26 £ 12.29), whereas 1*-Me, with a permanent positive charge, has comparable K4 values at pH 6

and pH 10 (Figure 5.7C, D).
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Figure 5.8. Time-dependent fluorescence spectra of ANS (5 uM) in presence of vesicles furnished by 500 uM of A) the
amphiphile, 1, and B) the control amphiphile, 1*-Me, and under the influence of the pH clock triggered by adding 2 mM
pH 10 TRIS buffer and 5 mM GdL. The insets show the change in fluorescence intensity at 460 nm as a function of time.
Changes in fluorescence intensity of C) 3 uM DBT (Aex= 465 nm), and D) 1 uM NR ((Aex= 550 nm), at different pH values in
presence of the vesicles furnished by 500 uM of the amphiphile, 1.

As expected, when exposed to the pH cycle (2 mM pH 10 TRIS buffer and 5 mM GdL), 1
caused a rapid initial drop followed by a gradual and significant increase in ANS fluorescence, but

1*-Me only produced minor alterations (Figure 5.8A, B). pH variations had negligible impact on the
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fluorescence of DBT (Figure 5.8C) as it remains deeply buried in the hydrophobic domains of the
vesicles, 1.2* The comparatively less hydrophobic NR molecules, however, presented weak emission
at higher pH values as they lie closer to the hydrophilic head groups and experience a much polar

environment at alkaline pH owing to hydration of the bilayer (Figure 5.8D).%* %
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Figure 5.9. Multimodal luminescence by the breathing vesicle under pH cycle. Fluorescence spectral changes of the
pH-responsive breathing vesicles of 1, containing A) 5 uyM ANS and 1 uM DBT, B) 5 uM ANS, 1.5 uM DBT and 0.3 uM NR,
and C) 5 uM ANS and 1M NR, under the influence of pH clock triggered by adding 2 mM pH 10 TRIS buffer and 5 mM GdL.
D) Photographic images of the vials corresponding to A-C, showing changes in luminescence color and intensity, E) The

CIE diagram showing the transient changes in luminescence for different combinations of the FRET pairs.

After determining the pH-dependent behavior of the different fluorophores in the vesicles,
we investigated the feasibility of generating life-like transient multicolor luminescence. We utilized
2 mM pH 10 TRIS buffer and 5 mM GdL for the pH cycles and used different combinations of the
fluorophores. A solution containing 500 uM 1, 5 uM ANS and 1 uM DBT, maintained at pH 6, showed
strong bluish fluorescence initially. When the pH cycle was started, the rapid jump in pH caused the
expulsion of ANS molecules from the vesicular interface, and the solution emitted weak orange
fluorescence, which was mostly produced by the entrapped DBT molecules. Later, as the pH

decreased gradually, the uptake of ANS molecules resulted in the transfer of excitation energy from
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ANS to DBT and thus an increase in overall fluorescence intensity (Figure 5.9A). The above argument
was also corroborated by time-dependent excitation spectra collected along the course of the pH
cycle (5.10F). Finally, at the end of the pH cycle, the solution again emitted bluish fluorescence,
arising predominantly from the ANS molecules. Remarkably, we were also able to control the
spectral range spanned by the transient cycles by altering the DBT concentration for a given

concentration of ANS (5 uM) (Figure 5.10A-E).
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Figure 5.10. Fluorescence spectra changes of the pH responsive breathing vesicles, 1, containing A) 5uM ANS and 0.5uM
DBT, B) 5uM ANS, 1.5uM DBT, under the influence of pH clock triggered by adding 2mM pH 10 TRIS buffer and 5 mM GdL.
The CIE diagram showing the transient changes in luminescence corresponding to C) the Figure A, and D) the Figure B.
(Aex= 360 nm, Slit width (Ex./Em.) = 5/5 nm). E) Time-dependent variation of the ratio of ANS emission (lss0) and DBT
emission (Iss0) along the course of the pH cycle. The Iseo/lsso plotted here correspond to Figure 5.9A and 5.10A, B. The
Iseo/l260 values indicate the luminescence colours spanned during the pH cycle, as shown in the background of the figure.
F) Time-dependent excitation fluorescence spectra of 5 uM ANS and 1 uM DBT taken with 500 uM vesicles of 1 under the
influence of the pH clock triggered by adding 2 mM pH 10 TRIS buffer and 5 mM GdL. Fluorescence spectra changes of the
pH responsive breathing vesicles, 1, containing 5uM ANS, 1.5 uM DBT and G) 0.1uM NR, H) 0.5uM NR, and 1) 0.7uM NR,
under the influence of pH clock triggered by adding 2mM pH 10 TRIS buffer and 5 mM GdL. (Aex= 360 nm, Slit width
(Ex./Em.) =5/5 nm).
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Continuously changing ratiometric fluorescence output from the ANS-DBT and ANS-NR
(Figure 5.9B) one-step FRET processes, as well as the ANS-DBT-NR two-step FRET process (Figure
5.9C, 5.10G-l), allowed for broad-spectrum tunability of multicolor luminescence during the
breathing events (Figure 5.9D, E). To our pleasing surprise, we were also able to achieve transient
pure white light emission with CIE coordinates (0.33, 0.33) using 5 uM ANS, 1.5 uM DBT and 0.3 uM
NR, during the transient cycle. Quantitative analysis of the FRET process at the two extreme pHs
revealed that the fluorophores exhibit high Qg at alkaline pH but display low Qg at acidic pH (Figure
5.11, Table 5.6). This is due to the fact that at alkaline pH, lesser number ANS molecules are
imbedded on the vesicle surface and they transfer most of the absorbed excitation energy to the
acceptor fluorophores. At acidic pH, however, the ANS molecules are abundant and thus the
acceptor molecules can take up only a portion of the available excitation energy. NR, however,
anomalously displayed lower ®gr with ANS at alkaline pH because it is weakly entrapped in the
vesicle under alkaline conditions and is not present in sufficient amount to effectively receive the
excitation energy from the available ANS molecules. Thus, although the ANS-NR FRET system spans
a broad spectral range at pH 7 (Figure 5.4l), during the transient cycle, the system performed

inadequately.
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Figure 5.11. Fluorescence spectra of 5 uM ANS, taken with 500 uM 1, at pH 6 and 10, in presence and absence of A) 1.5
pM DBT, B) 1.5 uM DBT and 0.1 uM NR, €) 1.5 uM DBT and 0.3 uM NR, D) 1.5 uM DBT and 0.5 uM NR, E) 1.5 uM DBT and 0.7
UM NR, and F) 1.5 uM NR. (Aex= 360 nm, Slit width (Ex./Em.) = 5/5 nm).
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5.2.4, Adaptability and Repeatability

Natural systems have an amazing ability to adapt to their environment. On the other hand,
artificially created out-of-equilibrium systems have drawbacks such as waste generation, increasing
ionic strength, and dilution in consecutive cycles. To mitigate the effect of waste generation, we
estimated the amount of GdL that remained unused after the pH cycle (using HPLC, Figure 5.12) and
accounted for it when adding triggers for following cycles. Regardless of the amount of GdL added,

each pH cycle triggered using 2 mM pH 10 TRIS buffer was found to consume ~1.9-2.1 mM GdL.
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Figure 5.12. A) Standard plot for GdL from HPLC, and B) Bar diagrams showing amount of GdL added and amount of GdL
left unreacted upon triggering the pH cycle using 2mM pH 10 TRIS buffer.
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Figure 5.13. Time dependent variation in pH, Iseo/la70 emission ratio, hydrodynamic size and optical density across four

consecutive pH cycles triggered using varying ratios of the activator/deactivator.

To check the adaptability of our system, we subjected a solution containing 500 uM 1, 5 uM
ANS and 1 uM DBT to four consecutive pH cycles, but using different ratios of the activator and

deactivator. The transient changes in the system were monitored using time dependent pH, ls¢o/ls70
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emission ratio, DLS and turbidity measurements (Figure 5.13). The system demonstrated excellent
reproducibility and had highly adaptive lifetimes that correspond well to the ratio of triggers added
during consecutive cycles. This level of control over transient cycles is extremely rare and reflects

the system's remarkable adaptability and robustness.

5.3. Conclusion

In summary, we have utilized a minimalistic single tail amphiphile based vesicle to
demonstrate pH gated autonomous breathing cycles under the influence of a chemically driven pH
clock. The vesicle provided a modular framework to discreetly localize the donor fluorophore (ANS)
at the vesicular interface and the acceptor fluorophores (DBT/NR) in the hydrophobic lipid bilayer.
Using a unique pH responsive catch and release mechanism, the concentration of ANS in the
vesicular ensemble fluctuates during the pH cycle and allows transient luminescence color and
intensity changes along the course of the pH cycle. Remarkably, we were also able to achieve
transient pure white light emission during the breathing cycles. This system's exceptional versatility,
robustness, broad-spectrum transient luminescence, adaptability, and reversibility make it an
excellent mimic of naturally occurring bioluminescent systems. Multi-luminescent materials that
function in an out-of-equilibrium fashion are particularly rare and, hence this new concept may
open new avenues in the field non-equilibrium systems chemistry. This may also find applications
in the development of smart fluorescent inks capable of storing cryptic information and other

intelligent luminous materials.
5.4. Experimental Section

5.4.1. General Information and Materials

1-anilinonaphthalene-8-sulfonic acid (ANS), 4,7-dithien-2-yl-2,1,3-benzothiadiazole (DBT)
and Nile red (NR) were purchased from TCI Chemicals (India). Octadecylamine, Methyl acrylate,
Methyl lodide and Glucono delta-lactone (GdL) were acquired from Sigma-Aldrich (USA). HPLC-
grade dimethyl sulfoxide (DMSO), dichloromethane (DCM) and acetonitrile (ACN) were procured
from Spectrochem (India) and Fisher Scientific (India). Solvents were dried whenever required
according to the reported procedures. Milli-Q water with a conductivity of less than 2 uScm™ was
used for all sample preparations. 60-120 mesh silica gel (SRL) was used for column chromatography.
Chromatographic purifications were performed on a Luna 5 um (C18) column (Phenomenex) using
a Dionex Ultimate 3000 HPLC. '"H NMR and "*C NMR spectra were recorded using a Bruker Ascend
600 MHz (Bruker, Coventry, UK) spectrometer and referenced to deuterated solvents. Coupling

constants (J values) are reported in hertz, and chemical shifts are reported in parts per million (ppm).
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Multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), m (multiplet), and br
(broadened).

5.4.2. Synthesis and Characterization
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Scheme 5.2: Synthetic procedure of 1 and 1*-Me

Compound 1 was synthesized using a previously reported protocol.?** Briefly, 5g (0.018 mol)
of octadecylamine was dissolved in 25 mL of methanol and excess methyl acrylate (6.7 mL, 4
eqv.,0.074 mol) was added to the solution dropwise with constant stirring. The solution was stirred
at room temperature for 48 hours and then the solvent was evaporated at 40°C using a rotary
evaporator to yield a colorless oil. The oily residue was taken in dichloromethane and washed with
0.01M HCI solution. The organic fraction was then collected and evaporated. The resulting oily
residue was then stirred with 50 mL 1M NaOH solution at 80°C for 10 hours to hydrolyze the methyl
ester. The pH of the solution was then adjusted to 5 using HCl and the resulting precipitate was
collected by filtration. The precipitate was then dried under reduced pressure and recrystallized in
a mixed solvent of hexane and methanol to yield the pure product, 1, as a white powder. 'H NMR
(600 MHz, CDCls) 6 (ppm) 3.45 (d, J=9.9 Hz, 3H), 3.14 (t, J= 8.3 Hz, 2H), 2.92 (d, J=7.9 Hz, 4H), 1.83 -
1.70 (m, 2H), 1.25 (d, J= 3.0 Hz, 30H), 0.88 (t, /= 6.9 Hz, 3H). *C NMR (151 MHz, CDCl;) § 173.70, 54.01,
49.36, 32.09, 29.96, 29.94, 29.92, 29.84, 29.78, 29.54, 29.47, 29.29, 26.91, 23.77, 22.85, 14.27.

Compound 1*-Me was prepared by first treating octadecylamine (1 g, 0.004 mol) with methyl
acrylate (4 eqv.) as mentioned above and then methylating the resulting oily residue with excess
Mel. Briefly, the oily residue obtained after first step was stirred with excess methyl iodide (4 eqv.) in
DCM for 72 hours. The solvent was then evaporated using rotary evaporator and the resulting oily
liquid was stirred with 50 mL 1M NaOH solution at 80°C for 10 hours to hydrolyze the methyl ester.

The solution was then neutralized using HCl and the water was evaporated using rotary evaporator.
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The resulting crude product was washed multiple times with diethyl ether to give the pure product

as a sticky white solid. MALDI-TOF: m/z calcd. for C;sHsoNO4* [M]*, 428.373; found 428.675.

5.4.3. Methods and Instrumentations

UV-Visible spectra were recorded on a PerkinElmer Lambda 750 spectrometer, while
fluorescence measurements were performed on a Fluoromax 4 Plus spectrophotometer. pH data
were recorded on a Hanna HI 2210 pH meter equipped with HI1131 pH probe from Hanna. FESEM
imaging was performed on a Gemini SEM 300 (Sigma Zeiss) instrument. FETEM images were taken
in JEOL 2100F microscopes. The particle sizes and zeta potential analysis of the assemblies were
performed at 298 K using Zetasizer Nano-ZS90 (Malvern). A He-Ne LASER (A = 632.8 nm) was used
as an excitation source for dynamic light scattering (DLS) measurements. Surface tension
measurements were done using a tensiometer (Jencon, India) applying Du Noty ring method at 25
+0.1° Cin water. Fluorescence decay was measured using a time-correlated single-photon counting
(TCSPQC) setup (Horiba instruments) equipped with a 375 nm picosecond LASER diode (Horiba

instruments), and a microchannel plate photomultiplier tube (MCP-PMT) for photon detection.

Time-dependent FESEM analysis: 5 L of the sample solution at specific time interval during the
pH cycle was casted on a silicon wafer and immediately freeze-dried to arrest the kinetics of the pH

cycle. The dried samples were then analyzed through FESEM.

Time-dependent FETEM analysis: 5 L of the sample solution at specific time interval during the
pH cycle was casted on carbon coated copper grid (300 mesh Cu grid with thick carbon film from
Pacific Grid Tech, USA) and allowed to air dry for 2 minutes and then the excess sample was bloated
with a tissue paper. The grid was then immediately freeze-dried and then the FETEM images were

taken.

Determination of Critical Aggregation Concentration (CAC): 1 uM NR (1 mM stock solution in
DMSO) was taken in pH 7 phosphate buffer (20 mM) and increasing concentrations of the
amphiphile 1 was added to the solution. After each addition, the solution was mixed briefly and the
fluorescence spectra was recorded (Aex= 550 nm, Slit width (Ex/Em.) = 5/5 nm). Beyond a certain
concentration of 1, an abrupt rise in the NR emission was observed indicating the entrapment of NR
in the formed vesicles (Figure 5.1A-C). Also, the normalized fluorescence spectra of NR with
increasing concentrations of 1 showed an obvious shift to lower wavelengths, indicating increase in
the hydrophobicity of the lipid bilayer and thus, the formation of stable vesicles. The CAC was
estimated from the point of interception beyond which a sharp increase in the fluorescence

intensity and a blue shift was observed.

TH-3062_176122002

119

—
| —



Creating Life-like Transience in Synthetic Vesicles

Dye encapsulation and release: 1 mL of 0.1 mg mL" solution of Carboxyfluorescein (CF) was
prepared in MilliQ water (pH 7) and 1 mM of 1 was added to it. The solution was vortexed for 5
minutes and then sonicated for 30 minutes. The resulting dye containing vesicle solution was
passed through a column of Sephadex G-25 using water as the eluent to remove the extravesicular
CF. Fluorescence spectra of the eluted solution was measured at specific time intervals over a period
of 24 hours (Aex= 492 nm, Slit width (Ex./Em.) = 5/5 nm). After 24 hours, the vesicles were completely
lysed by addition of 20 pL of Triton X-100 (1%) and the fluorescence spectrum was recoded again.

The % CF release was calculated using the following equation,

Release % = =l %100 (Equation 5.1)
Ia - IO

where, lo and I are the fluorescence intensities initially and at time t, respectively, and I is the

fluorescence intensity when all the fluorophore molecules were released from the vesicles upon

getting lysed by the addition of Triton X-100.

Packing parameter at different pH:

To estimate the packing parameter of the vesicles formed at pH 6 and 10, the CAC was
determined using surface tension. The surface tension of the surfactants at the air/water interface
was measured using a tensiometer (Jencon, India) following the du Noly ring detachment method.
Previously prepared concentrated aqueous solution of 1 in the respective buffers were added
progressively with Hamilton syringes to a measured quantity of the same buffer, gently stirred for 2
min, and kept in a constant-temperature bath for 10 min without disturbance to reach equilibrium.
The surface tensions (g) of these solutions were then measured in triplicate while maintaining the
temperature. The dependence of the surface tension on the total surfactant concentration (C) at 298
Kare shown in Figure 5.11. The plots of g versus log (C) show breaks at concentrations corresponding
to CAC of 1. The surface excess (I};,4,) and the minimum surface area (4,,;,) were calculated using
equations 5.2 and 5.3 respectively from the least-squares slopes of the g versus log C plots.?*” The
packing parameter (P) was calculated using equations 5.4-5.6. All the values are listed in Table 5.1.

I . lim — (Equation 5.2)
=— ation 5.
Max " 2.303nRT C—>Ccyc dlogC quatt

where n is the number of species generated by the amphiphile in the solution. For the present case,

at pH 10, n =3 and at pH 6, n = 2 (considering the counterions).

Amin = 10%® [NAFmax]_1 (Equation 5.3)
v
P = (Equation 5.4)
lcAmin
v = (0.0274 + 0.0269n.)nm3 (Equation 5.5)
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[ =(0.154 + 0.1265n.) nm (Equation 5.6)

Where, v is the volume of the hydrophobic chain, which can be considered to be fluid and
incompressible, and [ is the maximum effective length, called the critical chain length. For a

saturated hydrophobic chain with n,. number of carbon atoms which is 18 in the present case.

Parameters pH6 pH10
CAC (10°M) 1.05 2.52
[nax (10¢6molm?)  5.22 3.18
Amin (nm?) 0.318 0.526
P 0.66 0.54

Table 5.1. Interfacial parameters of aggregates formed by 1 at pH 6 and 10.

Quantum vyield calculations: The fluorescence quantum yields were determined using the
following equation.

2 1. 1-10 "slec)

. n
Pl =¢S—.— ———— (Equation 5.7)
21 "1-10"4 Vec) q

S

where Qis fluorescence quantum yield, A is the absorbance at the excitation wavelength, / the area
under the fluorescence spectra, and nis the refractive index of the solvent in which the sample was
collected. The subscripts “i” and “s” refer to the sample of interest and the standard, respectively.
Coumarin 153 in EtOH (@ = 0.54) was used as a standard for ANS (in presence of the vesicles), and
quinine sulphate in 0.05 M H,SO4 (® = 0.51) was used for free ANS in pH 7 buffer. Coumarin 153 and

quinine sulphate were excited at 411 and 310 nm, respectively.

Energy transfer efficiency (Ogr) and antenna effect (AE) calculations:

Energy-transfer efficiency, ®er, may be defined as the fraction of the absorbed energy that is
transferred to the acceptor and is experimentally measured as a ratio of the fluorescence intensities
of the donor in the absence and presence of the acceptor (Io and Ipa).?*® Q¢ is calculated using the
following equation 5.8.

1
Ppr=1—24 (Equation 5.8)

I4
For one-step FRET interactions between ANS and DBT, Ipx and lp are the fluorescence

intensities at 480 nm of ANS/DBT and ANS, respectively, when excited at 360 nm.

Antenna effect (AE), is the ability of the acceptor to harvest energy from the donor. AE for the ANS-

DBT pair can be calculated using the following equation 5.9.
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AE = Ipa-360—ID-360

(Equation 5.9)
IpA-465

where Ipaseo is the fluorescence intensity at 560 nm of ANS/DBT when indirect excitation of the DBT
is performed at 360 nm, Ip360 is the fluorescence intensity at 560 nm of ANS, which is normalized
with ANS/DBT at 480 nm. Ipases is the fluorescence intensity at 560 nm of ANS/DBT, when direct

excitation of the acceptor is performed at 465 nm.

:::ns) (3:,-:-) Ioa (Io)  lpa-360 Ip-360 Ibagass ~ Der (%) AE
20 0 1079891 - 408326.2 - - -
20 0.3 870297.5 515627.3 329839.6 28211.78 19.40876 6.585466
20 0.6 754035.9 595854.4 285914.2 46179.67 30.1748 6.711617
20 0.9 658999.5 645550.1 254047.8 58833.58 38.97536 6.654402
20 1.2 576828.4 681256.5 261558.5 67682.47 46.58457 6.200985
20 15 511507.9 701009.7 266365.6 72747.23 52.63337 5.974717
20 1.8 450441.3 712452.3 269809.4 76305.51 58.28826 5.80093
20 2.1 402720.2 716388.3 271443.2 79039.06 62.70733 @ 5.629434
20 2.4 368953.5 718136  271540.2 80529.3 65.83419 5.545756
20 2.7 327241.2 716553.3 271179.5 81246.82 69.69683 5.481738
20 3 294068.4 712213.1 269624.1 81651.57 72.76869 5.420459

Table 5.2. Quantitative analysis of Energy-transfer efficiency, ®er, and Antenna effect (AE) for the ANS-DBT one-step FRET

process.

For one-step FRET interactions between ANS and NR, Ipa and Ip are the fluorescence

intensities at 480 nm of ANS/NR and ANS, respectively, when excited at 360 nm.

Antenna effect (AE), for the ANS-NR pair can be calculated using the following equation 5.10.

Ipa— —Ip—
AE — 360 360

(Equation 5.10)
Ipa-ss0

where Ipaseo is the fluorescence intensity at 630 nm of ANS/DBT when indirect excitation of the NR
is performed at 360 nm, lps¢0 is the fluorescence intensity at 630 nm of ANS, which is normalized
with ANS/NR at 480 nm. Ipasso is the fluorescence intensity at 630 nm of ANS/NR, when direct

excitation of the acceptor is performed at 550 nm.

:ll:\‘ns) NR(uM)  Ipa(lp)  lpa-3e0 Ib-360 Ibasso  Der (%) AE
20 0 1038878 - 62588.17 - - -
20 0.4 844127.3 335846.3 50855.24 ' 57510.82 18.74624 4.955433
20 0.8 696716.4 489399.8 41974.33 88834.97 32.93568 5.036592
20 1.2 567996.5 578541.2 34219.48 106235.8 45.32596 5.123712
20 1.6 475668.6 630395.2 28657.1 114345.1 54.21323 5.262476
20 2 391963.1 648021.8 23614.18 118568.4 62.27054 5.266223
20 2.4 333462.8 659177.3 20089.78 120378.2 67.90163 5.308998
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20 2.8 283391.8 652605.3 17073.2 120815.2 72.72136 5.260365
20 3.2 246946  642669.4 14877.49 121245.5 76.22955 5.177859
20 3.6 2146229 @ 627689 | 12930.16 121290.7 79.34089 5.068474
20 4 186395  609562.1 11229.54 121494.8 82.05804 4.924758

Table 5.3. Quantitative analysis of Energy-transfer efficiency, Qer, and Antenna effect (AE) for the ANS-NR one-step FRET

process.

For the two-step FRET interactions between ANS and NR via DBT, Ipp and Ip are the
fluorescence intensities at 480 nm of ANS-DBT/NR and ANS, respectively, when excited at 360 nm.

Antenna effect (AE), for the ANS-DBT/NR pair can be calculated using the equation 5.10 where Ipa-
360 IS the fluorescence intensity at 630 nm of ANS-DBT/NR when indirect excitation of the NR is
performed at 360 nm, Ip360 is the fluorescence intensity at 630 nm of ANS-DBT, which is normalized
with ANS-DBT/NR at 565 nm. Ipa-sso is the fluorescence intensity at 630 nm of ANS-DBT/NR, when

direct excitation of the acceptor is performed at 550 nm.

Note: ANS-DBT corresponds to a combination of 20 pM ANS and 5 uM DBT (Oe=87.7%), taken
together in 500 uM solution of 1 in pH 7 buffer.

! NR (uM)  Ipa(lp)  Ipa-360 Ip-360 Ibasso  @er (%) AE
0 716295.8 - 364811.8 - - -
0.2 621540.8 424937.3 316552.7 37284.45 14.06133 2.906964
0.4 539054.6 459582.9 274542.3 60791 25.46646 3.043882
0.6 465981.9 488780.9 237326.1 78629.65 35.57001 @3.197964
0.8 398832.2 502513.7 203126.5 90586.74 44.85461 3.304978
1 347330.2 513614.4 176896.4 99231.74 51.97564 3.393249
1.2 304086.9 516329.6 154872.4 104825.4 57.95477 3.448184
1.4 266009.6 = 513852.3  135479.5 108816.1 63.21961 3.477175
1.6 233815.1 511033.5 119082.8 111690.5 67.67105 3.509256
1.8 202453.6 4992029 103110.2 113320.1 72.00733 3.495343
2 179094.9 491530.9 91213.63 114576.2 75.23705 3.493896

—
U'IU'IU'IU'IU'IU'IU'IU'IU'IU'IU'IE
—

Table 5.4. Quantitative analysis of Energy-transfer efficiency, ®er, and Antenna effect (AE) for the ANS-DBT/NR two-step
FRET process.

Time-Resolved Photoluminescence (TRPL) Analysis: Fluorescence decays were collected in a
Time-Correlated Single-Photon Counting (TCSPC) setup from Horiba instruments using a 375 nm
laser diode. The fluorescence lifetimes were measured by fitting the decay curve into a tri-

exponential function as given below.

1) = A;eC/) + 4,6 ) 4 azeC ) (Equation 5.11)
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where T; is the decay time of components, and A is the corresponding contributions. The average

decay time can be further calculated by the following equation.

T = (4171 + A7z + ‘4373)/(‘41 + Ay + A3) (Equation 5.12)
Aem Sample U 12} 123 As A; A3 Tavg X2
ANS (20 uM) 1.55 526 161 21% 29% 50% 193 1.07
§ ANS (20 uM) + DBT (5 puM) 0.85 427 009 21% 7% 72% 056 1.04
i ANS (20 M) + NR (5 puM) 0.84 467 008 21% 9% 70% 0.66 1.08
ANS (20 uM) + DBT (5 uM) 3.37 10.15 025 13%  26% 61% 3.27 1.17
§ ANS (20 uM) + DBT (5 uM) 2.11 977 023 14% 13% 73% 1.77 1.21
Y]
n

+ NR (2 uM)

Table 5.5. Fluorescence lifetimes for varying combinations of ANS, DBT and NR at 480 nm (One-step FRET) and 565 nm
(Two-step FRET) in presence of the vesicles of 1 (500 uM)

Programming of the pH cycle: Stock solution of the activator, pH 10 TRIS buffer (1 M), and the
deactivator, GdL (1 M), were prepared in MilliQ water and DMSO, respectively, and stored at 4°C for
further use. For pH clock optimization, 1 mL aqueous solution containing 500 uM of 1 (100 mM stock
solution in DMSO) was prepared, and the solution was first acidified to a pH ~6 using 1 mM HCI (to
achieve inflated and protonated state of the vesicles). The pH clock was then initiated by the
simultaneous addition of the required amount of pH 10 TRIS buffer and GdL. The change in pH was

then monitored over time at 298 K.

Time-dependent DLS analysis: A slightly acidic (pH ~6) solution of 500 uM 1 was taken and a
combination of 2 mM pH 10 TRIS buffer and 5 mM GdL was added to it. After swirling briefly, the
solution was placed immediately in the DLS instrument and the hydrodynamic size distribution was
monitored at specific time points at 298 K. All measurements were performed in triplicates with a

constant angle of 90°.

Time-dependent turbidity measurements: The absorbance of 500 uM solution of 1 in water
(pH~6) at 400 nm was first determined and then the solution was subjected to a pH cycle by addition
of 2 mM pH 10 TRIS buffer and 5 mM GdL. The absorbance of the solution at 400 nm (where no
absorbance peak appears from the sample) was then monitored at an interval of 1 minute and

plotted as a function of time.

pKa determination: TmM of 1 was taken in 5 mL water and completely solubilized by adjusting the
pH to ~13 using NaOH. The pH of the solution was then recorded after each subsequent addition of

1 uL of 1 M HCl, under constant stirring, at 25°C. The derivative plot of the titration curve indicated
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the equivalence points in the curve and the pK, values were estimated from the half-equivalence

points.

Determination of dissociation constant (K4): 1 mL of 500 uM solution of 1 was prepared in the
respective buffer (pH 6/10) and fluorescence spectra were recorded with successive additions of
increasing concentrations of ANS to the solution (Aex= 360 nm, Slit width (Ex./Em.) = 5/5 nm). The
emission at 475 nm was plotted as a function of ANS concentration and the dissociation constant,
Kq, was determined by fitting the data to the following equation,

_ Yinax x[ ANS]

E tion 5.13
K, +[ANS] (Fquation 5.13)

General protocol for time-dependent fluorescence kinetics: 2 mL aqueous solution (pH~6)
containing 500 uM of 1 and the desired concentrations of ANS, DBT and NR were taken in a quartz
cuvette of 1 cm path length and the fluorescence spectrum prior to the addition of triggers was
recorded. Next, the desired ratio of pH 10 TRIS buffer and GdL were added to the solution in the
cuvette and mixed briefly. The cuvette was then immediately placed in the fluorescence
spectrophotometer and fluorescence spectra were recorded at an interval of 1 minute along the

course of the pH cycle (Aex= 360 nm, Slit width (Ex./Em.) = 5/5 nm).

Explanation for changes in ANS fluorescence in water and buffer:

The emission maxima of ANS in the presence of the vesicles. 1, in water appears at 460 nm
(As can be seen during the transient pH cycles, Figure 5.8A, 5.9A-C, 5.10A, B, G-I). The emission
maxima, however, shifts to 480 nm when ANS is taken in buffer (Figure 5.4D-F). Also, for the same
pH, a given concentration of ANS shows enhanced emission in water as compared to that in buffer.
This is because the emission intensity of ANS increases and the emission maxima shows a blue shift
as the electrostatic interaction between the sulfonate group of ANS and cationic head group of the
vesicles increase.”®®%*? In buffered solution, the buffer ions partially shield the head group charges,
lowering the ionic interactions with ANS. Water, however, permits strong electrostatic interactions

between the cationic head groups and ANS and result in blue-shifted enhanced emission.

Time-dependent excitation kinetics: 2mL aqueous solution (pH~6) containing 500 uM of 1, 5 uM
ANS and 1 uM DBT were taken in a quartz cuvette of 1 cm path length and the steady state excitation
spectrum prior to the addition of triggers was recorded (Aem= 560 nm, Slit width (Ex./Em.) = 5/5 nm).
Next, 2 mM pH 10 TRIS buffer and 5 mM GdL were added to the solution in the cuvette
simultaneously and mixed briefly. The cuvette was then immediately placed in the fluorescence
spectrophotometer and excitation spectra were recorded at an interval of 1 minute along the course

of the pH cycle.
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Estimation of GdL used during the pH cycle: pH cycles were performed in 1 mL aqueous solution
containing 500 uM of 1 (pH~6) using varying ratio of pH 10 TRIS buffer and GdL. The concentration
of TRIS buffer was kept constant (2 mM) in each case, whereas the concentration of GdL was
changed (3, 5, 7, 9 mM). Towards the end of the pH cycle, as the pH reached ~6, 10 uL aliquot was
withdrawn from the solution and diluted to 1 mL using pH 6 buffer, to cease the hydrolysis of GdL.
GdL that remained unreacted was analyzed through HPLC by monitoring the absorbance at A= 214
nm, Re= 3.5 min and the amount of GdL was quantified using a standard plot prepared with known
concentrations of GdL. (HPLC Program= 5% Acetonitrile/Water to 100% Acetonitrile in 10 minutes,

Flow rate= 1 mL min™))

Energy-transfer efficiencies, ®cr, for the systems mentioned in Figure 5.11, at different pHs,

were calculated as follows.

pH ANS (uM) DBT (uM) NR (uM) IDA (ID) ET (%)
6 5 0 0 1009077 -

6 5 1.5 0 545924 45.89867
6 5 1.5 0.1 504720.8 49.98193
6 5 1.5 0.3 457534.3 = 54.65813
6 5 1.5 0.5 474952.8 52.93195
6 5 1.5 0.7 442004.6 56.19713
6 5 0 15 428491.7 57.53627
10 5 0 0 135850.2 3

10 5 1.5 0 38673.25 71.53243
10 5 1.5 0.1 36922.21 72.82138
10 5 1.5 0.3 35410.79 73.93394
10 5 1.5 0.5 34411.23 | 74.66972
10 5 1.5 0.7 31056.09 77.13946
10 5 0 1.5 73797.33 | 45.67742

Table 5.6. Quantitative analysis of Energy-transfer efficiency, ®er, for different combinations of ANS, DBT and NR at pH 6

and 10, in water.
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6. Characterization Data of the Synthesized Compounds
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Figure 6.1. "H NMR spectrum of 4-(Hydroxymethyl)benzaldehyde (A) in CDClz
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Figure 6.2. 3C NMR spectrum of 4-(Hydroxymethyl)benzaldehyde (A) in CDCls
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Figure 6.3. "H NMR spectrum of 4-(Bromomethyl)-benzaldehyde (B) in CDCls
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Figure 6.4. >*C NMR spectrum of 4-(Bromomethyl)-benzaldehyde (B) in CDCls
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Figure 6.5. "H NMR spectrum of 1-methyl-[4,4-bipyridin]-1-ium iodide (C) in DO
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Figure 6.6. >C NMR spectrum of 1-methyl-[4,4'-bipyridin]-1-ium iodide (C) in D20
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Figure 6.7. "H NMR spectrum of 1-(4-formylbenzyl)-1'-methyl-[4,4'-bipyridine]-1,1'-diium (MV-CHO) in DO
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Figure 6.8. *C NMR spectrum of 1-(4-formylbenzyl)-1-methyl-[4,4"-bipyridine]-1,1'-diilum (MV-CHO) in DO
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Figure 6.9. "H NMR spectrum of Naphthalen-2-ylmethanol (D) in CDCls
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Figure 6.10. "H NMR spectrum of Naphthalen-2-yl

TH-3062_176122002

Rippes]

methanol (D) in CDCls

131

—
| —



Creating Life-like Transience in Synthetic Vesicles

P
8 g
II:;.‘:I 5“.‘- i‘:ﬁ .I.'i H:i 73 a il _I.D !I_'u 24 L !II:I .1:5 :I:I % .:I:l BES 10 s
e |
Figure 6.11. 'H NMR spectrum of 2-(bromomethyl)naphthalene (E) in CDCls
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Figure 6.12. *C NMR spectrum of 2-(bromomethyl)naphthalene (E) in CDCls
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Figure 6.14. *C NMR spectrum of 1-(naphthalen-2-ylmethyl)-1H-imidazole (F) in CDCls
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Figure 6.15. 'H NMR spectrum of 3-(2-methoxy-2-oxoethyl)-1-(naphthalen-2-ylmethyl)-1H-imidazol-3-ium (G) in CDCls
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Figure 6.16. *C NMR spectrum of 3-(2-methoxy-2-oxoethyl)-1-(naphthalen-2-ylmethyl)-1H-imidazol-3-ium (G) in CDCls
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Figure 6.18. *C NMR spectrum of 3-(carboxymethyl)-1-(naphthalen-2-ylmethyl)-1H-imidazol-3-ium bromide (H) in DO
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Figure 6.19. Analytical HPLC chromatogram of Nap-P
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Figure 6.20. MALDI-TOF MS spectrum of Nap-P
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Figure 6.21. "H NMR spectrum of 4-nitrophenyl 2-chloroacetate (pNPCAA) in CDCls
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Figure 6.22. "H NMR spectrum of 2,4-dinitrophenyl acetate (DNPA) in CDCls
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Figure 6.23. "TH NMR spectrum of Nap-His peptide in DMSO-ds
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Figure 6.24. "H NMR spectrum of Nap-Gly peptide in DMSO-ds
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Figure 6.25. ESI-MS spectrum of Nap-His peptide
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Figure 6.26. ESI-MS spectrum of Nap-Gly peptide
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Figure 6.27. "H NMR spectrum of MP-Im in DMSO-ds
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Figure 6.28. *C NMR spectrum of MP-Im in DMSO-ds
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Figure 6.29. 'H NMR spectrum of Py-RSH peptide in DMSO-ds
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Figure 6.30. *C NMR spectrum of Py-RSH peptide in DMSO-ds
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Figure 6.32. *C NMR spectrum of Py-RSG peptide in DMSO-ds
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Figure 6.33. ESI-MS spectrum of Py-RSH peptide
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Figure 6.34. ESI-MS spectrum of Py-RSG peptide
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