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Synopsis 

Chapter 1: Introduction 

The chapter discusses molecular self-assembly, a powerful approach to fabricate 

well-ordered multicomponent multifunctional materials in a bottom-up manner. Such 

self-assembly processes are rather ubiquitous in nature and employ out-of-equilibrium 

pathways. A number of strategies to realize out-of-equilibrium self-assembly in synthetic 

systems are discussed. With regards to the kinetically controlled nanostructures, 

parameters such as solvent composition, temperature, intramolecular H bonding, folded 

and unfolded states of monomer play a vital role to alter the self-assembly pathways that 

are elaborated for different design strategies. Moreover, seeded supramolecular 

polymerization exploiting the living nature of seeds to exhibit a precise control over the 

size and shape of self-assembled structures are discussed in detail for a number of diverse 

systems. 

Next, biocompatible short peptides as the building blocks for supramolecular 

polymerization under non-equilibrium conditions are elaborated owing to their multiple 

non-covalent interactions. We discussed various reports about orthogonal self-assembly 

encoded by the molecular recognition in the building blocks such as the site of non-

covalent interaction, pKa, chirality etc. With this regard, a special focus is laid on the 

chirality effects on regulating peptide self-assembly towards chiral self-sorting and 

coassembly of racemic peptides. The objective of the work described here is to enhance 

our understanding of rationally designing artificial smart materials with precise 

spatiotemporal control over the nanoarchitectures and compartmentalization mediated by 

orthogonal self-assembly. 

 

Chapter 2: Photochemically sequestered off-pathway dormant states of peptide 

amphiphiles for predictive on-demand piezoresponsive nanostructures 

Supramolecular assemblies are essential for specific biological functions and mandate 

precise control over the mesoscopic scale for higher functional efficiency. Such 

well-defined biomimetic self-organization can be accessed through kinetically controlled 

non-equilibrium transformations rather than the typical downhill thermodynamically 

driven processes. Recently, spatiotemporal control for the living supramolecular 

polymerization has rendered a paradigm shift towards designing complex multicomponent 

supramolecular active materials; however, directing the active monomer towards predictive 
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kinetically trapped materials still remains a considerable challenge as that necessitates 

circumventing spontaneous nucleation of the monomers during the self-assembly process. 

Herein, we demonstrate dual strategies (chemical and photo) to sequester the active peptide 

self-assembling motifs in dormant states that upon judicious activation, engage in 

controlled seeded supramolecular polymerization in aqueous milieu for the first time 

(Scheme 2.1). Amyloid inspired peptide with pendant azobenzene moiety demonstrates the 

formation of on-pathway metastable nanoparticles by the interplay of solvent and 

temperature that could be transformed into kinetically controlled nanofibers and 

thermodynamically controlled twisted bundles.  

 

Scheme 2.1: Chemo- and photo regulated coupled equilibria to sequester the active monomers of azobenzene 

tethered peptide amphiphile into off-pathway dormant states and on-demand activation to employ in seeded 

supramolecular polymerization for programmable on-off piezoresponsive peptide nanostructures. 

Further, using coupled equilibrium such as host-guest inclusion complex with cyclodextrin 

or photoisomerization with UV light leads to the formation of two distinct off-pathway 

metastable states that retard the spontaneous supramolecular polymerization. A judicious 

manipulation of the free energy landscapes in tandem with suitable chemical and photo 

stimuli renders activation of the dormant states for peptide self-assembly through a seeded 

growth strategy. Finally, such photochemical sequestrations of self-assembly pathways 

result in on-off piezoresponsive peptide nanostructures. In summary, we demonstrated for 

the first time the non-equilibrium peptide self-assembly coupled with dormant metastable 

states to allow access to an interesting repertoire of structural diversities and attenuated 

piezoresponse control in supramolecular peptide nanostructures. 
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Chapter 3: Stimuli-responsive self-assembly-disassembly in peptide amphiphiles to 

endow block-co-fibers and tunable piezoelectric response 

Peptide nanofibrous networks having a unique and spatially controlled response to the 

assembled and disassembled states have emerged as suitable class of futuristic materials. 

This necessitates tethering stimuli-responsive components to the peptide amphiphiles to 

induce on-demand response for materials’ applications. In this context, ferrocene (Fc) can 

be exploited as a redox-responsive building unit owing to its reversible oxidation and 

reduction between non-polar ferrocenyl and polar ferrocenium cation. Conjugation of 

ferrocene with self-assembling peptides endows supramolecular polymers with modular 

properties to design precisely regulated supramolecular systems.  

 

Scheme 3.1: Chemical structure of ferrocene conjugated peptide amphiphiles. Schematics showing the 

variation of the alkyl spacer results into different nanostructures and redox-responsive assembly/disassembly. 

We anchored ferrocene moieties to short amyloid inspired peptide fragment using 

hydrophobic alkyl spacers of variable chain lengths (Scheme 3.1) to furnish Fc-VFFAKK 

(Fc0), Fc-C2-VFFAKK (Fc2), Fc-C5-VFFAKK (Fc5), Fc-C10-VFFAKK (Fc10). The 

self-assembly in water exhibited that a long methylene spacer (C10) in Fc10 increased the 

propensity to form nanofibers, while a critical methylene spacer length of C5 is essential 

for robust self-assembly. Moreover, judicious oxidation and reduction of the ferrocene 

moiety provided an additional tool to obtain structural control over the 

assembly-disassembly of the peptide amphiphiles. Lastly, we demonstrated the formation 

of mixed block co-fibers comprised of redox-responsive periphery and redox-insensitive 

cores as mediated by the seeded supramolecular polymerization. 
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Chapter 4: Enzyme responsive chiral self-sorting in amyloid-inspired minimalistic 

peptide amphiphiles  

Self-sorting is a spontaneous phenomenon that ensures the formation of complex yet 

ordered multicomponent systems and conceptualizes the design of artificial and 

orthogonally functional compartments. In the present study, we envisage the chirality 

mediated self-sorting in β-amyloid inspired minimalistic peptide amphiphiles 

(C10-L/D-VFFAKK) based nanofibers (Scheme 4.1). The fidelity and stereo-selectivity of 

the chiral self-sorting was ascertained by Förster Resonance Energy Transfer (FRET) by 

judicious choice of pyrene-hydroxy coumarin donor-acceptor pair tethered to the peptide 

sequences. 

 

Scheme 4.1: Chirality-driven self-sorting in peptide nanofibers that further exhibits enantioselective 

enzymatic degradation for L-peptide fibers over their D-counterpart as visualized by super-resolution 

microscopy 

Seed promoted elongation of the homochiral peptide amphiphiles through AFM image 

analyses and Thioflavin-T (ThT) binding study further validated the chiral recognition of 

the L/D peptide nanofibers. Moreover, direct visualization of the chirality-driven 

self-sorted nanofibers are reported through super-resolution microscopy that exhibits 

enantioselective enzymatic degradation for L-peptide fibers. Such enantioselective 

weakening of the hydrogels may be used in designing stimuli-responsive orthogonal 

compartments for delivery applications.  

 

Chapter 5: Fidelity of self-sorting and mixed co-block supramolecular polymerization 

in peptide amphiphiles as dictated by the methylene spacer between bis-urea motifs 

Nature has its elegant and ubiquitous manner of retaining multiple self-assembled 

compartments as dictated by the orthogonal and precisely controlled molecular recognition 

that is rather challenging to mimic in the lab. Despite recent advances in supramolecular 

polymerization, such control over the spatial distribution and order in complex 

self-assembled systems is still in its nascent stage. In this regard, multicomponent systems 
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with minimum structural variation are of significant importance to design highly complex 

functional materials. Thus, we investigated the structural fidelity of multiple peptide 

amphiphiles to furnish possible self-assembled scenarios such as randomly co-assembled, 

self-sorted or co-block nanofibers. We design the two peptide amphiphiles that differ in the 

methylene chain length between bis-urea motifs (Scheme 5.1). Here, the chain length of 

methylene spacer (i.e. four and six) between the bis-urea motifs controls the fidelity of 

self-assembly towards either self-sorting or co-assembly.  

 

Scheme 5.1: Molecular structures of fluorescent dye conjugated bis-urea peptides amphiphiles. Molecular 

recognition among the amphiphiles furnish co-assembled nanofibers with matching spacer, self-sorted 

nanofibers with non-matching spacer and block co-fiber through seeded supramolecular polymerization. 

Further, green colored Cy3 and red colored Cy5 fluorophore are anchored on the peptide 

bolaamphiphiles to gain more insight into self-assembly pattern using super-resolution 

microscopy. The two-component peptide system differing in spacer size is realized to 

create randomly co-assembled and orthogonal networks. Co-assembly of monomers (either 

P4Cy3 & P4Cy5 or P6Cy3 & P6Cy5) results in the random sequence of monomers in a 

fiber owing to efficient intermolecular H bonding between urea units with the same 

methylene spacer. On the other hand, self-sorted homomeric nanofibers are achieved with 

amphiphiles with non-matching spacer size (either P4Cy3 & P6Cy5 or P6Cy3 & P4Cy5). 

Finally, supramolecular block co-fibers with seeds and monomers of matching spacer 

length are achieved with seed-mediated supramolecular polymerization and are validated 

through FRET and SIM-super-resolution microscopy. 
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Introduction 

 

Molecular self-assembly is a powerful “bottom-up” approach to fabricate well-ordered 

multicomponent functional materials and has been studied extensively over the last few decades. The 

ubiquitous self-assembly present in nature is governed by the non-equilibrium pathway that 

furnishes controlled organization and functioning of complex components. However, in the 

laboratory, such precise control over the fate of self-assembly has not yet been achieved properly 

with detailed mechanistic control. 

The objective of the work described in this thesis is to enhance our understanding of rationally 

designed artificial systems with precisely controlled activity and compartmentalization. In order to 

do so, we studied different aspects of molecular design to dictate the fate of the self-assembly 

processes. These studies are foreseen to have important implications for developing structurally and 

functionally complex yet controlled materials taking inspiration from natural self-assembled 

systems. 
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1.1. Supramolecular polymerization 

Supramolecular polymerization is a ubiquitous process where the molecular building blocks 

are connected spontaneously and autonomously into the ordered structure through 

reversible, specific, directional and tunable non-covalent interactions such as hydrogen 

bonds, ionic forces, aromatic 𝜋-𝜋 stacking, hydrophobic interactions, van der Waals 

interactions and host-guest complexation.1-7 Dynamic nature of these reversible 

non-covalent interactions within the components leads to a plethora of exciting 

nanoarchitectures with tunable properties which can have next-generation applications 

ranging from biomedical fields to energy harvesting devices.8-13 Living active matter has 

complex composition and precise structures with such supramolecular interactions playing a 

remarkable role in the functioning of biological systems. Mimicking anatural living system 

demands a thorough understanding of the concept of self-assembly, molecular recognition, 

confinement or compartmentalization, and cascade enzymatic reactions to achieve 

tremendous complexity and precise spatiotemporal control in heterogeneous environments. 

The emergent properties of natural material rely on its toolbox i.e. structural and chemical 

properties of building motifs.14 For instance, in the cell cytoskeleton the protein monomers 

self-assemble to furnish ordered long filaments and disassemble to render monomers, the 

cell membrane is formed through the hydrophobic interactions among phospholipids.15 

Similarly, hydrogen bonding among nucleobases of DNA leads to the formation of 

double-helical structure, protein folding through various non-covalent interactions into the 

tertiary and quaternary structures, and triple helical structure of collagen16 are a few sources 

of inspiration from nature to understand mechanistic details of self-assembly processes.  

Thus understanding the principle of natural self-assembly, we aim to design and develop 

smart functional biomimetic materials. Moreover, it also provides us more insight about the 

understanding of evolution and the origin of life by self-replication of simple building 

blocks with selectivity at nanometer scale. Over the past few decades, researchers have 

successfully engineered artificial materials with encoded chemical information as the 

functionalities in the building blocks. These molecules result into self-assembled 

architectures whose fate can be dictated by environmental conditions like pH, temperature, 

solvent, composition and method of preparation. Further, the fascinating stimuli-responsive 

molecules are unique, interesting and versatile for a variety of applications ranging from 

biomedical devices in regenerative medicine to nanoelectronics.  
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To develop materials with such futuristic applications, we should have a fundamental 

understanding of supramolecular systems to rationally create new innovative functional 

materials. Supramolecular polymerization can be divided into three categories according to 

growth mechanisms (Scheme 1.1).17-19 

Isodesmic: Binding constants among the building blocks are same throughout the 

self-assembly process with the nucleation constant (KN) equal to the elongation constant 

(KE); KN = KE. Here, usually, only one kind of non-covalent interaction is dominating. This is 

similar to the “step-growth” polymerization of conventional covalent polymers.20 

Anti-cooperative: The nucleation rate is faster than the elongation rate with KN > KE. Here, 

usually repulsive interactions become dominating after initial aggregation. 

Cooperative: The nucleation rate is much slower than the elongation rate with KN < KE. 

This can also be termed as nucleation-elongation mechanism and can be understood in two 

steps. The first nucleation step is slow aggregation process which happens at some critical 

concentration and temperature (Scheme 1.1). Once a nucleus is formed, further aggregation 

of the monomers is comparatively faster. This is similar to the “chain-growth” 

polymerization with an “active” growing chain that can further control dispersity through 

living supramolecular polymerization.21  

Generally, the isodesmic model drives the supramolecular polymerization towards single 

thermodynamically stable aggregates but in the case of cooperative (nucleation-elongation) 

mechanism, multiple structures are possible which are achieved through contributions of the 

kinetic pathway.22 Such different processes are elaborated in detail in the next section. 

 

Scheme 1.1: (A) Supramolecular polymerization in isodesmic and cooperative mechanisms. (B) The plot of 

the fraction of aggregated molecules with concentration depicts the curve for different growth mechanisms. 
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1.2. Energy landscapes for self-assembly processes 

The chemical reactions normally carried out in the laboratory fundamentally differ from 

what happens in natural systems. Traditionally, chemists have been focusing on the design 

and synthesis of molecules which are thermodynamically stable (i.e. the systems at 

equilibrium). However, the kinetic products have only been viewed as transition states or 

high energy intermediates and have not been explored much. The self-assembled structures 

that sustain life do not have an on and off switch akin to the thermodynamic self-assembly 

but it is a dynamic process where a stop of energy flow results in the end of life. Hence the 

natural processes exist in far-from-equilibrium conditions. However, in recent times 

scientists are developing chemical systems that can emulate such non-equilibrium processes. 

Broadly, three different systems can be identified as follows:  

 

Scheme 1.2: Energy Landscape diagram for different self-assembly processes. (A) Thermodynamically driven 

self-assembly. (B) Non-dissipative non-equilibrium self-assembly with pathway complexities to (I) metastable 

state and (II) kinetically trapped state. (C) Dissipative non-equilibrium self-assembly.  

1.2.1. Thermodynamic in-equilibrium self-assembly 

Equilibrium self-assembled product resides in the global minima of the energy landscape 

diagram (Scheme 1.2A). Here, the obtained self-assembled structure as dictated by the 

non-covalent interactions is the most stable assembled state that does not depend on the 

timescale, path or rate to reach equilibrium. Such equilibrium structures are reversible 

leading to the dynamic nature of assemblies with continuous exchange of monomers 

between solution and self-assembled states and always keeps on self-correcting themselves 

to remain in global minima. The energy is neither introduced nor released from the system. 

However, it is noteworthy that the morphology of thermodynamically stable assembly may 
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still depend on multiple factors e.g. solvent, temperature, order of addition etc. and still may 

be manipulated by varying any of these external parameters. A number of mathematical 

models have been studied to understand the mechanism of self-assembly for such 

one-dimensional aggregate.23 Such supramolecular polymers held by various non-covalent 

interactions have also been explored for various applications including muscle-like active 

matter.24  

The thermodynamic self-assembly started with the evolution of the field of supramolecular 

self-assembly. However, to harness the maximum benefit out of self-assembly, this field is 

gradually making a shift towards far-from-equilibrium systems. As already discussed, 

equilibrium structures reside in the minimum energy state and thus, by tweaking this free 

energy, new states can be created to achieve non-equilibrium systems. 

1.2.2.  Non-equilibrium self-assembly 

1.2.2.1. Non-dissipative non-equilibrium self-assembly: Non-equilibrium systems are 

confined in the local minimum and not in the global minimum of the energy landscape 

(Scheme 1.2B). Interestingly, the height of the energy trap in the energy landscape gives rise 

to two interesting scenarios - kinetically trapped states and metastable states. If the system is 

trapped and the energy barrier to cross for attaining thermodynamic minimum is small then 

it can eventually reach the global minimum with time. This non-equilibrium condition is 

termed as metastable state (I) and multiple metastable states are possible along the way to 

reach equilibrium. These metastable states are like intermediate steps of supramolecular 

reaction with the limited time period. On the other hand, if the energy barrier is high enough 

and cannot be crossed over for a reasonable time scale, this is the characteristic of a 

kinetically trapped state (II). They remain trapped in the local minima and can be eventually 

released to the equilibrium state with meticulously designed experimental modifications. 

Thus, such non-equilibrium systems are really fascinating, as starting with the same 

building block a variety of desired assembly states can be accessed by rationally developing 

the preparation methodology to dictate the pathway. In one such example, bilayer of 

vesicles was formed by phospholipids under kinetic conditions with transient products while 

the size and shape of self-assembly was controlled by trapping the molecules into different 

kinetic states as dictated by the concentration.25 Such pathway-dependent self-assembly 

opens up a plethora of opportunities to develop materials with features like adaptive and 

self-replication properties. 
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1.2.2.2. Dissipative non-equilibrium self-assembly: These systems continuously consume 

energy or matter to stay in dissipative non-equilibrium states and as soon as the influx of 

energy stops, the system self-relaxed to either a thermodynamic state or kinetic state 

(Scheme 1.2C). These processes involve the use of chemical or photo fuel with continuous 

generation and removal of waste products. A typical dissipative self-assembled system can 

be understood in the following characteristics: The precursor molecules are very stable with 

minimum energy profile and the driving forces for these processes are usually irreversible 

chemical reactions. These inactive precursors can be converted to an activated molecule in 

the presence of fuel; these active molecules with relatively more energy (higher local 

minimum) are building blocks for further self-assembly (lower local minimum). After some 

time, another in-situ chemical reaction converts the active building blocks to the original 

inactive precursor molecules with the lowest energy. Here, the system continuously 

dissipates and absorbs energy but a constant supply of energy can maintain a steady state. 

Dynamic self-assembly of actin filament by the hydrolysis of ATP (chemical reaction; ATP 

to ADP conversion) is an excellent example of dissipative out-of-equilibrium self-assembly. 

The whole process is regulated by the kinetics of the reaction cycle and molecular 

assemblies. This opens up interesting opportunities for chemists to develop smart functional 

materials with emerging structures possessing unique properties that can perform complex 

functions. 

 

1.3. Kinetically controlled supramolecular systems 

Over the last few decades, scientists have extensively designed thermodynamically 

controlled materials that undergo chemical and physical changes in response to external 

stimuli such as reaction conditions, mechanical agitation, light or magnetic field. 

Thermodynamically controlled static and at equilibrium structures involving specific 

molecular recognition can only make crystals but nothing close to the living cells. Very 

recently, the incredible active and adaptive synthetic non-equilibrium materials have been 

developed that are inherently metastable akin to the biological systems.26 Such 

non-equilibrium systems can be accessed by varying experimental conditions, for instance, 

designing molecules with competitive intra- and inter-molecular hydrogen bonding, using 

“good solvent” and “bad solvent” for monomers, retarding aggregation at low temperatures. 

Basically, these specific parameters are defined to keep the individual monomers in such 
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states that are not prone to spontaneous nucleation. Thus, inactive/dormant monomers are 

trapped in kinetic state and induce aggregation only in the presence of some activators.27 

Moreover, the emerging field of system chemistry28 in the quest of understanding the origin 

of life encourages the chemists to explore the self-replicating, dynamic chemical networks, 

dissipative non-equilibrium peptide materials.29-33  

 

Scheme 1.3: (A) Molecular structures of S- and R-chiral OPV. (B) Schematic representation of the two 

competing aggregation pathways of S-OPV. Initially formed hydrogen-bonded dimer self-assembles into 

helical stacks via a nucleation–elongation growth mechanism where right-handed P-helices form quickly but 

are less stable than the slowly formed left-handed M-helices. Reprinted with permission from reference 34. 

Copyright © 2012 Springer Nature. (C) CD spectra depict both enantiomers assemble into helical stacks with 

left-handed (S-OPV) and right-handed (R-OPV) helicity. Reprinted with permission from reference 35. 

Copyright © 2013 National Academy of Sciences. 

The pathway complexity in supramolecular systems with metastable aggregates which 

eventually converted to thermodynamic stable assemblies is elegantly described by 

Korevaar et al. They monitored the supramolecular polymerization kinetics of S-chiral 

oligo(p-phenylenevinylene) (SOPV) using stopped-flow CD spectroscopy (Scheme 1.3A). 

The initial formation of less stable right-handed helical off-pathway metastable aggregate 

(P-SOPV) eventually converted to left-handed helical on-pathway thermodynamically stable 
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aggregate (M-SOPV) through a nucleation-elongation mechanism (Scheme 1.3B). Detailed 

kinetic model calculations revealed that two parallel and competing pathways lead to 

different helical aggregates.34 Later in 2013, they further investigated the co-assembly 

kinetics of two monomers, the R- and S-chiral enantiomers of a π-conjugated 

oligo(p-phenylene vinylene) derivative. Here, the overall chirality is dictated by the 

“majority rule” where all the aggregates take over the helicity directed by the major 

enantiomer (Scheme 1.3C).35 

Further, achieving precise structural control over the dispersity of the self-assembled states 

in artificial materials is a rather challenging task and has been of great interest for chemists 

in the recent past. Materials with narrow polydispersity values are attractive as various 

properties can be reproduced and tailor-made as per requirement. In the case of covalent 

polymers, the technique called living polymerization can control the molecular weight 

distribution of polymer and revolutionize the synthesis protocol of block copolymers. Atom 

transfer radical polymerization (ATRP), reversible addition fragmentation chain-transfer 

polymerization (RAFT), ring-opening polymerization (ROP) andnitroxide-mediated radical 

polymerization (NMP) are different types of living radical polymerization techniques. 

Similar to this concept, structural precision can be attained in supramolecular systems by 

“living supramolecular polymerization”. The supramolecular structures with narrow 

polydispersity create structurally precise artificial functional materials to take the scientific 

community one step closer to mimicking nature. In a pioneer work by Winnik, Manners and 

co-workers, the cylindrical block copolymer micelles having semicrystalline core-forming 

polyferrocenylsilane block self-assemble by solvophobic-solvophilic balance utilizing 

crystallization-driven self-assembly (CDSA). Sonicated seed micelles (initiator) with 

narrow polydispersity propagate in the presence of fresh monomers through bidirectional 

epitaxial growth resulting in monodisperse nanocylinders of controlled length 

(Scheme 1.4).36, 37  

 

Scheme 1.4: Schematic representation of growth from small, uniform, stub-like crystallites into monodisperse 

cylindrical micelles through bidirectional epitaxial by CDSA. Reprinted with permission from reference 36. 

Copyright © 2010, Nature Publishing Group. 
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In another report, Aida et al. presented an elegant strategy by transforming the 

intramolecular H bonding of the initiator into intermolecular H bonding to tune the length 

and size of the polymer with monomer to initiator ratio. The corannulene-based chiral 

monomer was trapped into a metastable state by intramolecular H bonding in 

methylcyclohexane disabling the spontaneous supramolecular polymerization (Scheme 1.5). 

However, the addition of n-methylated derivative of monomer initiates unidirectional chain 

growth with initiator unit at one end and other growing end having free amide C=O groups 

forming an initiator-monomer complex that further propagates.38 

 

Scheme 1.5: Schematic representation of chain-growth supramolecular polymerization by the H bond 

reorganization of monomer (M). The growing chain carries an initiating end and a growing (active) end which 

has free amide C=O groups. Here, bimolecular coupling of the propagating ends is not possible. Reprinted 

with permission from reference 38. Copyright © 2015 American Association for the Advancement of Science. 

The pioneer group of Takeuchi, Sugiyasu and co-workers demonstrated the bi-directional 

growth with length and shape control by living supramolecular polymerization. The Zn- 

complexed porphyrin derivatives assemble to form J-aggregated (1J-agg) nanoparticles upon 

cooling and eventually rearrange to form H-aggregated (1H-agg) nanofibers (Scheme 1.6A). 

However, both J- and H-aggregates disassemble to the monomer on heating. The formation 

of kinetic off-pathway J-aggregates follows the isodesmic model while thermodynamically 

stable H-aggregates are formed using a cooperative model. The monodisperse seeds from 

H-aggregates were prepared and added to the J-aggregates which resulted in spontaneous 

polymerization without any lag time.39 The phenomenon of living supramolecular 

polymerization was further realized to control the shape of assemblies ranging from 

nanoparticles to one-dimensional nanofibers and two-dimensional nanosheets respectively 
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(Scheme 1.6B-C).40 Recently, CDSA approach was applied to study B−A−B type tri-block 

supramolecular copolymer from such metal complexed porphyrins.41 

 

Scheme 1.6: (A) Schematic representation of the self-assembling behavior of Zn-porphyrin derivative (1) in 

methylcyclohexane (MCH). 1Mono self-assembles on cooling to form nanoparticles (1J-agg) and after several 

days converted in fibers (1H-agg). These steps are reversible and heating the self-assembled fibers renders to 

1Mono. Growth of 1J-agg to 1H-agg speed up in the presence of an aliquot of 1H-agg. Reprinted with permission from 

reference 39. Copyright © 2014 Springer Nature. (B) Pathway A transforms monomer of porphyrin derivatives 

into nanofibers by nucleation-elongation mechanism and pathway B follows the isodesmic model to render 

kinetically controlled nanofibers that with lag time covert to nanosheets. (C) Seed-mediated growth of 1-D 

nanofibers (NF) or 2-D nanosheets (NS). Reprinted with permission from reference 40. Copyright © 2016 

Springer Nature. 

 

Würthner et al. generalize the seeded supramolecular polymerizations by coupling the 

nucleation step with thermal hysteresis that is applicable to a large number of molecules and 

not limited to the cases where off-pathway aggregates sequester the active monomers. They 

investigated the cooperative nucleation−growth process in perylene bisimide based 

molecules to furnish nanofibrous assemblies (Scheme 1.7A). The monomer was trapped in 

inactive conformation under particular conditions of temperature, concentration and solvent, 

thereby restricting spontaneous nucleation and leading to lag time up to more than an hour 

(Scheme 1.7B). The introduction of preassembled nanofiber seeds to the monomer under 

appropriate conditions within the hysteresis loop leads to seeded polymerization with low 

dispersity.42 Recently, they demonstrated the formation of supramolecular block copolymers 

A-BA and B-A-B block patterns by two-component seeded living polymerization of 
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properly designed core-substituted perylene bisimides (PBIs) under precise kinetic control 

(Scheme 1.7C). Kinetically trapped states are prepared by rapid cooling of monomeric 

solution and addition of seeds constitute of other monomer that will lead to the formation of 

block copolymer with control over the length of each individual polymer block and low 

polydispersity.43 

 

Scheme 1.7: (A) Molecular structure of perylene bisimide derivative (PBI-1) that facilitate the self-assembly 

by hydrogen-bond. (B) Schematic illustration of cooperative polymerization accompanied by thermal 

hysteresis that can be controlled in a living manner by seeded polymerization. Reprinted with permission from 

reference 42. Copyright © 2015 American Chemical Society. (C) Schematic representation of the formation of 

A-B-A or B-A-B tri-blocks by two-component seeded living polymerization. Reprinted with permission from 

reference 43. Copyright © 2019 American Chemical Society. 

The above reports show that chemists have achieved mechanistic control over the 

dimensions and length regime of self-assembled structures using specialized conditions and 

molecule designs. However, still there are many challenges to overcome in order to 

understand the concept in detail for extending to biologically relevant applications. It is 

beyond doubt that such diverse approaches enriched our knowledge and scientists are 

actively working with a variety of molecules and strategies. As the definition of 

self-assembly itself suggests that it is “spontaneous” self-organization and owing to 

spontaneous behavior, we lack control and precision over the whole process of 

self-assembly. Despite of the intelligent design, the complex molecules with specific 

properties for targeted applications have not been harnessed owing to a lack of control over 

the self-assembly process. 
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In this context, Takeuchi and Sugiyasu et al. reported an elegant approach to build an 

energy landscape by combining concepts of supramolecular polymerization and 

photoisomerization process of azobenzene (Scheme 1.8A). The light-responsive monomer 

can be trapped as an inactive “dormant” monomer and on activation by light in the presence 

of seed. The free monomer was grown at the ends of the seed thereby resulting in 

supramolecular polymers with a controlled length and a low polydispersity value.44 In 2019, 

the group showed an interesting strategy to inhibit spontaneous nucleation by using a 

“dummy” monomer that is structurally similar to the reactive monomer but lacks the ability 

to undergo spontaneous supramolecular polymerization (Scheme 1.8B-C). The presence of 

porphyrin-based dummy monomer will keep the active monomer in a kinetically trapped 

dormant state but addition of seeds would initiate the supramolecular polymerization 

without a lag time.45 

 

Scheme 1.8: (A) Energy landscape diagram of the nucleation−elongation process coupled with 

photoisomerization of azobenzene to create a deep kinetic trap. This trap can be circumvented through 

photo-isomerization of monomer in seeded supramolecular polymerization. Reprinted with permission from 

reference 44. Copyright © 2016 American Chemical Society. (B) Chemical structures of active (2Me and 

3Me) and dummy monomers (3Ph), the structure of both is similar but the dummy monomer is unable to 

undergo supramolecular polymerization. (C) This can be realized to achieve nanostructures of the controlled 

length by seeded supramolecular polymerization. Reprinted with permission from reference 45. Copyright © 
2019 Royal Society of Chemistry. 
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Later, Ogi, Yamaguchi and co-workers exploited the interplay of folding and aggregation of 

pyrene-substituted amino acid based diamide towards seed-mediated supramolecular 

polymerization (Scheme 1.9). The folding of the diamide moiety as a result of 

intramolecular hydrogen bonds retarded spontaneous nucleation required for supramolecular 

polymerization (inactive state). The addition of seeds solution effectively initiated the 

supramolecular polymerization mediated by intermolecular H bonding in such 

out-of-equilibrium conditions.46  

 

Scheme 1.9: Schematic representation of seeded polymerizations by coupling the equilibria between inactive 

folded states generated by intramolecular and active extended form as dictated by the intermolecular hydrogen 

bonds. Reprinted with permission from reference 46. Copyright © 2018 Wiley‐VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

These reports make us understand that it is essential to have knowledge about the 

importance of pathway complexity and generation of an out-of-equilibrium state where 

monomers can be trapped in an inactive form. The inhibition of spontaneous nucleation by 

trapping monomer in metastable states can be mediated by temperature and solvent 

composition, competition of inter- and intramolecular H bonding, photoisomerization and 

by creating dummy monomer. However, such metastable trapped states either transform 

quickly into kinetic or thermodynamic states or remain stable only for a few hours thereby 

leaving us with poor control over supramolecular polymers. Thus, it is important to 

molecularly design such inactive states with a long enough lifetimes and should initate 

nucleation upon activation by external trigger. The studies in chapters 2 and 3 provide a 

better understanding of such trapped monomeric states with photochemical and redox 

triggers respectively. These inactive monomers are thereby studied for a single component 

or two-component controlled seeded supramolecular polymerization. While seeded self-

assembly has evolved so much in the last decade, it still remains a challenging task to 
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establish predictive on-demand self-assembling strategies. The work in this thesis addresses 

this research gap by preparing dormant monomers to achieve precise control over the onset 

of self-assembly.  

 

1.4. Peptide based kinetic nanostructures 

Among the self-assembled materials, peptide mediated self-assembly is one of the most 

promising research areas where monomers with primary sequence of amino acids 

self-organize themselves spontaneously into well-ordered aggregates. Various types of 

peptide building blocks are reported in literature47 including dipeptides,48, 49 peptide 

amphiphiles,50 bolaamphiphilic peptides, ion-complementary peptides and cyclic peptides51 

to be the most explored classes of the peptides. Short peptides are of great interest as they 

are easy to be synthesized thus avoiding the complication to make larger proteins. 

Interestingly, such minimalistic functional peptides can also be studied as model systems to 

understand the structural and functional aspects of complex proteins. During the last two 

decades, various research groups demonstrated minimalistic peptides to self-assemble into 

physically crosslinked hydrogels52, 53 with interesting morphologies ranging from 

nanofibrous filaments, tubes, spheres, helices to 2D sheets.54-56 Interestingly, the fate of 

peptide self-assembly is efficiently manipulated by varying the sequence, chirality, number 

and type of constituent natural and unnatural amino acids.57-59 Moreover, specific and 

selective functional modifications can be introduced at either terminal or at the side chain of 

peptide and are pivotal for designing better synthetic systems. Further, other than tweaking 

primary structures, peptide aggregates can form secondary structures such as β-sheet and 

α-helix due to the H bonding between amide bonds and interactions among side group 

functionalities of amino acids.60 β-sheet secondary structure can emanate from parallel or 

anti-parallel conformation based on the intra-peptide stacking. Various biological structures 

like bacterial compartments, virus capsids, and collagen fibers possess α-helix 

conformation16 whereas the structures in fibers of silk and amyloid protein exhibit β-sheet 

secondary structure. Recently, there has been a great development in the preparation of 

complex life-like peptide materials61 by tethering peptide with other biomolecules, i.e., 

nucleic acids, oligo-, or polysaccharides.26 Peptides are widely exploited for biological 

applications owing to their excellent biocompatibility as they are naturally present in the 

body. Further, the ability to create a large library of molecules with structural diversity 
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makes peptide self-assembly a fast expanding field of research. Self-assembled peptide 

structures have received significant attention and have been studied for applications in tissue 

engineering, bone regeneration, cancer therapy, enzymatic catalysis, bio-mimetic scaffold, 

therapeutics, conducting soft materials and bioelectronics.62-65  

Peptide self-assembly has been investigated for pathway complexity and controlled growth 

in aqueous milieu in the last few years. Samuel Stupp and coworkers extensively studied the 

peptide amphiphiles that assemble into the broad range of nanostructures such as fibers, 

cylinders, ribbons, twisted structures having mostly β-sheet domain and induce structural 

changes with varying pH, concentration or ionic strength.66 In 2014, they investigated 

self-assembling pathways for C16 alkyl chain conjugated V3A3K3 peptide sequence to dictate 

the assembly rate and resulting structures with varying ratios of HFIP-water solvent 

mixture. Increasing HFIP concentration in solution resulted in slower kinetics and smaller 

aggregates.67, 68 Moreover, the fate of peptide fibers can be efficiently controlled by critical 

ionic strength (Ic): below the Ic, annealing the peptide solution form fairly short yet 

monodisperse thermodynamic fibers, However, above the Ic long fibers are formed 

(Scheme 1.10). These thermodynamic fibers can be perturbed by the addition of salt or 

dilution to change the β-sheet characteristics. However, after few days short fibers also 

converted into thermodynamically favoured long fibers, suggesting a metastable state with a 

low energy barrier. The long fibers transformed to the short fibers upon heating, suggesting 

a kinetically trapped state with an intermediate energy barrier. Further, they also explored 

the dynamics of these systems at the molecular level through stochastic optical 

reconstruction microscopy (STORM) and electron paramagnetic resonance (EPR).66, 69 

Recently, they have shown a strategy to have perfect control over the length of 

supramolecular assemblies mediated by non-covalent to covalent bond conversion upon 

photo-irradiation and demonstrated increased cell viability on increasing fiber length.70 
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Scheme 1.10: Schematic illustration and cryo-TEM images of the thermodynamically favoured product by 

annealing and kinetic products by adding salt or dilution. (B) CD spectra at λ = 202 nm as a function of the 

concentration of peptide and NaCl. (C) Energy landscapes of peptide aggregates below and above the Ic (front 

and back, respectively). Reprinted with permission from reference 66. Copyright © 2017 American Chemical 

Society. 

Sijbren Otto and co-workers have been working on self-replicating peptide-derived 

macrocycles coupled with dynamic covalent bond.71 The molecule of study contains two 

components: a peptide sequence with alternating hydrophobic (leucine) and hydrophilic 

(lysine) domains that can assemble through the nucleation-elongation process into a β-sheet 

structure and benzenedithiol motif that can undergo oxidative disulfide bond formation with 

each other resulting in multiple macrocycles (Scheme 1.11A). The hexamer or heptamer 

formation takes place through mechanically responsive sigmoidal growth. Further, the 

seeding experiments furnish self-replicating fibers with controlled length and narrow PDI 

(Scheme 1.11B-C).72,73 Recently, they demonstrated low symmetry foldamers of 

unprecedented complexity emerging from similar molecules with the peptide tethered 

1,3-benzenedithiol aromatic core.74  
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Scheme 1.11: (A) Chemical structure of two precursors, peptide and benzenedithiol. Disulfide bond formation 

between two thiol functionalities resulted in a mixture of interconverting macrocycles. Schematic 

representation depicts the self-assembly of the self-replicators to form fibers. (B) Distribution of different 

macrocycles as a function of time. Reprinted with permission from reference 72. Copyright © 2015, S. Otto et 

al. (C) Seeded growth of hexamer fibers upon sequential addition of trimers or tetramers up to four cycles. 

Reprinted with permission from reference 73. Copyright © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Our group has explored the pathway complexity in Aβ-amyloid inspired peptide 

amphiphiles to achieve structural control in one and two dimensions through living 

supramolecular polymerization. The peptide amphiphiles showed step-wise self-assembly in 

water and a judicious choice of temperature or solvent composition arrests the self-assembly 

to result in metastable nanoparticles. With the gradual increase in temperature, the 

metastable state produces kinetically controlled nanofibers at 25 ºC and eventually 

thermodynamically stable twisted helical bundles (Scheme 1.12A). Moreover, seeded 

growth depicts the living nature of such peptide nanofibers.75 In another report, peptide 

coupled with photo responsive 4-methylcoumarin moiety self-assembles into 1D nanofibers 

(Scheme 1.12B). The addition of γ-cyclodextrin to the peptide with subsequent irradiation 

with UV light resulted in 2D nanosheets. Seeded supramolecular polymerization provides 

structural and temporal control that were exploited to tune the mechanical strength of 

hierarchical hydrogel materials.76 
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Scheme 1.12: (A) Chemical structure of the peptide amphiphile and pathway complexity in self-assembly to 

produce different nanostructures. Reprinted with permission from reference 75. Copyright © 2018 Royal 

Society of Chemistry. (B) The tandem interplay of host-guest interactions and photo-dimerization to 

form 1d and 2d nanostructures. Reprinted with permission from reference 76. Copyright © 2019 American 

Chemical Society. 

In the quest of mimicking the biological polymers like actin filaments and microtubules, the 

transient formation of assemblies is the current research interest in artificial biomimetic 

materials.77, 78 In this regard, dissipative self-assembly in presence of biochemical energy 

source (fuel) and disassembly on complete consumption of fuel is a characteristic signature 

of such transient materials.79, 80 The first report of chemical fuel-driven transient 

self-assembly in synthetic systems was presented by van Esch et al. with the pH-responsive 

dibenzoyl-L-cystine gelator. The diacid state of molecule does not self-assemble, but upon 

introduction of methyl iodide (chemical fuel), diesters are formed resulting in fibrous 

assemblies. However, diesters are rather prone to hydrolysis and exhibit disassembly after 

some time (energy dissipation).81 Later, the group changed the alkylating agent, chemical 

fuel (dimethyl sulfate) and optimized the pH level to modify the timescale of transient 

self-assembly in hours.82 In the last decade, a number of model artificial systems have been 

described with fuel triggered activation of building blocks and a concurrent and chemically 

distinct pathway to cause deactivation.83-85 In this context, the self-assembly derived from 

peptides is of great interest as the enzymatic conversion can be coupled with kinetic peptide 

assemblies to achieve transient functional nanostructures.86  

Boekhoven and colleagues presented an elegant strategy for transiently regulating peptide 

self-assembly in an aqueous buffer. The interplay of attractive and repulsive interaction 
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among peptide precursors dictates the behavior from no assembly, fuel-driven assemblies to 

permanent assemblies. A chemical reaction cycle system with the peptide sequence 

containing aspartic acid at C-terminal and chemical fuel, 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) results in a transient anhydride state 

with nanofibrous morphology (Scheme 1.13).87-89 The system employs an activation 

reaction that involves suppression of the repulsive interactions to self-aggregate. While the 

simultaneous hydrolysis of the in-situ formed anhydride to aspartic acid derivative 

constitutes the deactivation reaction. In aspartic acid form, the repulsive interaction between 

the peptide molecules increases resulting in disassembly. 

 

Scheme 1.13: (A) A chemical reaction cycle employed for dissipated self-assembly comprises an activation 

and deactivation reaction. (B) Chemically fuel-driven assembly with a balance of attractive and repulsive 

interactions among the precursor peptides. Reprinted with permission from reference 88. Copyright © 2020 

American Chemical Society. 

 

1.5. Orthogonal self-assembly 

Selection and self-organization processes are of great importance and have its relevance 

since the prebiotic earth era for sustaining life on this planet. Mimicking such recognition 

mediated phenomenon akin to the biological systems demands rational design of the 

structural and functional complexity with great selectivity in synthetic supramolecular 

systems. DNA replication is the most important part of biological inheritance that produces 

two identical replicas of DNA starting from one original DNA molecule. During this 

process, an extraordinary level of molecular recognition is maintained with such a large 

number of nucleobases duplicating without any mistake. Another exciting biological system 

is microtubules, these are cylindrical protein structures made up of co-assembly of α-tubulin 
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and β-tubulin (dimers) to form protofilament. Interestingly, this co-assembly process 

happens only after the self-discrimination of α-tubulin and β-tubulin. Similarly, the 

molecular recognition in the proteins to form multi-protein complexes and enzymes utilize 

various non-covalent interactions to bind with specific substrates. In supramolecular 

polymerization, identical copies of the same building blocks are recognized to form 

self-assembled nanostructures. Moreover, nature generates precisely selective and 

functional orthogonal assemblies from multiple building blocks to realize various functions 

in biological systems like transportation, energy conversion and mechanical motion. Apart 

from self-assembly, nature’s machinery relies on the self-sorting phenomenon to correctly 

and precisely position the interacting sites with orthogonal recognition. Such systems 

possessing compartmentalization and confinement of reactions during biological 

manufacturing processes also have been explored with synthetic building motifs.90 Here 

non-equilibrium supramolecular polymerization is of vital importance as molecular 

recognition alone can only assemble static, equilibrium structures that can just make crystals 

but not cells.  

1.5.1. Self-sorted nanostructures 

The term “self-sorting” can be described as the ability to spontaneously recognize their self 

and distinguish from non-self in a complex mixture. This phenomenon involves a rather 

high selectivity and competing recognition due to the delicate balance among all the 

competing interactions between the monomer molecules resulting in specific outcomes 

rather than all possible complexes out of the mixture (Scheme 1.14). This selection enables 

the self-sorted systems to contain higher information that helps to distinguish themselves 

from other self-assembled structures where identical building blocks are just repetitively 

assembled without much fidelity. Self-sorting in the systems designed from distinct building 

motifs has been investigated extensively over the last few decades. However, it remains 

challenging to master and tune the nanostructures obtained from the structurally similar 

binding blocks.91  
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Scheme 1.14: Possible structures in two-component supramolecular polymerization. Reprinted with 

permission from reference 91. Copyright © 2019 American Chemical Society. 

Previous reports documented a number of molecular recognition mediated self-sorting using 

specially designed molecules or controlling factors such as H bonding, pH, chirality, 

stereoselectivity etc. In 2010, Sijbesma et al. demonstrated self-sorting in rod-like micelles 

of bisurea bola-amphiphiles by tweaking the spacer length and chirality. FRET experiments 

and pyrene exciplex formation were used to decipher the self-sorting phenomenon.92, 93 

Ulijn, Pires, Pashkuleva et al. investigated bi-component systems, the aromatic 

carbohydrate (Fmoc-glucosamine-6-sulfate or –phosphate) and peptide-based monomer 

(Fmoc-FF) to generate synergistic modular system mimicking proteoglycans. These 

molecules co-assemble where the peptide provides the structural component and 

Fmoc-carbohydrate is exposed in the solvent to provide a functional element. Such a 

co-assembled system can be organized into supramolecular hydrogels that preserve the cell 

viability and prolong the stability of growth factors.94 Adams and co-workers reported the 

pH-controlled self-sorted gels where the order of assembly can be predefined by 

programming difference in pKa of both gelators. The apparent pKa for one molecule is 5.9 

and should self-assemble at higher pH than other molecule with a pKa of 5.1.95 

Further, Adams, Tovar et al. reported three distinct peptide-based multi-chromophoric 

hydrogelator systems containing either of these 𝜋-electron units 

oligo(p-phenylenevinylene), quaterthiophene, and naphthalenediimide with different 

inherent spectral energies (Scheme 1.15). These peptides self-assemble in water and can 

create localized energy gradients by rapidly mixed co-assembled nanostructures in acidic 

conditions. The self-sorted nanostructures can be obtained by slow pH change as a result of 

the hydrolysis of glucono-δ-lactone (GdL). They determined the conditions of self-sorting 

or co-assembly by 1H NMR spectroscopy and fiber X-ray diffraction.96 
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Scheme 1.15: (A) Molecular structures of oligo(p-phenylenevinylene), quaterthiophene, and 

naphthalenediimide and only quaterthiophene conjugated with the peptides. (B) Schematic diagrams of 

resonance-energy transfer (RET)) and electron-transfer events in self-sorted and (C) randomly co-assembled 

systems. Reprinted with permission from reference 96. Copyright © 2017 American Chemical Society. 

Hamachi and co-workers demonstrated the first example of in-situ real-time visualization of 

self-sorted fibers entangled in two and three dimensions (Scheme 1.16A). Self-sorted 

hydrogels consist of two distinct building blocks: peptide-based gelator and lipid-like 

hydrogelator tagged with different fluorescent probes to facilitate their imaging under 

confocal laser scanning microscopy and super-resolution microscope (STED). The fiber 

formation takes place through a cooperative mechanism and fibers with different building 

blocks have different rates of formation with an orthogonal and distinct fluidity and 

chemical responsiveness.97, 98 Further, the group demonstrated self-sorted double network 

gel with orthogonal stimuli-responsiveness towards bacterial alkaline phosphatase and 

Na2S2O4. These multicomponent hydrogels show the bidirectional change in the mechanical 

properties with the individual property retained even after mixing (Scheme 1.16B).99 In 

2019, the group showed post assembly fabrication of hydrogel formed from a self-sorting 

double network. The dual-biomolecule response to two adenosine triphosphate (ATP) and 

sarcosine was used to render gel−sol transition programmed in an AND logic gate. 100  
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Scheme 1.16: (A) Schematic illustration of the self-sorted self-assembled fibers and molecular structures of 

the hydrogelators and fluorescent probes. Reprinted with permission from reference 97. Copyright © 2016 

Springer Nature. (B) Orthogonal stimuli-responsiveness of the self-sorting double network (SDN) hydrogel to 

tune mechanical strength and protein release rate. Reprinted with permission from reference 99. Copyright © 

2018. I. Hamachi et al. 
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Recently, they have reported an interpenetrated and parallel self-sorting network by 

exploiting the kinetics of seed formation with dynamic covalent oxime chemistry. The 

addition of O-benzylhydroxylamine to a benzaldehyde-tethered peptide-type hydrogelator 

along with lipid-type nanofibers resulted in interpenetrated self-sorting while the self-sorted 

network are formed through the deceleration of seed formation using a slow oxime 

exchange reaction.101 

In 2020, George et al. explored two distinct core-substituted naphthalene diimides (cNDI) 

fluorescent monomers through extensive molecular dynamic simulations and structured 

illumination microscopy (SIM) to attain various possible outcomes (Scheme 1.17). The 

resultant supramolecular nanostructures such as self-sorted homopolymers, random 

(statistical) copolymer, alternate copolymer or complex block copolymer, were achieved by 

manipulating the thermodynamic and kinetic routes in the pathway driven self-assembly. 102 

Later, the group further explored the tri-component system for the formation of multi-block 

supramolecular copolymers mediated by sequential seeded growth.103  

 

Scheme 1.17: (A) Schematics of supramolecular polymerization into narcissistically self-sorted 

homopolymers, seed-mediated block co-polymers and co-assembled random or alternate supramolecular 

co-polymers. (B) Molecular structures of fluorescent monomers for two-component studies. Reprinted with 

permission from reference 102. Copyright © 2020 American Chemical Society. 
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The self-sorting events occur based on the information encoded in the building blocks. 

Although, it is fascinating to directly visualize the self-sorting process through CLSM and 

super-resolution microscopy, employing two entirely different building blocks (lipid-based 

and peptide-based) makes the self-sorting phenomenon obvious. However, it is challenging 

and exciting to visualize the fate of assemblies with minimum structural perturbation. 

Chapter 5 of this thesis discusses two peptide amphiphiles differing by only two methylene 

units to investigate the self-sorting events. Literature reports demonstrate the visualization 

of self-assembly and co-block formation in organic solvents, usually along with some co-

solvent. However, employing such molecules that self-assemble in an organic solvent for 

soft biomimetic materials is not appealing. In this regard, triblock formation in water is 

beautifully demonstrated in chapter 5. 

1.5.2. Chiral self-sorting 

Most of the complex bio-macromolecules available in nature contain chiral building blocks 

such as the L isomer of amino acids (in proteins) and the D isomer of sugars (nucleic acids). 

This leads to particular macromolecular chirality in the self-assembled biomolecules that is 

vital for normal functions of natural materials. The concept of chirality based discrimination 

has fascinated the chemists since Louis Pasteur’s discovery of molecular chirality in L and 

D enantiomers of tartaric acid in 1848. Also, the thalidomide incident in the 1950s 

underlines the power of molecular chirality and recognizes the importance of chirality in the 

peptide and amino acids for biomaterials applications.104  

During the self-sorting process, if the chirality of molecules is the differentiating factor 

towards specific selective interactions, the phenomenon is called chiral self-sorting. The 

enantiomeric species in the mixture result in self-assembled products with one isomer 

talking with their like ones and ignoring the unlike individual isomers to render homochiral 

self-sorted product. An enantiomeric mixture of monomers are structurally the same and 

possess the same non-covalent interaction sites. Therefore, specific and selective 

recognition is obviously a difficult and challenging task. In chiral self-sorting, monomers 

may act as competitors thus reducing the effectiveness of self-sorting. Detection and 

quantification of chiral self-sorting is also restricted by current experimental tools with 

specific detection limits and resolution. In the realm of chiral self-assembly, the discussion 

is not complete without the mention of the following two models: Sergeants and soldiers 

principle, where a few chiral units can control the chirality of the whole achiral system; 
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Majority rules principle, where the overall chirality of the system is dictated by the isomer 

which is present in slight excess in a mixture of enantiomers.  

In literature, there are few examples that perfectly fit in the category of chiral self-sorting. 

George and co-workers describe chiral self-sorting through enantioselective 

1,2-bis(amido)cyclohexane coupled with naphthalene diimide (NDI) and 1,5-dialkoxy 

naphthalene (DAN) derivatives as acceptor and donor chromophores. The molecular design 

offered mixed and segregated donor-acceptor stacks in supramolecular co-assembly and 

form p-n nanostructures.105 Later, they developed chiral donor and acceptor molecules 

having minimum structural mismatch with fluorescent core-substituted 

naphthalene-diimide. The appropriate substitutions, two –OEt groups (-diOEt), for 

green-emissive donor and –OEt and –iPa groups (-OEtiPa) for red-emissive acceptor 

(Scheme 1.18). The stereoselective supramolecular polymerization render control over 

energy transfer through FRET and further these molecules were studied for visualization of 

chirality driven self-sorting.106  

 

Scheme 1.18: (A) Chemical structures of the donor, (SS-diOEt) and acceptor (SS-OEtiPa or RR-OEtiPa). (B) 

Schematic illustration of chirality-driven co-assembly and self-sorting, and resultant energy transfer process. 

Reprinted with permission from reference 106. Copyright © 2017 Wiley‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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As we discussed in the last section peptide self-assembly is highly dependent on encoded 

information, we focus on the chirality effects for regulating peptide self-assembly towards 

the chiral self-sorting and co-assembly of the racemic peptides. Tweaking L-peptides with 

D-amino acids can distort their structure and inhibits the formation of secondary structures. 

For instance, D-amino acid could induce a kink to break and destabilize α-helix 

structure.107,108 

Peptide sequence EAK16 with L-amino acids self-organizes to form nanofibers, while 

D-amino acid incorporated peptides EDAK16 and DEADK16 disrupt the β-sheet secondary 

structures resulting in no assemblies.109 However, tweaking the chirality can change the 

handedness and morphology of the self-assembled nanostructures in some cases.110-112 

Rudra and co-workers explored the block heterochiral peptides (Ac-FKFEFKFE-NH2), 

where two FKFE repeat units are of opposite chirality. These heterochiral peptides assemble 

into helical tapes with large dimensions as compared to the fibrillar homochiral 

counterparts. MD simulations suggested the kink and internal strain generation between two 

repeating motifs that flatten the natural twist of the β-sheet secondary structure to make it 

flat ribbon.113 Gazit et al. explored the aromatic amino acids (phenylalanine and tryptophan) 

where the chirality of the amino acids plays a significant role in the self-assembling process.  

Co-assembled systems have different kinetics and morphology to result in different 

nanostructures with superior mechanical properties as compared to pure enantiomers.114 The 

self-assembly of fatty acid chain-conjugated dialanine with homochirality and 

heterochirality showed the handedness of the fibers to be determined by the chirality of the 

terminal alanine.115 Similarly, Xu and co-workers developed short amphiphilic peptides I3K 

with varying chiral manipulations, LI3
LK and DI3

DK, LI3
DK and DI3

LK, and LαI3
LK and 

DαI3
DαK. These peptides showed twisted handedness of nanofibers guided by the chirality of 

lysine at the hydrophilic terminal.116 In some cases, the chirality of terminal amino acid in 

peptide sequence is of paramount importance to dictate supramolecular chirality while in 

some peptide sequences supramolecular chirality is determined by some specific amino 

acids usually phenylalanine.117, 118  
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Scheme 1.19: Chemical structures of few stereoisomers of ferrocene‐ and pyrene‐appended tri‐peptides. 

Homochiral Fc‐based gelator renders non‐fluorescent fibers, whereas Py-based gelator forms fluorescent 

fibers. Mixing of Py-SFSFSL with Fc-SFSFSL in the same pot (matching chiral centers) produced 

non‐fluorescent fibers, indicating mixed assemblies. However, mixing of gelator Fc-RFRFRL and Py-SFSFSL in 

the same pot (opposite chiral centers) results in fluorescent fibers, indicating self‐sorted fiber formation. 

Reprinted with permission from reference 121. Copyright © 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim. 

Biological systems prefer homochiral stacks through chiral selectivity with amyloid fibril 

formed by L- and D-stereoisomers of β2-microglobulin (L-K3 and D-K3 peptides) are 

stereospecific resulting in homologous fibers.119 Schneider et al. reported a co-assembly 

from a racemic mixture of β-hairpin peptides (MAX1 and DMAX1) to result in four times 

more mechanically rigid gels than formed by either peptide alone.120 

Kraatz et al. investigated the effect of peptide stereochemistry on the self-assembly of a 

series of stereoisomers of the tripeptide FFL (Scheme 1.19). Self-assemblies guided by the 

homochiral peptides have uniform, thermally and mechanically robust nanofibers whereas 

heterochiral systems result in self-sorted systems with heterogeneous morphology.121 

In 2019, Stupp et al. demonstrated elegant interactions of the peptide assemblies with lipid 

bilayer membranes in a stereospecific manner. The L-peptide showed a stronger affinity for 

the liposome compared to the D-peptide to render increased cell viability with D-peptide 

(Scheme 1.20).122 Recently, the group has reported self-sorting in a supramolecular system 

comprised of a negatively charged peptide amphiphiles doped with a small fraction of 

fluorescent dye anchored peptide (FITC-PA and TAMRA-PA) doping. FITC-peptide is 
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dispersed throughout the sample while the TAMRA conjugated peptide is present in 

micron-scale domains.123 

 

Scheme 1.20: (A) Schematics of chiral recognition of lipid bilayer membranes by enantiomeric peptide 

amphiphiles. Reprinted with permission from reference 122. Copyright © 2019 American Chemical Society. 

The chiral self-sorting is rather intersting to addresses the evolution of homochirality in 

prebiotic earth with the preference for one enantiomer in natural molecules by employing 

autocatalytic self-replication process. However, controlling the self-assembly with 

stereo-specificity in a multicomponent system involving an enantiomeric pair in one pot is 

rather daunting task for chemists owing to the labile conformation and adaptability towards 

similar recognition sites of the enantiomers. 

 

1.6. Applications of self-assembled peptides 

Self-assembled peptide amphiphiles with emergent and adaptive properties have proven to 

be a versatile tool in various applications including scaffolds for tissue engineering, drug 

delivery, mimicking hierarchical self-assembly in protein-misfolding disorders, 

antimicrobial agents, catalysis, energy storage devices, fabrication of piezoelectric-based 

sensors, super hydrophobic surfaces for self-cleaning applications etc.124 Peptide-based 

hydrogels can mimic structural morphology and composition of the extracellular matrix 

with controlled porosity and rigidity and hence shows great potential as biomimetic 3D 

scaffolds for cell growth.125 Peptide matrix provides mechanical support for cell-adhesion to 

enable cell proliferation, migration, differentiation and organization for tissue 

regeneration.126-128 Integrin-binding Arg-Gly-Asp (RGD) peptide and amyloid-like peptide 
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nanofibers have been demonstrated for stem cell adhesion and differentiation to generate 

biomaterials for therapeutic applications.129-132 Short peptide amphiphiles are interesting 

synthetic motifs to study sustained drug-delivery mediated by assembly and disassembly of 

nanostructures.133-136 Moreover, the peptide amphiphiles have been used for the 

development of new antimicrobial agents. The cationic antimicrobial peptides interact with 

the anionic bacterial lipid bilayer membranes and enable membrane permeation, 

depolarization and destabilization.137-139 Similarly, cyclic peptides can also cause bacterial 

cell death and exhibit more antibacterial and antiviral activity as compared to their linear 

counterpart.51,140 Since cationic peptide amphiphiles binds to cancerous cells through 

electrostatic interactions and hence can disrupt cellular and organelle membranes, making 

them a perfect candidate for cancer therapeutics.141-144 Furthermore, peptide amphiphiles 

comprised of inorganic components have gained attention in order to mimic nature’s hard 

and stiff materials like bone, enamel and seashell nacre.145-149 Interestingly, peptide–

inorganic nanocomposites can incorporate noble metal nanoparticles or photoactive 

materials which found applications in energy harvesting or energy storage 

applications.150,151 

1.6.1. Piezoelectricity in peptide amphiphiles 

Piezoelectricity is the generation of electric response on applied mechanical stress or 

vice-versa in non-centrosymmetric crystals. In the 1950s, Fukada discovered shear 

piezoelectricity in various biopolymers like cellulose and collagen.152 In synthetic materials, 

ceramics like barium titanate, lead-zirconate-titanate, zinc oxide, and molybdenum disulfide 

exhibit good piezoelectricity, but possess poor biocompatibility. In this context, peptide 

nanostructures being compatible with biological systems emerge as a promising candidate 

for applications like piezoresponsive nanogenerator, sensors, harvesters, actuators, 

piezotronics and optical wave guiding devices. In literature, particularly diphenylalanine 

peptide had been extensively explored as a piezoelectric biomaterial due to its exceptional 

piezoelectricity and remarkable mechanical properties.153-157 In 2010, Ghazit, Rosenman et 

al. reported self-assembled diphenylalanine peptide nanotubes having electric polarization 

directed along the axis of nanotube possess strong shear piezoelectricity with effective 

piezoelectric coefficient values of at least 60 pmV-1 (Scheme 1.21A).154 Rusen Yang and 

co-workers demonstrated strong piezoelectricity in vertical FF peptide with fully controlled 

polarization with an electric field applied during the peptide self-assembly process that 

further improved piezoelectricity of the fabricated power generator (Voltage = 1.4 V; Power 
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density = 3.3 nWcm-2; d33 = 17.9 pmV-1) (Scheme 1.21B).158 In another report by 

Seuk-Wuk Lee, in 2018, aligned diphenylalanine (FF) nanotubes exhibit piezoelectric 

properties and unidirectional polarization. Further, they fabricated peptide-based 

piezoelectric energy harvesters to generate voltage up to 2.8 V (Scheme 1.21C).159 

Piezoelectric devices manufactured from self-assembled peptides can find future 

applications in multi-functional electronics compatible with human tissue.160  

The above reports describe the influence of peptide self-assembly on the piezoelectric 

response, largely focused only on FF peptides. Therefore, more peptides with unique 

properties and stimuli responsiveness towards the piezo-response are needed to be explored. 

The second and third chapters of this thesis demonstrate the stimuli-responsive ON and OFF 

piezo-response owing to self-assembly and disassembly. Moreover, exploring such peptides 

with specific optical or redox properties working in tandem with piezoelectric properties is 

promising for fabricating biocompatible multifunctional devices. 

 

Scheme 1.21: (A) AFM image of as-deposited FF peptide nanotube on Au-coated substrate and schematic of 

the nanoscale in-plane measurements by piezoresponse force microscopy (PFM). Reprinted with permission 

from reference 154. Copyright © 2010 American Chemical Society. (B) Top panel: Schematic representation 

of FF peptide-based generator (inset: photograph of a real device) and measurement set-up. Bottom panel: 

Open circuit voltage and short-circuit current from a generator. Reprinted with permission from reference 158. 

Copyright © 2016, R. Yang et al. (C) Schematic diagram depicting meniscus-driven dip-coating process to 

synthesize aligned FF nanotubes with unidirectional polarization as observed in PFM image. Further, 

Piezoelectric energy harvester showed LED by finger pressing. Reprinted with permission from reference 159. 

Copyright © 2018 American Chemical Society. 
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1.7. Scope of research  

The peptide-mediated self-assembly is an attractive approach to induce and control 

precision and compartmentalization. In order to realize these features in an aqueous 

environment amyloid inspired minimalistic peptide amphiphiles can be employed. The 

pathway complexity in peptide self-assembly can be exploited to create complex 

nanostructures with functional applications.  

In this regard, Chapter 2 demonstrates the sequestration of peptide by chemical and photo 

cues in dormant states that upon judicious activation, engage in controlled seeded mediated 

supramolecular polymerization in aqueous milieu for the first time. Such self-assembly 

pathways result in excellent on-off piezoresponsive peptide nanostructures.  

In chapter 3, short redox-responsive peptide amphiphiles were studied where varying spacer 

chain length between the stimuli-responsive unit and self-assembling unit furnishes different 

nanostructures. Moreover, an elegant demonstration of seeded supramolecular 

polymerization led to mixed block co-fiber of redox-responsive and non-responsive peptide 

heterostructures. 

Chapter 4 deals with the chirality mediated fidelity and stereo-selectivity in enantiomeric 

peptide amphiphiles based nanofibers to furnish chirally self-sorted peptide nanofibers. This 

self-sorted system exhibits enantioselective enzymatic degradation for L-peptide fibers and 

selective weakening of the specific hydrogel materials. 

Chapter 5 demonstrates the self-assembly phenomenon in fluorescent peptide 

bola-amphiphiles with two-components having minimum structural variation. The matching 

spacer between peptide motifs can render co-assembled nanofibers, non-matching spacer 

forms self-sorted and homomeric spacer seeding experiments furnish block co-fibers. 
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Photochemically Sequestered Off-Pathway Dormant States of 

Peptide Amphiphiles for Predictive On-demand Piezoresponsive 

Nanostructures 

Supramolecular assemblies are essential for specific biological functions and mandate precise 

control over the mesoscopic scale for higher functional efficiency. Recently, spatiotemporal control 

for the living supramolecular polymerization has rendered a paradigm shift toward designing 

complex multicomponent supramolecular active materials; however, directing the active monomer 

toward predictive kinetically trapped materials still remains a considerable challenge as this 

necessitates circumventing spontaneous nucleation of the monomers during the self-assembly 

process. Herein, we demonstrate dual strategies (chemical and photo) to sequester the active peptide 

self-assembling motifs in dormant states that, upon judicious activation, engage in controlled seeded 

supramolecular polymerization in aqueous milieu for the first time. Amyloid-inspired peptide 1 with 

a pendant azobenzene moiety demonstrates the formation of on-pathway metastable nanoparticles 

by the interplay of solvent and temperature that could be transformed into kinetically controlled 

nanofibers and thermodynamically controlled twisted bundles. Further, using coupled equilibrium 

such as the host−guest inclusion complex with cyclodextrin or photoisomerization with UV light 

leads to the formation of two distinct off-pathway metastable states that retard the spontaneous 

supramolecular polymerization. A judicious manipulation of the free-energy landscapes in tandem 

with suitable chemical and photostimuli renders the activation of the dormant states for the peptide 

selfassembly through a seeded growth strategy. Finally, such photochemical sequestration of 

self-assembly pathways results in on−off piezoresponsive peptide nanostructures. 

 

2  
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2.1. Introduction 

Supramolecular polymerization,1-2 a bottom-up self-assembly strategy ubiquitous in various 

natural biological processes, has witnessed immense interest in the design of biomimetic 

materials in recent years. These polymers are held together by various reversible, dynamic 

and non-covalent interactions among the monomer units, thereby furnishing structurally 

programmed and functionally enhanced adaptive architectures3-4 that are sensitive to a 

plethora of stimuli, for example temperature, pH, chirality and the microenvironment 

imparted by the solvent molecules.5-10 In contrast to the non-equilibrium self-assembly 

processes abundant in nature, such polymerizations performed in the laboratories are usually 

dictated by the free energy of self-assembled supramolecular polymers under 

thermodynamic control. However, since the last decade, our understanding of the 

off-pathway assembly from the monomer building blocks under kinetic control11-13 leading 

to living supramolecular polymerization has undergone a paradigm shift14-17 with a 

concomitant upsurge in the efforts to develop synthetic life-like systems.18-21 Such 

non-equilibrium or dissipative control over the supramolecular polymer endows us with the 

flexibility to tweak around with the monomer design to produce the desired assembled 

state.22-25 For most of the monomer building blocks the polymerization process initiates 

instantly after they are dissolved in the solvent, thereby resulting in an uncontrolled 

morphology, chain length and composition. In seed-mediated supramolecular self-assembly, 

the assembly process may be triggered by a macro-initiator (preformed seeds) to render a 

precise control over length and shape of the final products. This, in turn, circumvents the 

spontaneous nucleation process of the monomers that otherwise acts as an antagonist to such 

dimensional control.26-29 Thus, the control over the monomer reactivity through tweaking 

the activation energy barriers for the nucleation process significantly retards the 

spontaneous self-assembly process and leads to an interesting strategy to design 

polymerswith dimensional precision utilizing living supramolecular polymerization.30-32 If 

the monomers are trapped in metastable states and do not have sufficient activation energy 

to cross the energy barrier, the spontaneous nucleation process is suppressed. Such inactive 

states are “dormant” in nature, but can be activated on demand using external stimuli such 

as solvent, temperature, snap cooling and competitive hydrogen bonding to promote 

spontaneous supramolecular polymerization.33-34 Aida et al. and Würthner et al. 

demonstrated the inhibition of the spontaneous polymerization of a bowl-shaped 
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corannulene monomer and planar perylene bisimide monomer, respectively, owing to the 

trapping of the monomeric state in an intramolecular hydrogen bonded conformation.27,35 In 

another approach, Sugiyasu and Takeuchi et al. reported kinetic off-pathway metastable 

states that can be envisaged as the appropriate inactive states for the living supramolecular 

polymerization in porphyrin based systems in methylcyclohexane.28,30 Recently, George et 

al. reported the redox-responsive dormant states of amphiphilic charge-transfer monomer 

with a donor-acceptor sequence for the controlled activation and deactivation of the 

monomers.36 However, the energy parameters and dynamics of monomer exchange and 

their mechanisms are system-specific and vary with the type of supramolecular building 

blocks.37-40 Moreover, the extension of the strategy to design precise peptide nanostructures 

in aqueous milieu would have an immense application in designing ECM mimetic scaffolds 

for tissue engineering, biocatalysis, energy harvesting and so forth which is hitherto not 

reported.41-44 Recently, our group has explored amyloid-inspired peptide amphiphiles for 

orthogonal and pathway-driven self-assembly,45-47 that involves shape and size evolution of 

transient metastable nanoparticles to one-dimensional nanofibers and two-dimensional 

nanosheets for application in ECM mimetic bioglass composites.48 However, controlling the 

self-assembly with such on-pathway states at low temperature or optimal good/bad solvent 

composition may not be sufficient enough to design an intelligent biomimetic complex 

network, that rather demands an intervention of stable off-pathway intermediates to prevent 

spontaneous self-assembly. Such a strategy employing the concept of pathway complexity 

in the peptide self-assembly has so far been unexplored, even though such biomolecular 

systems may draw inspirations from functionally regulated proteins such as 

bacteriorhodopsin that actuate ion pumps using the cis-trans photoisomerization of intrinsic 

fluorophores. Moreover, the peptides owing to the directional amide hydrogen bonding 

possess correlation between the electric pulse and mechanical behaviour to generate active 

piezo electricity;49,50 however, a control over such functional behaviour has so far been 

lacking in the literature. Thus, we resort to using light or chemical cues as efficient stimuli 

that can exhibit spatiotemporal control toward self-assembly/disassembly in supramolecular 

peptide nanostructures to finally realize the on-demand piezoelectric response. In this 

regard, multi-stimuli-responsive moieties such as azobenzene are notably fascinating, as 

they can undergo photo responsive isomerization and host-guest inclusion 

complexation.51-55 However, such multiresponse behaviour of azobenzene has so far not 

been exploited toward designing on-demand programmable and precise supramolecular 
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peptide nanostructures mediated by the judicious sequestration of the self-assembly to 

off-pathway dormant states with an on-demand piezoresponse. 

 

Scheme 2.1: Design strategies for controlled self-assembly/disassembly in peptide amphiphile using external 

stimuli such as light and chemical cues. (A) Schematic of reversible photoisomerization to furnish trans and 

cis isomers for peptide 1. (B) Inhibition of spontaneous self-assembly by forming a chemodormant state 

mediated by host-guest inclusion complex involving trans-1 with α-cyclodextrin or β-cyclodextrin, which can 

be retrieved upon addition of adamantyl amine as the competitive guest for the trans-1  β-CD complex. (C) 

Reversible photocontrolled deactivation of trans-1 in the photodormant state of cis-1 (λ = 365 nm), which 

upon activation with visible light (λ = 405 nm) reforms active trans-1 state to render supramolecular 

nanofibers. 

Herein, we report the controlled self-assembly/disassembly of an Aβ(1-42) inspired 

minimalistic peptide 1 (azo-VFFAKK) anchored with a photochemically responsive 

azobenzene moiety (Scheme 2.1). A judicious choice of temperature and solvent 

composition favored the formation of on-pathway metastable nanoparticles of trans-1 that 

eventually evolved to form 1D self-assembled nanofibers in water. Further, two distinct 

strategies based on photochemical stimuli were employed to render off-pathway dormant 

states, which inactivated the spontaneous supramolecular polymerization. First, the 

complexation of the azobenzene moiety of peptide 1 with the guest molecule of cyclodextrin 
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(α-CD and β-CD) exhibited the formation of off-pathway chemodormant nanoparticles. 

Second, the photo regulated geometrical change of azobenzene (trans to cis) inhibited the 

spontaneous nucleation of peptide 1 to render off-pathway photodormant nanoparticles. 

Such photochemically trapped off-pathway dormant metastable states act as a reservoir for 

the active monomer and can be activated on demand by the introduction of competitive 

guests or by photomediated reconversion to trans-1 to trigger the peptide self-assembly. The 

competitive interactions were validated in the energy landscape to rationalize the evolution 

of different metastable species and concomitant supramolecular polymerization. Such 

on-demand activation to monomers can be efficiently exploited toward seeded 

supramolecular polymerization to render programmable supramolecular peptide 

nanostructures with precision. Finally, we demonstrated for the first time an elegant 

photochemical sequestration strategy to design an on-demand piezoelectric nanogenerator 

from the peptide nanostructures. Taken together, the work stresses on the importance of 

controlling the pathway complexity in peptide building blocks and unravels a new strategy 

to access complex and functional supramolecular peptide nanostructures in a rational 

manner toward energy harvesting devices. 

 

2.2. Results and discussion 

2.2.1. Molecular design and self-assembly of trans-1 

Peptide 1 was designed by tethering a hydrophobic azobenzene group at the N-terminal and 

two hydrophilic lysine units at the C-terminal of an amyloid Aβ(1−42) inspired peptide 

sequence, NVFFAC (Scheme 2.1). Owing to the efficient hydrogen bonding among the amide 

moieties and strong π−π interactions among the phenyl side chains and azobenzene 

moieties, trans-1 was found to self-assemble in water (Figure 2.1A). To alleviate any 

possible pre-assembled aggregates, trans-1 was taken in hexafluoroisopropanol (HFIP) to 

disrupt the hydrogen bonding among the amide moieties.56,57 Spectroscopic and microscopic 

investigations showed the presence of metastable nanoparticles in HFIP guided by π−π 

stacking interactions among the phenylalanine side chains and azobenzene motifs 

(Figure 2.1B). However, upon increasing the volume fraction of water in a mixture of 

solvents (HFIP-water) or upon increasing the temperature, the initial nanoparticles at 

specific solvent composition were found to convert into 1D nanofibers, This suggested the 

kinetic nature of the self-assembly, with the on-pathway nanoparticles exhibiting 
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spontaneous nucleation and subsequent conversion to the nanofibers upon increasing the 

temperature or changing the solvent composition. The transmission electronic microscopy 

(TEM) and atomic force microscopy (AFM) images of trans-1 in water exhibited nanofibers 

(diameter ~ 8 nm) with a high aspect ratio (Figure 2.1F, H). However, a repeated annealing 

of the nanofibers rendered the formation of thermodynamically stable twisted bundle 

morphology (Figure 2.1I-J).  

 

Figure 2.1: Self-assembly of trans-1 peptide amphiphiles in aqueous milieu. (A) Schematic for 

pathway-dependent self-assembly of trans-1 showing the conversion of monomers to on-pathway metastable 

nanoparticles, exhibiting conversion to kinetically controlled nanofiber and thermodynamically stable twisted 

bundles. Solvent controlled self-assembly of trans-1. (B) TEM images of trans-1 on-pathway nanoparticles in 

HFIP. AFM image of (C) trans-1 in 5% HFIP-water showing metastable nanoparticles converting to 

kinetically controlled nanofibers within 10 minutes of water addition. (D) Self-assembled nanofibers of trans-1 

after one day of incubation in 5% HFIP-water. (E) Nanofibers formation of trans-1 was retarded in 30% 

HFIP-water solvent mixture and exhibited presence of nanoparticles even after 3 h. (F) trans-1 in only water 

exhibited robust nanofibers after one day incubation. Temperature driven self-assembly of trans-1 in water 

monitored using AFM. (G) trans-1 at low temperature (15 ºC) furnishes on-pathway metastable nanoparticles, 

(AFM image recorded after 3 h) (H) that converts to self-assembled nanofibers of trans-1 after 1 day. (I) Upon 

repeated annealing to 80 ºC, trans-1 showed formation of twisted bundles. (J) Zoomed AFM image recorded 

after 3 h of thermal annealing showing thermodynamically controlled twisted bundle of trans-1 in water 

(concentration = 40 μM). 
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We monitored such pathway-driven self-assembly process of trans-1 in water using UV-vis 

and CD spectroscopy analyses. A freshly dissolved solution of trans-1 in water showed 

UV-vis absorbance bands at 323 nm and 430 nm due to characteristic π−π* and weak n−π* 

bands respectively (Figure 2.2A). However, with time, the absorption maxima exhibited a 

hypsochromic shift that suggested the formation of supramolecular H-aggregates due to the 

presence of azobenzene moieties58 (Figure 2.2B). Next, we conducted kinetic experiments at 

25 °C with different concentrations of trans-1 and monitored the absorbance ratios at 300 

and 323 nm with time. We observed an initial lag phase at lower concentrations owing to 

the formation of on-pathway aggregates; however, at higher concentrations the diminishing 

lag phase indicated faster conversation to nanofibers (Figure 2.2C). Thus, the time at which 

50% of the aggregation was completed was found to be decreasing in a nonlinear manner 

with an increasing concentration of trans-1 (Figure 2.2D). Further, the CD spectra exhibited 

a gradual increase in intensity for the negative cotton band indicating the formation of 

β-sheet secondary structures in a self-assembled state (Figure 2.2E).  

 

Figure 2.2 (A) UV spectra of peptide 1 in HFIP and water at 15oC (concentration = 70 μM), spectra was 

recorded after 3 h. (B) UV-vis spectra exhibiting gradual hypsochromic shift with time corresponding to the 

aging of the fibers (concentration = 70 μM, pH = 6.5). (C) Concentration dependent evolution of trans-1 

self-assembly as monitored by the ratio of absorbances at 300 and 323 nm. (D) Concentration dependent 

self-assembly in water as monitored by UV-vis spectra depicting t50 values (time taken for 50% completion of 

the supramolecular polymerization) decreases with concentration. (E) Time-dependent CD spectra showing the 

appearance of peaks at 193 nm, 213 nm and at 309 nm owing to the β-sheet secondary structures and π-π 

stacking of the azobenzene moiety (concentration = 70 μM, pH = 6.5). (F) FTIR spectra indicating parallel 

β-sheet stacking in the nanofibers of trans-1.  
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A gradual build-up of an induced CD band at 309 nm with time was ascribed to the stacking 

of the azobenzene moiety as a consequence of the peptide self-assembly, which transfers the 

chiral information of the peptide sequence to the azobenzene moiety. FT-IR signals at 1624 

and 1532 cm-1 confirm the presence of the parallel arrangement of β-sheets in the secondary 

structure (Figure 2.2F). All these findings corroborated the involvement of ordered H 

aggregates in the kinetically controlled nanofibers, with concomitant parallel β-sheet 

arrangement at ambient conditions. 

2.2.2. Off-pathway chemodormant state by host-guest interactions  

Azobenzene has a strong affinity to α-cyclodextrin (α-CD) and β-cyclodextrin (β-CD) 

cavities to form a host-guest inclusion complex (Figure 2.3A). We exploited such host-guest 

complexation as a strategy to render off-pathway dormant states that retard the spontaneous 

nucleation of the trans-1 amphiphile. The complexation behaviors of trans-1 (guest) with 

α-CD and β-CD (host) were investigated using 1H NMR spectroscopy in D2O. The 

azobenzene protons a, b, c, d and e showed remarkable downfield shifts upon the 

introduction of equimolar host molecules (α-CD or β-CD) (Figure 2.3B, 2.4 & 2.5). The 

protons of α-CD or β-CD also exhibited a remarkable upfield shift upon host-guest 

complexation. For a better understanding of the complexation between α-CD or β-CD and 

trans-1, we performed Job’s plot analysis that indicated a 1:1 complexation stoichiometry 

(Figure 2.6 & 2.7). We further conducted isothermal titration calorimetry (ITC) experiments 

at 25 °C to gain more insights into the thermodynamics of the complexation process. The 

titration of an aqueous solution of α-CD (10 mM) against trans-1 (0.25 mM) provided a 

satisfactory sigmoidal curve, allowing the determination of various thermodynamic 

parameters (Figure 2.3C). The association constant (Ka) of trans-1 with α-CD was 

calculated to be 9900 M-1, with the number of sites of interactions = 1. The enthalpy (ΔH), 

free energy (ΔG) and TΔS of complexation were estimated to be -3.14 kcal/mol, -5.45 

kcal/mol and 2.31 kcal/mol respectively. However, trans-1 and β-CD formed an inclusion 

complex with a relatively lower binding affinity (Ka = 6134 M-1, ΔH = -0.619 kcal/mol, 

ΔG = -5.17 kcal/mol and TΔS = 4.55 kcal/mol) (Figure 2.3D). The computed free energy 

(ΔG) as obtained from the MD simulations also confirmed a more favorable association of 

trans-1 with α-CD compared to that with β-CD by 8.11 kcal/mol (Figure 2.8 & Table 2.1).  
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Figure 2.3: Schematic representation of the host-guest complexation for trapping trans-1 in off-pathway 

chemodormant states. (B) Comparative 1H NMR spectra of trans-1 before and after the formation of the 

inclusion complex with equimolar α-CD in D2O (4 mM). (C-D) ITC data showing exothermic heat release and 

integrated heat profile for the binding interaction of trans-1 (0.25 mM) with α-CD and β-CD (10 mM) in water 

at 25 ºC after. (E) MD simulations depicting the inclusion complexes, trans-1 ⸦ α-CD and trans-1 ⸦ β-CD. (F) 

Probability distribution distance plots (center of mass distance between the azobenzene moiety of trans-1 and 

glycosidic oxygen of α-CD/β-CD) indicating lower fluctuations in trans-1 ⸦ α-CD and higher fluctuations in 

trans-1 ⸦ β-CD. (G) UV-vis spectra of the off-pathway inclusion complexes, trans-1 ⸦ α-CD and trans-1 ⸦ 

β-CD showing a significant red shift as compared to the trans-1 peptide fibers. (H) CD spectra of the inclusion 

complexes show the absence of the β-sheet secondary structure in the presence of host α-CD or β-CD 

molecules (concentration = 40 μM). 
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Figure 2.4: Partial 1H-NMR spectra of α-CD (Host, H) titrated with trans-1 (Guest, G) solution in D2O at 

different ratios at room temperature. The total concentration of the solution was kept at 4 mM. The downfield 

shifts of (A) a, e, b protons (shown by red arrow) and c, d protons (shown by black arrow) of trans-1. (B) H1 

and (C) H2 protons of α-CD moiety showed upfield shift with increasing amount of guest moiety, trans-1. 

 

 

 

Figure 2.5: Comparative 1H-NMR spectra of trans-1 peptide (8 mM) and host-guest complex of 

trans-1 ⸦ β-CD (1:1) in D2O showing downfield shift of protons of azobenzene moiety. Partial 1H-NMR 

spectra of β-CD (Host, H) titrated with trans-1 (Guest, G) solution in D2O at different ratios at room 

temperature. The total concentration of the solution was kept at 4 mM. The downfield shifts of (A) azobenzene 

protons of trans-1. (B) H1 and (C) H2 protons of the β-CD moiety showed upfield shift with increasing 

amount of trans-1. 
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Figure 2.6: Job’s plot obtained by titrating trans-1 (G) with α-CD (H) at different ratios in D2O at 25 ºC. 

Changes in the chemical shift values of (A) a, e, b protons (B) c,d protons of azobenzene moiety of trans-1 

plotted with mole fraction of trans-1. (C) Change in chemical shift values of H1 and (D) H2 protons of α-CD 

are plotted with the mole fractions of α-CD. 

 

Figure 2.7: Job’s plot obtained by titrating trans-1 with β-CD at different ratios in D2O at 25 ºC. Changes in 

the chemical shift values of (A) a, b, e protons of azobenzene moiety of trans-1 plotted with mole fraction of 

trans-1. (B) Change in the chemical shift values of H1 and (C) H2 protons of α-CD plotted with the mole 

fraction of α-CD. 

Thus, both experimental and computation data corroborated a stronger interaction in trans-1 

 α-CD as compared to the trans-1  β-CD complex, although the interaction in the latter 

inclusion complex was also significant to inhibit the inherent self- assembly of trans-1. 

Moreover, the variation of thermodynamic parameters such as enthalpy (ΔH) and entropy 

factors (TΔS) for the complexes indicated a tight binding for the inclusion complex, 

trans-1  α-CD. It is noteworthy that trans-1 with β-CD shows a more favorable entropy 

factor, with a higher change in the absolute value of entropy upon complexation. This 

indicated a relatively high conformational and transitional flexibility between the 

azobenzene moiety of trans-1 and β-CD cavity, resulting in loose binding. For deeper 
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insights of the mechanism simulations of trans-1 with α-CD and β-CD using the classical 

host-guest complexation, we performed molecular dynamics MD simulations.  

 

Figure 2.8: (A-C) Molecular geometry optimization of trans-1 peptide and cyclodextrins using 

B3LYP/6-31G* methodology. (D) The number of water molecules interacting with the pendant azobenzene 

over a simulated trajectory for 100 ns with α-CD and β-CD from different faces. 

The analysis of the MD trajectories clearly indicated the formation of stable inclusion 

complexes with trans-1 approaching from both the faces that is primary and secondary faces 

of cyclodextrin (Figure 2.3E). The absence of water molecules inside α-CD clearly 

suggested the strong binding in trans-1  α-CD even prohibiting any further water 

molecules to enter; however trans-1  β-CD inclusion complex engaged a substantial 

amount of water molecules in its cavity (Figure 2.8D). We analyzed the distance between 

the center of mass for all the glycosidic oxygen atoms of cyclodextrin and the azobenzene 

moiety for both the inclusion complexes. The probability distribution of the center of mass 

distances exhibited larger fluctuations in the trans-1  β-CD complex and corroborated a 

tighter inclusion complex in trans-1  α-CD as compared to trans-1  β-CD (Figure 2.3F). 

Next, we investigated the effect of host-guest interactions on the self-assembly behavior by 

UV and CD spectroscopy analyses. A solution of trans-1 upon 1:1 complexation with both 

α-CD and β-CD exhibited a significant bathochromic shift, as compared to the native 

trans-1 that clearly indicated the disruption of the π-π interaction among the pendant 

azobenzene moieties (Figure 2.3G). Further, the CD spectra clearly demonstrated the 

absence of the β-sheet secondary structure and induced a CD signature of azobenzene upon 

complexation with either of α-CD or β-CD (Figure 2.3H). 
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Table 2.1: Simulation time and atomistic details for the host-guest interaction 

System No. of atoms/Molecules  Periodic cell boundary Length of Trajectory 

trans-1 + α-CD 

(Primary Face) 

Total atoms = 12494 

trans-1         =  138 

α-CD           =  126 

Cl-               =  2 (ions) 

Water          =  12228 

56.210 x 55.386 x  53.455 100 ns 

trans-1 + α-CD 

(Secondary Face) 

Total atoms  = 12734 

trans-1          =  138 

α-CD            = 126 

Cl-                = 2 (ions) 

Water           = 12468 

56.210 x 55.386 x 53.455 100 ns 

trans-1 + β-CD 

(Primary Face) 

Total atoms = 12986 

trans-1         = 138 

β-CD            =  147 

Cl-                =  2 (ions) 

Water           =  12699 

56.742 x 54.554 x 54.498 100 ns 

trans-1 + β-CD 

(Secondary Face) 

Total atoms   = 12363 

trans-1          = 138 

β-CD             = 147 

Cl-                 = 2 (ions) 

Water            = 12650 

55.908 x 52.317 x  55.969 100 ns 

Ada Total atoms  = 8911 

Ada             = 28 

α-CD           = 126 

Water          = 8757  

45.347 x 47.301 x 45.547 

 

100 ns 

Ada Total atoms  = 9481 

Ada              = 28 

β-CD            = 147 

Water           = 9306 

47.389 x 46.834 x 46.627  

 

100 ns 

 

Such observations clearly indicated that the azobenzene moiety of trans-1 formed an 

inclusion complex with α-CD/β-CD molecules, thereby inhibiting trans-1 to undergo 

spontaneous supramolecular polymerization. The AFM images from the uncomplexed and 

complexed samples of trans-1 corroborated the role of the cyclodextrin molecules to arrest 

the self-assembly process. Thus, while trans-1, in the absence of any guest moiety, can 

self-assemble to nanofibers, the amphiphile upon complexation with α-CD or β-CD traps 

the process to yield metastable nanoparticles, as indicated by AFM and DLS data 

(Figure 2.9A-D). It is noteworthy that already self-assembled trans-1 was not affected by 

the presence of host moieties and showed unchanged nanofibrous morphology 

(Figure 2.9E-F) indicating the dominant role of robust hydrogen bonding over the host-guest 

inclusion complexation. 
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Figure 2.9: A AFM images showing the off-pathway dormant metastable nanoparticles of (A) 

trans-1 ⸦ α-CD, (B) trans-1 ⸦ β-CD upon dissolution of trans-1 with α-CD or β-CD. Dynamic light scattering 

(DLS) data for the metastable nanoparticles of (C) trans-1 ⸦ α-CD (~90 nm), (D) trans-1 ⸦ β-CD (~100 nm), 

(E-F) Addition of α-CD or β-CD to the self-assembled nanofibers of trans-1 did not change the fiber 

morphologies. AFM images were recorded after 3 days. 

2.2.3. Off-pathway photodormant state  

Next, we explored the photoswitchable behavior of the pendant azobenzene moiety in 

peptide 1 in a bid to regulate the photoresponsive structural control between the trans and 

cis isomers around the –N=N– group upon UV or visible irradiation. Interestingly, the trans 

conformation of the azobenzene moiety is planar sans dipole moment, while the cis 

conformation has a dipole moment of ~3 Debye owing to the bent out-of-plane 

conformation with phenyl rings.53 As discussed earlier, trans-1 in HFIP at 25 °C or freshly 

dissolved in water at low temperature (15 °C) resulted in an on-pathway metastable 

nanoparticle exhibiting a prominent UV peak at 323 nm (π−π*) and a broad peak at 440 nm 

(n−π*).  
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Figure 2.10: UV-vis spectra showing fast photoswitching of on-pathway state of trans-1 to off-pathway 

photodormant nanoparticles of cis-1 (A) in HFIP and (B) in water immediately after dissolution. (C) Faster 

photoisomerization of trans-1 nanoparticles to cis-1 upon UV irradiation. (D) Comparative photoisomerization 

kinetics for trans-1 nanoparticles and self-assembled nanofibers. (E-F) Two isosbestic points at 281 nm and 

387 nm characteristc of trans-cis conversion in azobenzene for trans-1 nanoparticles. 

(Concentration = 70 μM). 

However, upon UV irradiation (𝜆 = 365 nm), the trans-to-cis isomerization rendered an 

off-pathway metastable nanoparticle with a gradual decrease in the intensity of the π−π* 

band with the appearance of a new peak at 255 nm, whereas the n−π* band intensity became 

prominent as well (Figure 2.10A-B). Further, for the on-pathway metastable nanoparticles 

of trans-1 in HFIP or in water, the equilibrium between trans-1 and cis-1 was established 

quite fast (3 min, 2.10C). However, for the self-assembled nanofibers of trans-1, the 

photoregulated disassembly took a rather longer time (30 min) to reach the photostationary 

state (PSS) (Figure 2.10D & 2.11A). The presence of strong attractive forces such as H 

bonding and π-π interactions in assembled nanofibers made it rather constrained for 
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azobenzene to alter its stereo-chemical geometry. The isosbestic points were observed at 

281 and 387 nm, corresponding to the trans-to-cis isomerization (Figure 2.10E-F).  

 

Figure 2.11: Schematic strategy to disassemble trans-1 nanofibers to be trapped in off-pathway photodormant 

states cis-1 in water. (A) Photoregulated gradual change in UV-vis spectra for the nanofibers of trans-1 in 

water to result in cis-1. Inset depicts the time-dependent change in absorbance at 300 nm. (B) HPLC 

chromatogram at an isosbestic point of 281 nm shows 65% conversion of trans-1 (1 mM) to cis-1 upon UV 

irradiation for 1 h (𝜆 = 365 nm). (C) AFM imaging depicts the off-pathway dormant metastable nanoparticles 

of cis-1 at the photostationary state. (D) CD spectra show β-sheet with peaks at 193, 213, and 308 nm that 

gradually diminish upon UV irradiation (𝜆 = 365 nm). Inset depicts the time-dependent change in ellipticity at 

213 nm (Concentration = 70 μM). 

However, a substantial overlap in the UV-vis spectra for the trans and cis isomers of peptide 

1 made the calculation of the amount of isomers at the PSS difficult. However, an HPLC 

analysis at the isosbestic point (𝜆 = 281 nm) allowed us to determine the relative distribution 

of cis-1 (7.4 min) and trans-1 (8.2 min) at PSS. Thus, UV irradiation significantly decreased 

the ratio of trans-1 to cis-1 from 99:1 to 33:67 (Figure 2.11B). The AFM image of the UV 

irradiated sample, exhibited a complete disassembly of the nanofibers for the dominant cis-1 

isomer at the photostationary state to render off-pathway metastable nanoparticles of cis-1 

(Figure 2.11C). Upon irradiation at 365 nm, the characteristic β-sheet CD signature of 

trans-1 gradually disappeared with time, indicating disassembly of supramolecular 

nanofibers (Figure 2.11D). The higher dipole moment of cis-1 relative to trans-1 and the 
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altered molecular geometry that restricts the π-π stacking of the peptide molecules account 

for the photoregulated disassembly. It is noteworthy that even at a maximal PSS of 67% for 

cis-1 the self-assembled nanofibers are disassembled. Such PSS state with predominantly 

cis-1, was conceived as the off-pathway photodormant metastable state that can be activated 

with visible light. 

2.2.4. Activation of the dormant metastable states  

After understanding the self-assembly and disassembly behavior of trans-1 so as to trap the 

active monomer in two distinct off-pathway metastable states, we further investigated the 

activation of the dormant states using chemical and photo cues to control the concomitant 

supramolecular self-assembly process. Such trapping of the dormant states and strategies for 

activation are thoroughly elucidated through the energy landscape diagrams. Thus, the 

off-pathway metastable states could be envisaged as a deterrent for the spontaneous 

nucleation process, until external stimuli were introduced. The deep energy trap for the 

metastable states ensured the complete inhibition of spontaneous nucleation caused by the 

active monomer of trans-1. To the inclusion complexes of trans-1  α-CD and 

trans-1  β-CD, a competitive guest, 1-adamatylamine (Ada), was introduced that resulted 

in a shift in the thermodynamic equilibrium favoring the host-guest complex with a superior 

binding affinity of Ada toward the β-CD cavity, thereby setting the trans-1 monomer free 

for supramolecular polymerization (Figure 2.12A). Pertinently, ITC data exhibited a higher 

binding for β-CD with Ada than the azobenzene moiety (Ka of Ada ⸦ β-CD ~ 2.7 x104 M-1, 

Figure 2.13). MD simulation corroborated a stronger binding of Ada with β-CD with no 

fluctuation in the centre of mass distances over an observable timescale and a shorter 

distance (1.1 Å) between the centre of mass of β-CD and Ada (Figure 2.12B). Such 

preference for Ada to form a stronger inclusion complex with β-CD came at the expense of 

the preformed trans-1 ⸦ β-CD inclusion complex paving for the release of the trans-1 

monomer. The free peptide molecule could act as an “active monomer” to self-assemble in 

water-HFIP (9:1) with time. The CD spectra showed a recurrence of the β-sheet secondary 

structure of the peptide upon incubating Ada with the trans-1 ⸦ β-CD complex 

(Figure 2.12C). The AFM images exhibited appearance of the nanofibers upon activation of 

dormant states by chemical cues (Figure 2.124D). Remarkably, the trans-1 ⸦ α-CD 

complex solution was quite stable and did not get affected by the presence of Ada as the 

competitive guest. The ITC studies suggested no significant interaction of Ada with α-CD, 
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which was further corroborated by MD simulations suggesting an unstable inclusion 

complex (Figure 2.12F). Further, the addition of Ada molecule in the trans-1 ⸦ α-CD 

solution did not result in any observable change in the CD signal at 213 nm with the AFM 

images showing thermodynamically stable trapped nanoparticles (Figure 2.12G-H). This 

clearly indicated trans-1 ⸦ α-CD as an off-pathway trapped state, which remained 

unaffected by chemical cues during the observable time period. 

 

Figure 2.12: Chemical cue-mediated strategy to activate the dormant state for supramolecular polymerization. 

(A) Energy profile diagrams to summarize the trapping of the dormant state, trans-1 ⸦ β-CD, to be reactivated 

by 1-adamantyl amine (Ada) for supramolecular polymerization. (B) Center of mass (COM) distance between 

Ada and β-CD (glycosidic oxygen) in MD simulation showing the formation of a stable inclusion complex 

trans-1 ⸦ β-CD. (C) CD spectra of the dormant state, trans-1 ⸦ β-CD (black) and chemically activated trans-1 

after 2 days of incubation with the competitive guest, Ada. (D) AFM image showing the formation of 

nanofibers from the dormant metastables particle of trans-1 ⸦ β-CD in 2 days. (E) Energy profile diagrams 

showing a deeper energy well for chemically dormant trans-1 ⸦ α-CD complex dictated by thermodynamics. 

(F) Transition to higher value in the plot of the center of mass (COM) distance between Ada and α-CD 

(glycosidic oxygen), indicating no inclusion complex formation. (G) Time evolved CD spectra of dormant 

states (trans-1 ⸦ α-CD and trans-1 ⸦ β-CD) incubated with the competitive guest, Ada. (H) AFM images 

showing the presence of trapped nanoparticles of trans-1 ⸦ α-CD. 
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Figure 2.13: Isothermal titration calorimetry data obtained for the binding interaction of β-CD (0.25 mM) to 

1-adamantylamine, Ada (10 mM) in water at 25 ºC.  

 

Figure 2.14: (A) Strategy and representation of energy pathways for the photoattenuated activation of dormant 

states toward supramolecular polymerization. (B) UV-vis spectra depicting cis-1 to trans-1 isomerization on 

visible irradiation (C) Photoregulated conversion of cis-1 to trans-1 under conditions of visible irradiation, 

heating at 65 °C and incubation in dark at 25 °C. (D) Thermal response of the cis-1 to trans-1 conversion at 

different temperatures to calculate (E) various thermodynamic parameters using Arrhenius and Eyring plots. 

(F) Photoswitching of Peptide 1 multiple times upon consecutive UV and visible irradiation. (G) CD spectra of 

the dormant state, cis-1 (black), and photo activated trans-1 after visible light irradiation. (H) AFM images 

showing the formation of nanofibers upon activation of the dormant metastable particles of cis-1 by visible 

light.  

Next, we envisaged the photo regulated activation of dormant metastable states to trans-1 

“active monomer” by irradiation with visible light ( = 405 nm). The photodormant state of 

cis-1 was trapped in a deep energy well and exhibited metastable nanoparticles even after 30 

days in the dark; however upon activation with visible light, it was converted to the excited 
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state of trans-1 (Figure 2.14A), which could easily cross the activation barrier to render the 

active monomers of trans-1 and promote nucleation-mediated self-assembled fiber 

formation. Next, we explored the reverse isomerization of cis-1 to trans-1 in different 

conditions and monitored with UV-vis spectra, which exhibited a gradual increase in 

intensity at 323 nm and a decrease in intensity at 255 nm (Figure 2.14B). While the visible 

light-mediated reconversion to trans-1 took 10 min, heating at 65 ºC exhibited a slower 

thermal isomerization (2 h). It is noteworthy that cis-1 was found to be stable in dark 

conditions even after 24 h at 25 °C (Figure 2.14C). Further, cis-1 to trans-1 conversion was 

performed at different temperatures to calculate the energy parameters using Arrhenius and 

Eyring plots (Figure 2.14D-E). Fitting in Arrhenius equation, the activation energy (Ea) was 

calculated to be 18.55 kcal/mol (50 °C), with the half-life time ~ 525 min (50 °C),, while the 

Eyring equation endowed the following parameters: ΔG‡ = 17.8 kcal/mol, 

ΔH≠ = 17.9 kcal/mol and TΔS≠ = 0.0181 kcal/mol/K. Ea and ΔH≠ correspond to the energy 

barrier required for the conversion of cis-1 to the transition state. The activation entropy 

ΔS≠ dictated the redistribution of the energy of the molecule through the rotational modes of 

the transition states. Further, upon consecutive UV and visible irradiation, the peptide 

exhibited more than five cis-trans isomerization cycles, ensuring complete reversibility and 

absence of any photo damage (Figure 2.14F). The CD spectra exhibited the recovery of 

characteristic β-sheet secondary structures upon activation of the dormant state with visible 

light, which was further confirmed by AFM images showing the self-assembled nanofibers 

of trans-1 (Figure 2.14G-H).  

2.2.5. Seeded supramolecular polymerization  

Next, we envisaged seeded supramolecular polymerization (SSP) toward controlling the 

peptide nanostructures, where a pre-formed peptide fiber seeds upon addition of the active 

monomers initiated a rapid growth of the fiber in a nucleation-elongation pathway. Even 

though the seed-mediated growth circumvents the activation energy required for the nuclei 

formation, the otherwise reactive monomer unit might always be promoting secondary 

nucleation. This in turn, renders supramolecular polymers with uncontrolled morphology 

and dimension. However, in our present system, the in situ activation of off-pathway 

dormant states by photochemical cues might alleviate the chances of high concentration of 

the reactive monomers; thereby promoting seamless seed-mediated growth. We 

demonstrated two distinct SSP strategies mediated by photochemical cues for nanofiber 

growth to yield supramolecular polymers with a low degree of polydispersity 
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(Figure 2.15A). In this context, we prepared seeds by probe sonication of an aliquot of 

pre-assembled nanofiber solution of trans-1. Such uniform seeds (Ln = 75 nm, PDI = 1.06 in 

Figure 2.15G) served as a reactive centers to trigger spontaneous and rapid growth of the 

supramolecular fibers upon addition and subsequent activation of the chemo-/photo dormant 

off-pathway metastable particles. We performed time-dependent CD spectroscopy and 

monitored the increase in the characteristic β-sheet CD signal at 213 nm to follow the 

progress of the SSP process. The CD signal of the trans-1 seeds at 213 nm did not change 

with time, while the unseeded supramolecular polymerization of trans-1 exhibited a gradual 

enhancement of CD signal with a certain lag time to indicate spontaneous nucleation, 

followed by the elongation process. We incubated a mixture of trans-1 seeds and 

chemodormant nanoparticles of trans-1 ⸦ β-CD (seed:dormant nanoparticles = 1:4) at 25 ºC 

to observe no change in the CD signal as the seeds remain unaffected in the presence of 

dormant species. However, the addition of Ada in this mixture resulted in a rapid 

enhancement in the CD signal at 213 nm followed by the saturation plateau (Figure 2.15B). 

This indicated the seeded growth of peptide nanofiber in the first cycle of monomer addition 

to furnish peptide nanofibers with Ln = 440 nm, PDI = 1.09 (Figure 2.15H). The nanofibers 

obtained after completion of first cycle will acts as seed for seeds for next cycle. Upon 

second addition of chemodormant nanoparticles and chemo-activation of the off-pathway 

nanoparticles, the CD signal increased again signifying the living nature of the peptide 

fibers (Figure 2.15I). For second cycle, the ratios of new seeds and chemodormant 

nanoparticles is 1:4, therefore the CD singnal at 213 nm decrease in the beginning of first 

cycle that subsequently increases with time due to seed-mediated growth. Remarkably, the 

off-pathway-trapped trans-1 ⸦ α-CD incubated with trans-1 seeds, upon addition of 

chemical cue, did not lead to any observable change in the CD signal indicating an 

unsuccessful seeding experiment (Fig. 2.15D). This signified the important role of the 

coupled equilibrium involving a stronger association of the trans-1 ⸦ α-CD complex. Next, 

we investigated the seeding experiment upon incubating a mixture of trans-1 seeds and 

photodormant cis-1 nanoparticles (seed:dormant nanoparticles = 1:4). Interestingly, there 

was no visible change in the CD signal at 213 nm. However, upon visible light irradiation, 

the photoisomerization of cis-1 to active trans-1 paved the way for nucleation-mediated 

peptide fibre elongation to render an increase of the CD signal (Figure 2.15C). A 

concomitant saturation of the signal indicated the consumption of the active monomer by 

the trans-1 seeds. The AFM height image analyses of the resulting nanofiber demonstrated 
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an excellent control over the length regime with Ln = 387 nm and PDI = 1.10 

(Figure 2.15F).  

 

Figure 2.15: (A) Schematic representation of the seeded supramolecular polymerization to control the length 

of the nanofibers using off-pathway metastable states by the intervention of photo and chemical cues. 

Time-evolved CD spectra ( = 213 nm) for monitoring the seeded supramolecular polymerization upon 

addition and activation of (B) chemodormant metastable nanoparticles of trans-1 ⸦ β-CD and (C) 

photodormant metastable nanoparticles of cis-1 to trans-1 seeds (seed:dormant nanoparticles = 1:4). 

Sequential addition of dormant nanoparticle followed by chemo or photo activation over two cycles showing 

living nature of the seeding process. Concentration of the seeds = 1 mM. (C) Time dependent CD spectra for 

trans-1 seeds and off-pathway chemo-trapped state of trans-1 ⸦ α-CD incubated with Ada and monitored at 

 = 213 nm. It showed that the off-pathway chemo-trapped state (trans-1 ⸦ α-CD) did not get activated upon 

adding competitive guest, Ada. AFM image with (F) Histogram recorded for seeding experiments. (G) AFM 

image of probe-sonicated seeds with histogram analysis (Ln = 75 nm, PDI = 1.03). AFM height images and the 

corresponding histogram analyses of the seeded nanofibers after incubating with (H) chemodormant 

trans-1 ⸦ β-CD and (F) photodormant cis-1 and judicious activation of the solution. (I, E) Chemo and 

photo-seeding was performed up to two cycles. Images were recorded after 1 days of un-agitated incubation 

after activation.  
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These nanofibers with controlled length regime obtained at the end of cycle 1 will now 

become new seeds to perfrom second cycle. A sequential addition of photodormant 

nanoparticles and activation marked an onset of living supramolecular polymerization for 

the second cycle and led to peptide fibres with a predictable length regime (Figure 2.15E). 

However, it is noteworthy that the chemo-activated SSP generated byproducts out of the 

cyclodextrin-Ada complexation that gradually accumulated over sequential SSP and might 

influence the competitive host-guest equilibrium further on. This opens up a future 

possibility to excrete the byproducts akin to the metabolic waste or reuse them in designing 

a cyclic feedback network. On the contrary, the photoregulated equilibrium of the peptide 

amphiphile could be envisaged as a better strategy owing to the photostability over multiple 

reversible cycles. The final outcome with regard to the dimensional control and 

polydispersity of the supramolecular nanostructures as a result of the sequestration strategy 

was comparable to the system with cosolvent mediated on-pathway nanoparticles were 

employed. However, it is noteworthy that such photo-chemo sequestration of the active 

trans-1 monomer is much elegant strategy as it efficiently retards the spontaneous 

elongation, secondary nucleation and promotes the seeded growth immediately, after 

employing photo/chemical trigger. 

2.2.6. Photochemically tunable piezoelectric response 

Further, we were intrigued by the correlation of such structural transformation between the 

metastable nanoparticles and self-assembled nanofibers with possible piezoelectric 

behavior. In a typical piezoelectric material, an external mechanical stimulus renders an 

electrical response due to the direct piezoelectric effect, or a mechanical strain is caused 

under an electrical stimulus due to the converse piezoelectric effect. The amplitude versus 

applied bias curve has a characteristic “butterfly” loop. Typically, when the electric field 

changes from the negative polarity to the positive it changes gradually and then increases 

abruptly. Similarly, when the field is reversed the polarization decreases gradually and then 

abruptly. This response is influences by the factor like structural defects and stress. Recent 

literatures suggest a simple dipeptide FF moiety to exhibit piezoelectricity owing to the 

noncentrosymmetric nature of the β-sheet.44,59−61 However, a perfect structure−functional 

control of the peptides, as desired for electro-mechanical actuation, is rather lacking, and it 

prompted us to investigate the photochemically controlled β-sheet of trans-1 toward the 

modulation of the piezoresponse. The individual dipole moments of the amide bonds in the 

peptide nanofibers add up to a large resulting dipole owing to the directional hydrogen- 
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bonding and aromatic interactions, while in the nanoparticles, the dipoles get randomly 

distributed over all directions (Figure 2.16A-B). Such specific alignment of the dipoles 

mediated by the self-assembly could produce spontaneous polarization along the fibers.  

 

Figure 2.16: Schematics depicting (A) energy-minimized structures of trans-1 with (B) random orientation of 

the amide dipoles in the disassembled state to result in no polarization and the strong H bonding between the 

amide bonds leading to the resultant polarization in the self-assembled nanofibers. (C) AFM image of trans-1 

nanofibers (marked with arrow) on an ITO-coated glass substrate. PFM amplitude loops acquired for (D) 

self-assembled trans-1, (E) twisted bundles of trans-1, (F) chemodormant trans-1 ⊂ β-CD, (G) irradiated 

chemodormant cis-1 ⊂ β-CD, (H) and photodormant cis-1. (I) Chemoactivation of trans-1 ⊂ β-CD upon 

addition of Ada furnished trans-1 with subsequent self-assembly to retrieve the amplitude loop. (J) 

On-demand piezoresponse, as mediated by photochemically dormant and self-assembled states. (K) Variation 

of the piezoelectric coefficients (d33) upon repeated photoactivation and deactivation of trans-1 over two 

cycles. 
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Thus, we investigated our peptide amphiphiles towards on-demand piezoresponse as 

mediated by the off-pathway dormant states and their photochemical activation through 

piezoresponse force microscopy (PFM).62 The samples were prepared on conducting 

ITO-coated glass substrates (Figure 2.16C) and subsequent PFM measurements were 

acquired by monitoring the response of sample to an applied external bias (Figures 2.16D-I). 

We measured the vertical PFM in the peptide nanostructures lying flat on the substrate using 

the piezo- coefficient (d33). The self-assembled trans-1 exhibited enhanced piezoresponse 

with a characteristic butterfly (amplitude) loop opening (d33 = 7 pm/V). Interestingly, the 

twisted bundle nanostructures of trans-1 exhibited a much profound piezo response 

(d33 = 81 pm/V) owing to the robust intertwining bundles contributing to a higher 

component of polarization in the vertical d33 direction. However, photodormant cis-1 and 

chemodormant trans-1 ⸦ β-CD before and after irradiation did not exhibit such amplitude 

or phase change response (Figure 2.16F-H), presumably due to the lack of robust 

self-assembled states. Thus, the off-pathway dormant states drastically suppressed the 

piezoelectric nature of the peptide amphiphiles. Remarkably, the activation of the dormant 

metastable states upon addition of Ada, followed by the self-assembly of trans-1 resulted in 

the retrieval of piezoresponse (Figure 2.16I). Thus, in comparison to the 

non-piezoresponsive dormant metastable states, piezoresponsive trans-1 showed 30-40 

times higher change in amplitude at -3.5V (Figure 2.16J). The retrieval of the piezoelectric 

coefficients (d33) of the trans-1 nanofibers upon repeated photoactivation and deactivation 

over two cycles confirmed the excellent photoreversibility of the system (Figure 2.16K).  

 

Figure 2.17: (A) Schematic diagram of the fabricated nanogenerator of self-assembled trans-1 and (B−C) 

piezoelectric open-circuit voltage and shortcircuit current response for the fabricated nanogenerator under 

finger imparting motion of self-assembled trans-1. 

Further, we utilized the PFM response for designing the energy-harvesting device 

(Figure 2.17). The direct piezoelectric response of the fabricated piezoelectric 

nanogenerator from the self-assembled fibers of trans-1 was recorded by repetitive finger 
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imparting press-release motion. The voltage response of ∼8 mV (peak-to-peak) and the 

current response of ∼30 nA (peak to peak) from the fabricated nanogenerator confirmed the 

direct piezoresponse of peptide nanofibers at the macroscopic scale.62-63 

2.3. Conclusions 

In conclusion, we established for the first time an elegant pathway-driven supramolecular 

polymerization in amyloid-inspired peptide amphiphile tethered with dual responsive 

azobenzene moieties to be exploited toward designing precise peptide nanostructures with 

predictive piezoresponse. A judicious choice of temperature and solvent composition led to 

on-pathway metastable nanoparticles that eventually converted into kinetically controlled 

nanofibers. The conundrum of the spontaneous nucleation of monomers was addressed 

using interesting strategies to trap the active peptide monomers in off-pathway dormant 

nanoparticles using light and chemical cue-regulated coupled equilibrium. The off-pathway 

chemodormant metastable nanoparticles were conceived by the host-guest inclusion 

complex trans-1  β-CD that was further activated by a competitive complexation with 

Ada, thereby setting trans-1 monomer free to self-assemble. Alternatively, the off-pathway 

photodormant metastable nanoparticles and their activation were accessed through 

light-regulated cis-trans isomerization of peptide 1. The understanding of the photochemical 

strategy to arrest and activate the supramolecular peptide assembly by means of energy 

landscape provided us tools to tweak the monomer release kinetics to be utilized in seeded 

growth strategy and rendered controllable peptide nanostructures. Finally, we showed the 

on-off piezoresponse for the different peptide nanostructures, as mediated by the 

photochemical activation-deactivation strategy to design an elegant nanogenerator device. 

The present study unravels an interesting approach towards complex and functional peptide 

nanostructures that may find future applications in developing smart ECM matrices with 

precise network elasticity, self-powered device and peptide engineering for programmable 

bioelectronics. Work toward that direction is already underway in our laboratory. 

 

2.4.  Experimental section 

2.4.1. Materials and methods  

All the Fmoc protected amino acids, piperazine, oxyma pure, diisopropyl carbodiimide 

(DIC), 4-(Phenylazo)benzoic acid, α-cyclodextrin, β-cyclodextrin, 1-adamantylamine were 
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purchased from Sigma. Fmoc-Rink Amide MBHA resin (0.52 mmol/g loading) from 

NovaBiochem (EMD Millipore) was used as solid support to synthesize C-terminal amide 

peptides on 0.1 mmol scale. All solvents were analytical grade and used without any further 

purification. Milli-Q water was used throughout the studies. 

Peptide was synthesized using a Liberty Blue CEM, Matthews, NC, USA 

microwave-assisted peptide synthesizer. Reverse phase HPLC was performed with Waters 

binary HPLC system, using Nucleodur analytical column (C18 stationary phase, 5 μm, 

4.6 × 250 mm). The sample was injected with autosampler and detected by photodiode array 

(PDA) detector. Electrospray Ionization Mass Spectrometry (ESI/MS) was performed with 

Waters Acquity QDa detector. NMR spectra were acquired on a 500 MHz FT-NMR 

spectrometer model Avance Neo (Bruker). The chemical shifts (δ) are reported in ppm 

downfield of tetramethylsilane using the resonance of the deuterated solvent as internal 

standard.  

FTIR spectra were recorded in the range of 4000 to 400 cm-1 as an attenuated total 

reflectance (ATR) mode using Bruker Vertex 70 FTIR spectrophotometer and analysed 

through opus software. UV-A light (365 nm) was supplied with 16 W and irradiated for 1 h. 

Setup was made with two UV-A rods from OSRAM L company (each 8 W) placed inside 

cardboard box and sample to be irradiated was placed at a distance of one cm. Visible light 

was irradiated with xenon lamp (350 W) with cut-on filter of 390 nm. Sample was sonicated 

using QSonica (model number Q700, power 700 watts and frequency 20 kHz) at an 

amplitude of 20% for ~10 min (5 sec on and 5 sec off to avoid heating) with probe microtip. 

2.4.2. Synthesis and characterization of peptides  

Peptide was synthesized on rink amide MBHA resin at 0.1 mmol scale following standard 

microwave Fmoc-solid phase peptide Synthesis (SPPS) protocols. Fmoc protected amino 

acids (0.2 M) were coupled using diisopropyl carbodiimide (DIC) and oxyma pure in 

N, N-dimethylformamide (DMF). Fmoc deprotection was carried out with 20% piperazine 

in DMF (containing 10% ethanol) in microwave at 75 °C. Resin bound peptide was filtered, 

washed with DMF and dichloromethane. The peptide was cleaved from the resin using 

10 mL of the cleavage cocktail mixture (trifluoroacetic acid (TFA)/water (95:5, v/v)). The 

mixture was shaken for 3 h at room temperature followed by removal of the resin through 

filtration and the filtrate was concentrated by nitrogen purging. The resultant residue was 

precipitated by dropwise addition to ice cold diethyl ether. The precipitates were washed 3 
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times with cold diethyl ether and dried to obtain white powder. The peptide was purified by 

RP-HPLC using a Waters Semi-Preparative binary HPLC system using a C18-reverse phase 

column with an acetonitrile-water mobile phase containing 0.1% formic acid. It was 

dissolved in minimum amount of HFIP and dried once again. This erased any assembly 

history of the peptides during lyophilisation/freeze drying process. The purified peptide was 

confirmed by positive ion electrospray mass spectrometry recorded with Waters HPLC 

Q-TOF mass instrument. The standard gradient used for analytical HPLC was 5 → 95% 

CH3CN in H2O (0.1% HCOOH additive) with flow rate of 1 mL/min over 30 min. trans-1 

was well characterized by HPLC-MS and 1H-NMR.  

Yield = 60 mg (63%); Purity = 97 % 

 

1H NMR (D2O): δ= 7.88-7.74 (m, 6 H, a-H, e-H, b-H), 7.59 (m, 3 H, c-H, d-H), 7.33-7.10 

(m, 12 H, f-H, f’-H), 4.21 (m, 4 H, i-H, j-H), 2.93 (m, 11 H, l-H, n-H, k-H), 1.28 (m, 4 H, 

m-H), 0.87-0.89 (d, 6 H, h-H) ppm.  

 

Figure 2.19 (A): 1H-NMR of trans-1 (4 mM) in D2O at 298 K (500 MHz). 
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The calculated exact mass for C48H77N9O7 = 945.59 Da, In positive mode: found 

[MH+] = 946.82 Da, [MH2]
2+ = 474.21 Da. 

 

Figure 2.19 (B): HPLC chromatogram associated with ESI-MS spectra for trans-1.  

 

2.4.3. Self-assembly of the peptide  

On-pathway metastable nanoparticle, kinetic nanofiber and thermodynamically 

controlled twisted bundle: trans-1 was taken in HFIP over a diverse concentration regime 

(0.1 to 40 mM) and microscopic investigation indicated the formation of on-pathway 

metastable nanoparticles. 

An aliquote of 50 μL trans-1 stock solution in HFIP (40 mM) was added to water to obtain 

0.5 mL of peptide solution with a final concentration = 4 mM at 10 ºC (HFIP content ≈ 10 

v/v %). However, the nanoparticles were found to be stable for 6 h at low temperature 

before they started to convert into self-assembled nanofibers. This indicated a 

solvent-dictated control over the self-assembly pattern upon convertion of the on-pathway 

metastable nanoparticles.  

Upon increasing the temperature to 25 ºC and subsequent incubation for an hour, the 

metastable nanoparticles of trans-1 in 10% HFIP-water exhibited conversion into 

self-assembled nanofibers. This indicated a temperature-mediated self-assembly pathway. 

The nanofibrous solution, upon repeated thermal annealing (controlled rise in temperature 

from 25 to 80 °C for 10 min followed by a cooling to 25 ºC for 10 min, three cycles) 

furnished thermodynamically controlled twisted bundles of trans-1. 

Off-pathway chemodormant state and its activation: For the host-guest inclusion 

complex, 20 μL of trans-1 in HFIP (40 mM) was injected in an aqueous solution of α-CD or 

β-CD (concentration = 4.5 mM) to render 4 mM final concentration of the complexes, 

trans-1  α-CD or trans-1  β-CD. Microscopic analysis suggested formation of 

off-pathway chemodormant metastable nanoparticles. Upon addition of a competitive guest 

(2 μL of 80 mM 1-adamatylamine) to the chemodormant inclusion complexes, 
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trans-1  β-CD got converted to ada  β-CD and activated the self-assembly of trans-1. 

However, trans-1  α-CD did not exhibit any observable change in the self-assembly 

pattern, indicating trans-1  α-CD as an off-pathway trapped state. 

Off-pathway photodormant state and its activation: trans-1 (4 mM) in water was 

photoirradiated with UV-A light (365 nm, 16 W) for 1 h to result in an off-pathway 

photodormant metastable nanoparticle of cis-1. However, upon irradiation with visible light 

using a xenon lamp (350 W, cut-on filter of 390 nm) the photodormant state cis-1 

isomerized to trans-1 to furnish self-assembled nanofibers.  

2.4.4. Microscopic investigation  

TEM was performed using a JEOL JEM 2100 microscope with a tungsten filament at an 

accelerating voltage of 200 kV. A sample of 6 μL was deposited on a carbon coated copper 

grid (Agar scientific), and stained with an aqueous solution of uranyl acetate (1%; w/v) for 2 

min and the excess solution was wicked off with filter paper. The samples were then kept 

overnight under vacuum. 

AFM imaging was performed on a Bruker multimode 8 scanning probe microscope. A drop 

of the peptide solution (concentration = 40 μM) was deposited on a silicon wafer and kept 

for 7 minutes so that assemblies stick to the silicon wafer surface. After that silicon wafer 

was washed with water to remove the buffer or excess sample. After drying the samples 

with nitrogen, AFM images were recorded in tapping mode with a silicon cantilever (scan 

rate of 0.9 Hz). The images were analyzed using NanoScope Analysis 1.5.  

2.4.5. Spectroscopic investigation 

The temporal evolution of peptide nanostructures was investigated using UV-vis and CD 

spectroscopy (peptide concentration = 70 μM). UV-vis measurements were carried out on a 

Shimadzu UV-2600 spectrophotometer in the wavelength range of 800 to 200 nm. Circular 

dichroism spectra were recorded using a JASCO J-1500 spectrometer, Easton, MD, USA. 

The 400 μL of the peptide solution was added to a cuvette (2 mm path length, Hellma) and 

scanned in wavelength range from 190 to 450 nm (scan speed of 100 nm min-1) at 25 ºC. 

Host-guest complexation to furnish off-pathway chemodormant metastable states was 

studied using NMR spectroscopy on a 500 MHz FT-NMR spectrometer model Avance Neo 

(Bruker). The chemical shifts (δ) are reported in parts per million (ppm) downfield of 

tetramethylsilane using the resonance of the deuterated solvent as an internal standard. 
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trans-1 (guest) was titrated with α-CD or β-CD (host) in the ratio 10:0 to 0:10, while 

maintaining the total concentration at 4 mM. Job’s plot was obtained by plotting the 

variation of chemical shifts against the function of molar ratio of either guest or host 

molecules.  

2.4.6. Isothermal titration calorimetry studies  

The thermodynamic parameters of host-guest complexation were studied using ITC on a 

MicroCal PEAQ-ITC (Malvern pan Analytical) instrument. 300 μL of trans-1 (0.25 mM) 

was taken in a sample cell and titrated with α-CD or β-CD (10 mM) over 26 injections using 

a syringe. All the titrations were carried out in milli-Q water at 25 ºC. In a total of 26 

injections, 37.65 μL of α-CD or β-CD solution was injected with the first injection of 

0.15 μL followed by 25 injections of 1.5 μL at intervals of 150 s. As a control experiment, 

water was titrated against α-CD or β-CD solution (10 mM). Subsequently, the results of 

control experiments were subtracted from that of the test samples and were fitted using 

MicroCal PEAQ-ITC analysis software to furnish Ka, ΔH, ΔG and TΔS.  

2.4.7. Computational methodology 

The molecular geometries of trans-1 and cis-1 were optimized at the B3LYP/6-31G* level. 

ESP charges for trans and cis azobenzene were calculated using the HF/6-31G* level theory. 

Using PyMOLmol 1.8, we designed the inclusion complexes by inserting trans-1 into the 

cavity of α-CD or β-CD from both the faces. The corresponding force-fields in Amber-18 

led us to the initial system parameters. The TIP3P model potential for was used for the 

solvent water. Orthorhombic simulation cells containing trans-1, α-CD or β-CD, and solvent 

molecules were considered with the dimensions specified in Table S1. Periodic boundary 

conditions were applied in all the systems. At first, 50,000 steps of energy minimization 

using the conjugated gradient algorithm were performed for all the considered systems. 

Particle Mess Ewald (PME) method was used for long-range bonding calculations. Details 

of MD simulations optimization and setup are explained below:  

Geometry optimization: Initial geometry of the trans-1 peptide was built using Avogadro 

software54 and was further optimized employing density functional theory based 

B3LYP/6-31G* methodology. The electrostatic potential (MK) charges for azobenzene were 

calculated with the HF/6-31G* level theory in Gaussian software.64, 65 
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Force-field preparation: Azobenzene unit with valine was modelled using XLEAP. 

Residual electrostatic potential charge fitting were done through the RESPGEN utility 

present in the AMBERTOOL.66, 67 The bonded and non-bonded parameters of the trans 

isomer of azobenzene moiety were obtained from the generalized amber force field 

(GAFF2).59 The α-CD and β-CD force field parameters are taken from the GLYCAM06, 

while ff14SB force field was used for the peptide fragment.68-69 

System set up for molecular dynamics simulations: We manually prepared an inclusion 

complex with the help of PyMOL 1.8 by inserting the trans-1 amphiphile into the cavity of 

the α-CD and β-CD molecule from both the faces.70 Insertion of trans-1 in the cyclodextrin 

cavity led us with the system parameters with the corresponding force-fields in amber-18 

(Table 2.1).71 The TIP3P water model were used as a solvent.72 Periodic boundary 

conditions were applied in all the systems. Using the conjugated gradient algorithm, 50,000 

steps of energy minimization were performed for all the considered systems. Particle Mess 

Ewald (PME) method was used for long range non-bonding interactions with cut-off 

distance of 12 Å.73 After initial 5 ns (only) solvent equilibration at 300 K, the system were 

subjected to harmonic restraints dynamics for 1.9 ns with the force constants of 99, 25, 1.0, 

0.1, and 0.001 kcal mol-1Å-2. Then 10 ns of the system equilibration were performed 

followed by generation of 100 ns MD trajectory for the production dynamics adopting NPT 

statistical ensemble. 2 fs time step was used in the complete dynamics. The simulations 

were performed using NAMD2.13 software whereas; statistical analyses and visualizations 

were performed using VMD software.74-75  

Free energy calculations: MM-PBSA method was used to calculate the free energy of 

association (∆𝐺𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛) between the trans-1 and corresponding α-CD/β-CD from 

different faces.76-78 ∆𝐺𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 was calculated from the difference of the free energies of 

the complex (∆𝐺𝑐𝑜𝑚𝑝𝑙𝑒𝑥) and the free trans-1 (∆𝐺𝑡𝑟𝑎𝑛𝑠−𝟏 ) and the free α-CD/β-CD (∆𝐺𝐶𝐷) 

using the following equation: 

∆𝐺𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 = ∆𝐺𝐶𝑜𝑚𝑝𝑙𝑒𝑥 − ∆𝐺𝑡𝑟𝑎𝑛𝑠−𝟏 − ∆𝐺𝐶𝐷                                … (1) 

The distance between the centre of mass (COM) of azobenzene moiety in trans-1 with 

cyclodextrin: From the fluctuation of the COM, the stability of the inclusion complex could 

be evaluated. Thus, we observed that COM distance highly fluctuates to render a broader 

distribution in the β-CD system from both the faces, while for α-CD a narrow distribution, 

implying a more stable complexation. From our analyses of the trajectory mentioned in 
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above sections, it is clear that the trans-1 exhibited loose binding with β-CD and a tighter 

binding with α-CD. 

 

Figure 2.20: Variation of distance between COMs of the azobenzene moiety of trans-1 and glycosidic oxygen 

atoms of cyclodextrin along the MD trajectory and corresponding probability distribution functions of the 

COM distances. 

MD simulations for α-CD along with adamantyl amine (Ada) Ada with the α-CD 

showed drastic RMSD changes (Figure 2.21). Initially, the inclusion complex formation 

between Ada and α-CD was initiated. After ~56 ns (in the dynamics), the Ada started 

leaving that site resulting in dissociation of the inclusion complex as reflected from the 

drastic RMSD change. The α-CD formed a closed basket-like structure due to the 

arrangement of the primary face hydroxyl groups to result minimal interaction of Ada with 

the α-CD moiety. However, for β-CD owing to the formation of a stable inclusion complex 

with Ada, very less structural fluctuation was recorded in RMSD plots.  

 

Figure 2.21: RMSD plot showing structural fluctuation of the inclusion complexes involving α-CD or β-CD 

molecules upon adding competitive guest Ada. 
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2.4.8. Calculation of the thermodynamic parameters 

Arrhenius equaiton: 

𝒍𝒏(𝒌) = 𝒍𝒏𝑨 −
𝑬𝒂

𝑹𝑻
 

Where, k is the reaction rate constant. T is the absolute temperature, R is the universal gas 

constant, A is pre-exponential factor, Ea is activation energy. By plotting 𝑙𝑛(𝒌) vs. 1/T, 

value of Ea was determined. 

Eyring equation: 

𝒍𝒏 (
𝒌

𝑻
) = 𝒍𝒏 (

𝒌𝒃

𝒉
) −

𝜟𝑮‡

𝑹𝑻
 

Where, kb is Boltzmann constant, h is Planck's constant and ΔG‡ is the Gibbs energy of 

activation. By plotting, 𝑙𝒏 (
𝒌

𝑻
) vs. 1/T, Gibbs energy of activation was determined. 

ΔH‡ (enthalpy of activation) and ΔS‡ (entropy of activation) were calculated using the 

following equation, 

𝚫𝑮‡ = 𝚫𝑯‡ − 𝐓𝚫𝑺‡ 

2.4.9. Seeded supramolecular polymerization 

For the generation of the nanofiber seeds, 1 mL of pre-assembled nanofibrous solution of 

trans-1 (2 mM) in water was probe-sonicated using a QSonica (model number Q700; power 

700 watts and frequency 20 kHz) probe sonicator using a 4417 number microtip at an 

amplitude of 15% for 5 min. Using Image-J software 100 nanofibers across different areas 

were randomly picked and frequency statistics over the nanofiber length was performed to 

calculate the number average (Ln) and weight average (Lw) lengths, along with the 

corresponding PDI, as Lw/Ln.  

𝐿𝑤 =  
∑ 𝑁𝑖𝐿𝑖

2𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1 𝐿𝑖

 

 𝐿𝑛 =
∑ 𝑁𝑖

𝑛
𝑖=1 𝐿𝑖

∑ 𝑁𝑖
𝑛
𝑖=1

 

𝑃𝐷𝐼 =  
𝐿𝑤

𝐿𝑛
 



73 
 

For chemical seeding experiments, the trans-1 (1 mM) fiber seeds and off-pathway 

chemodormant state (trans-1  β-CD) (4 mM) were incubated in water at 25 °C. Upon 

introduction of 1-adamantyl amine (4 mM), a competitive host-guest inclusion complex of 

ada  β-CD rendered free trans-1 with subsequent elongation of seeds as monitored through 

CD spectroscopy and AFM images. A saturation plateau indicated completion of the 

cycle 1. Half of the solution was taken, and a sequential addition of the chemodormant state, 

followed by activation with chemical cue and fiber elongation was performed in cycle 2. A 

control seeding experiment with trans-1 seeds incubated in an off-pathway trapped state, 

trans-1  α-CD and competitive guest, did not exhibit any elongation of the seeds. 

For photoseeding experiments, the trans-1 (1 mM) fiber seeds were incubated un-agitated 

with the off-pathway photodormant metastable states of cis-1 (4 mM) in water at 25 °C. 

Upon irradiating with visible light, the photodormant states were activated to trans-1 to 

render the elongation of the seeds which was monitored through CD spectroscopy till a 

saturation plateau for the process was obtained. The length of the fibers was ascertained 

from AFM image analysis marking the end of cycle. Half of the solution was taken, and a 

sequential addition of photodormant states to the above solution followed by activation with 

visible irradiation leads to further fiber elongation and saturation in the CD signal with time 

marked the end of cycle 2.  

2.4.10. Piezoelectric measurements  

The piezoelectric response of the peptide nanofibers was measured using piezoresponse 

force microscopy (PFM) with a Bruker multimode-8 scanning probe microscope in contact 

mode. The data were acquired using a conductive Pt-Ir coated probe with a spring constant 

~ 3 N/m. An external bias of 20 V was applied between the probe and the sample with a 

lock-in drive frequency of 12 kHz and drive amplitude of 4 V to measure the butterfly loop 

(amplitude response). The 20 μL solution of self-assembled fibers and the twisted bundles 

of trans-1, chemo- and photodormant samples (2 mM) were drop casted on a conducting 

ITO-coated glass substrate and dried overnight.  

For a piezoelectric nanogenerator, the 200 μL sample was drop-casted on two ITO-coated 

flexible conducting sheets (2 cm × 1.5 cm) followed by overnight drying. The sheets were 

kept together albeit with a non woven acrylic coated adhesive paper spacer of thickness 

0.5 mM to construct the electrode terminals, connected using copper wires. The voltage and 
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current data was recorded using a Keysight DSO X1102G and a Keithley electrometer 6514, 

respectively. 
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Stimuli-responsive Self-assembly-disassembly in Peptide 

Amphiphiles to endow Block-co-fibers and Tunable Piezoelectric 

Response  

Supramolecular assemblies with well-defined structural attenuation toward varied functional 

implications are an emerging area in mimicking natural biomaterials. In that regard, redox 

stimuli-responsive ferrocene moiety can reversibly change between non-polar ferrocenyl and polar 

ferrocenium cation which endows interesting modular features to the building block toward 

self-assembly/disassembly. We designed a series of ferrocene anchored peptide fragment 
NVFFAKKC using hydrophobic alkyl spacers of different chain lengths. Increasing spacer length 

between the redox-responsive and self-assembling motifs increases the propensity to form robust 

nanofibers, that can be physically crosslinked to form hydrogels. Controlled redox response of the 

ferrocene moiety in tandem with pH control provided access to structural control over the peptide 

nanostructures and tunable mechanical strengths. Further, such redox-sequestered dormant states 

hinders the spontaneous nucleation process that we exploit toward seeded supramolecular 

polymerization to form block co-fibers comprised of redox-responsive periphery and non-responsive 

cores. Finally, such redox sequestration of peptide self-assembly renders an on-off piezoelectric 

response for potential utilization in peptide bioelectronics. 

 

 

3  
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3.1. Introduction 

Mimicking and creating life-like features mediated by synthetic non-equilibrium systems 

have attracted a great interest in the recent past, but it still remains a challenging task to 

achieve in the lab. The field of supramolecular polymerization has witnessed a remarkable 

upsurge with respect to the design of functional soft adaptive materials with more intricate 

physical, chemical and mechanical properties.1-5 Thus, it is very crucial to precisely tune, 

control and optimize the dynamic non-covalent interactions among the molecules to regulate 

the morphology, length and polydispersity of the self-assembled nanostructures. Further, the 

inception of pathway complexity - a strategy to dictate the fate of self-assembly towards 

multiple pathways upon tweaking the conditions, provided a paradigm shift in self-assembly 

to generate materials with several nanostructures.6-9 A detailed understanding of the 

complex energy landscape of supramolecular polymerization to achieve spatiotemporal 

control provides us with mechanistic knowledge to induce adaptive artificial materials with 

intelligently coded structural and functional information. In this context, living 

supramolecular polymerization attracted great attention as an excellent methodology to 

achieve precise self-assembled nanostructures through seed-mediated growth of 

monomers.10-19 However, the spontaneous nucleation of monomers posed a potent drawback 

with regard to controlling the self-assembling process; nevertheless, it can be retarded by 

trapping the monomers in metastable dormant states. Recently, a few strategies have been 

demonstrated to retard spontaneous self-assembly by rationally designing the monomer or 

altering the environmental conditions.20-24 Moreover, such a strategy necessitates reversible 

control over self-assembly/disassembly for stimuli-responsive pathway sequestration. 

Model systems based on the minimalistic peptides have therefore attracted great interest 

owing to the compatibility with biological systems and facile synthetic protocol for desired 

functionality.25-29 Most interestingly, the peptides undergo association and dissociation by 

various non-covalent interactions to self-organize and endow dynamic nature to the 

self-assembled system. Furthermore, to accomplish more controlled and tunable properties 

in the functional materials, rational incorporation of the stimuli-responsive motifs in the 

peptide amphiphiles is an interesting strategy.30-32 Thus, external triggers such as pH,33-36 

light,37-39 temperature,40-41 redox,42-45 enzyme activation,46-48 ionic strength,49 induce a high 

degree of chemical and biophysical versatility in peptide self-assembly toward specific and 
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smart applications.50 Among them, redox-responsive motifs tethered self-assembled 

structures draw their relevance in many biochemical redox-responsive processes to induce 

morphological transformations toward constructing dynamic and adaptive systems.51- 52 In 

this context, ferrocene is a promising non-polar moiety that has reversible oxidative and 

reductive properties with iron acting as a redox center. Typically, ferrocene moiety shows a 

reversible electrochemical characteristic versus saturated calomel electrode (SCE) at a redox 

potential of +0.403 V.53 Thus, a reversible oxidation of nonpolar ferrocene motif to a polar 

ferrocenium cation might render a remarkable structural manipulation for the self-assembly 

pathway. Recently, a number of ferrocene–peptide conjugates have been developed to probe 

the self-assembling behaviors in both organic and aqueous media.54-58 However, merely 

controlling the self-assembly process is not sufficient to design intelligent biomimetic 

materials; rather it demands elegant rational strategies employing the concepts of pathway 

complexity to achieve structural control that can be translated into functional materials like 

energy harvesters. In this regard, ferrocene conjugated peptides that can be regulated with 

external stimuli are suitable molecule for developing predictive, precise and on-demand 

programmable nanostructures. Our group recently reported pathway-driven self-assembly of 

peptide amphiphile inspired from on Aβ(1-42) amyloid to precisely control the size and 

shape of one-dimensional nanofibers and two-dimensional nanosheets that further dictated 

the mechanical stiffness and molecular recognition of the resulting hydrogel.59-61 

Herein, we designed a number of ferrocene anchored peptide amphiphiles that differ only in 

the length of the spacer linking the ferrocenyl moiety with the self-assembly promoting 

peptide fragment. The spacer chain length dictated the overall self-assembly behavior 

involving the transition from nanoparticles to nanofibers and redox properties of the peptide 

amphiphiles (Scheme 31). Controlled redox response of the ferrocene moiety in tandem 

with pH control provided access to structural control over the peptide nanostructures and 

tunable mechanical strengths. Such redox controlled self-assembly/disassembly rendered the 

formation of off-pathway dormant metastable nanoparticles, that were efficiently exploited 

toward retarding the spontaneous self-assembly process. Moreover, such redox-mediated 

strategy with judicious on-demand activation was exploited towards seeded supramolecular 

polymerization to develop mixed co-block nanofibers with redox-sensitive peripheral blocks 

to non-responsive core with precision. Finally, exploiting the multiple directional amide 

hydrogen bonding mediated polarization in self-assembled peptide nanofibers, we 

demonstrated an elegant redox-sequestration of self-assembly pathways to result in on-off 
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piezoresponsive peptide nanostructures. Taken together, this work unravels a new strategy 

to access complex and functional supramolecular peptide nanostructures in a rational 

manner toward peptide bioelectronics. 

 

3.2. Results and discussion 

3.2.1. Self-assembly of the functional peptides 

We designed a series of peptide amphiphiles based on amyloid Aβ(1-42) inspired peptide 

sequence NVFFAC with pendant redox-responsive ferrocene (Fc) moiety at the N-terminal of 

the peptide and polar lysine moieties at the C-terminal. For a thorough understanding of the 

strength of self-assembly, β-sheet forming NVFFAC peptide fragment were connected with a 

rather bulky Fc moiety using spacers of variable hydrophobic carbon chains (Scheme 3.1). 

Thus, Fc-VFFAKK (Fc0) involves direct tethering of Fc with the peptide fragment while 

the other ferrocene anchored peptide amphiphiles: Fc-C2-VFFAKK (Fc2), Fc-C5-VFFAKK 

(Fc5), Fc-C10-VFFAKK (Fc10) differ by the length of the hydrophobic spacers (n) from 

two, five and ten methylenic carbons respectively. By virtue of the non-covalent interactions 

such as directional hydrogen bonding among the amide moieties and strong π−π interactions 

among the phenylalanine side chains, the fragment, VFFAKK drives the self-aggregation of 

peptide building blocks.  

 

Scheme 3.1: (A) Molecular structure of peptide amphiphiles with varying spacer lengths and reversible 

oxidation-reduction. (B) Schematic diagram of redox-responsive assembly-disassembly of the ferrocene 

tethered peptides to furnish tunable nanostructures e.g. nanofibers and nanoparticles.  
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However, we were curious to investigate the role of a rather bulky ferrocene moiety at a 

gradually altered distance from the self-assembly promoting peptide fragment. Thus, the 

self-assembly propensity of the peptide amphiphiles was investigated using UV-vis and 

circular dichroism (CD) spectra. Firstly, we studied the self-assembly of ferrocene anchored 

peptides with varied spacer lengths in water. The UV-vis spectra for all peptide amphiphiles 

amphiphiles (Fc0, Fc2, FC5 and Fc10) in water showed absorption maxima at 445 nm at 

room temperature which is characteristic of the ferrocene moiety (Figure 3.1A). CD 

spectroscopy was employed to understand the aggregation behaviour of all the peptides. Fc0 

without any spacer, Fc2 and Fc5 with short spacers exhibited random coil secondary 

structures that remained unchanged even after ageing for four days (Figure 3.1B-C). On the 

contrary, freshly dissolved Fc10 in water showed β-sheet structure with a negative Cotton 

band centred at 217 nm and a positive Cotton band centred at 200 nm that was further 

enhanced with aging owing to the formation of robust self-assembled structures. We 

observed that no spacer or a shorter spacer in Fc0, Fc2 and Fc5 did not lead to any defined 

self-assembled secondary structure formation in water presumably due to the proximity of 

the bulky Fc group to the peptide sequence, thereby hindering the efficient β-sheet 

formation. Also hydrophobic contribution is absent or little. Moreover, CD studies depicted 

the critical aggregation concentration for Fc10 to exhibit formation of β-sheet at 1 mM 

whereas peptides with short spacer length did not exhibit any transition to β-sheet structures 

even at higher concentrations (Figure 3.1D). Furthermore, atomic force microscopy (AFM) 

images showed the morphology of aggregates for the ferrocene anchored peptides. While 

Fc0 and Fc2 furnish nanoparticles of diameter 50-100 nm in water (Figure 3.1E-F), Fc5 

showed the presence of nanoparticles (40-50 nm) along with nanofiber morphology 

(Figure 3.1G). On closer observation, it was noted that nanoparticles were fused to form 

nanofiber (height ~5 nm) (Figure 3.1G inset). However, Fc10 formed stable robust 

nanofibers with a diameter of ~10 nm and height of ~ 4-5 nm (Figure 3.1H). This clearly 

suggested a role of rigid and bulky ferrocene moiety to provide steric hindrance and thereby 

inhibiting the formation of highly stacked β-sheet secondary structures. In Fc0 and Fc2 

peptide amphiphiles, it rather hindered the potential self-assembly process and remained in 

nanoparticle morphologies. Interestingly, the role of ferrocene got negated upon distancing 

it from the peptide fragment with a long hydrophobic spacer in Fc10. Thus, the introduction 

of the linker between ferrocene and peptide ensures flexibility and better packing of β-sheet 

secondary structures in Fc10 that further improved its self-assembly propensity toward 

nanofibrous morphology. 
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Figure 3.1: (A) UV-vis spectra of ferrocene anchored peptide sequences in water (concentration = 0.5 mM). 

CD spectra of the peptides (B) in monomeric state immediately after dissolving and (C) in self-assembled state 

after one day incubation in water (concentration = 0.1 mM) (D) CD signal at 217 nm was monitored with 

increasing concentration of the Fc-peptides. Concentration marked with circle represents the critical 

concentration in Fc10 to induce self-assembly. All CD spectra were recorded after three days of incubation 

and concentration for recording spectra was maintained at 0.1 mM. AFM images of self-assembled peptides in 

water at room temperature. (E) Fc0 and (F) Fc2 exhibit nanoparticles (G) Fc5 showed the nanoparticles fused 

to form nanofibrous morphology, (H) Fc10 showed long nanofibers (concentration = 1 mM). 

 

Next, we investigated the influence of pH on the self-assembling behavior of ferrocene 

anchored peptides. At a moderate pH range of 6.5 to 7, the amine side chains of lysine were 

protonated having a net positive charge that endowed electrostatic repulsions to inhibit the 

self-assembly. These repulsions are not significant if the other non-covalent interactions 

such as hydrogen bonding and - dominate over the distant and antagonist Fc moieties in 

Fc10 to furnish robust assemblies. However, for peptides assembly with short spacer length, 

minimizing these electrostatic repulsions are extremely crucial. Thus, upon increasing pH to 

9-11, the amine side chains of lysine became deprotonated and resulted in minimal repulsive 

interactions. CD spectra depicted a convincing transition from random coil structure to 

β-sheet secondary structure for Fc5 upon increasing pH of the solution (Figure 3.2C). AFM 

image of Fc5 in basic pH also depicted the formation of robust nanofibers with height 

4-5 nm (Figure 3.2F). However, Fc0 and Fc2 furnished random coil structures even in basic 

conditions that indicated the dominance of the antagonistic effect of bulky Fc motifs over 

the self-assembling peptide (Figure 3.2A-B,E). Notably, Fc10 remained unaffected and 

exhibited β-sheet structure in both acidic and basic pH (Figure 3.2D). Thus, Fc10 with 

stronger non-covalent interactions among the amide bonds and hydrophobic collapse among 

long methylene spacers renders the β-sheet structure intact to negate the effect of pH. 
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However, Fc5 having an optimum balance of spacer length and side chain repulsive 

interactions furnished pH mediated self-assembly. Further, we studied the effect of 

increasing ionic strength over the Fc5 peptide self-assembly. For this, we employed 

phosphate and sulphate anions using sodium sulphate (SS) and sodium phosphate buffer 

(SPB) (2 mM) to peptide (10 mM) solution in water. CD spectra depict no structural 

transformation of Fc5 peptide solution as upon adding anions to the self-assembled 

nanostructures of Fc5 (Figure 3.2G-H). However, in higher salt concentration the peptide 

amphiphiles start to exhibit gelation behavior. 

 

Figure 3.2: CD Spectra of (A) Fc0, (B) Fc2, (C) Fc5 and (D) Fc10 in acidic (pH = 4-6), neutral 

(pH = 6.5-7.5) and basic (pH = 9-11) conditions. CD spectra of Fc5 depict transition of the random coil 

structure to β-sheet secondary structure on increasing pH. (E) AFM image showed no change in morphology 

of Fc2 in basic conditions; however, (F) Fc5 depicts nanofibrous morphology in basic conditions. (G) CD 

spectra of Fc5 in the presence of sulphate and phosphate salt (concentration of salt = 2 mM) depict no 

assemblies at increased ionic strength. (Concentration of peptides for recording CD spectra = 0.1 mM) (H) 

AFM image of Fc5 in SPB depict no effect of ionic strength on self-assemblies (concentration = 1 mM).  
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3.2.2. Redox-responsive self-assembly and disassembly 

 Next, we exploited the redox-responsive behavior of ferrocene having a redox potential of 

+0.4 V. The chemical oxidation propensity of ferrocene was exploited by adding 

the oxidizing agent to investigate the assembly-disassembly transition of the peptide 

amphiphiles. The addition of 1 molar equivalent of Fe(ClO4)3 as an oxidizing agent to the 

peptide solution resulted in the appearance of dark green colour indicating the conversion of 

ferrocenyl residue to ferrocenium cation. UV-vis spectra clearly indicated the oxidation of 

the ferrocene group to the ferrocenium cation (Figure 3.3A). The iIntroduction of Fe(ClO4)3 

shifted the absorption peak at 636 nm which was characteristic of the oxidized ferrocenium 

ion. Further addition of 1 molar equivalent of reducing agent (ascorbic acid) to the above 

solution reconverted the ferrocenium ion into ferrocene with obvious colour change from 

dark green to yellow. The absorption band at 636 nm disappeared indicating 

reconversion to ferrocene species on the addition of ascorbic acid. In the control 

experiments, the same amount of oxidizing agent, Fe(ClO4)3 and the reducing agent 

were added in sequence to water showing no peaks at 445 or 635 nm. Therefore, the 

redox-stimuli can switch between the ferrocenyl and ferrocenium cation states, which 

in turn played a critical role in the assembly and disassembly of the peptide 

assemblies. Interestingly, oxidation efficacy was observed to decrease after the 

self-assembly of peptide amphiphiles (Figure 3.3B). The self-assembled 

nanostructures furnished a decrease in absorption intensity compared to monomeric 

peptides even at high concentrations of Fe(ClO4)3 (Figure 3.3C). Next, we studied the 

effect of the consecutive oxidation-reduction on Fc5 and Fc10 peptides and they 

were found to be robust and did not degrade even after multiple redox cycles 

(Figure 3.3D). CD spectra indicated that even after the oxidation of Fc10, the β-sheet 

secondary structure was still present but with a decrease in signal intensity 

(Figure 3.3E). Further, CV data revealed reversible oxidation processes in the 

ferrocene conjugated peptides (Fc5 and Fc10) at approximately ~0.4–0.5 V. This 

electrochemical behaviour showed that the peptide conjugation did not exhibit a 

significant effect on the oxidation potentials. Moreover, CV of Fc5 and Fc10 

depicted a decline in oxidation and reduction propensity upon self-assembly from the 

freshly dissolved monomers. More so, pH-mediated self-assembly for Fc5 reduced 

the redox sensitivity to minimal and could be attributed to the unavailability of 

non-polar ferrocene moiety for oxidation as they are buried inside the self-assembled 
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nanostructures (Figure 3.3F-G). Interestingly, AFM images of Fc+5 depicted the 

morphology transition to nanoparticles on oxidation of the ferrocene moiety 

(Figure 3.3H). Ferrocenium ion being polar would disturb the 

hydrophobic-hydrophilic balance of the peptide amphiphiles that is necessary for 

self-assembly in water. In the case of Fc10, long self-assembled nanofibers 

transformed into short nanofibers of Fc+10 (Figure 3.3I). The redox-responsive Fc 

motif stays far apart from the self-assembling peptide fragment of Fc10 and hence 

redox stimulus was unable to completely diminish the strong β-sheet stacked 

nanofibrous morphology. For Fc0 and Fc2, the presence of an oxidant did not lead to 

any structural transformation and continued to exhibit nanoparticle morphologies.  

 

Figure 3.3: Redox-responsiveness of the ferrocene anchored peptides. UV-vis spectra of the (A) freshly 

dissolved Fc5 (B) self-assembled peptide solution with absorption maxima at 445 nm; on the addition of 

oxidant (Fe(ClO4)3), peak at 636 nm appears and further addition of the reducing agent (ascorbic acid) 

exhibited disappearance of the peak at 636 nm. (c) The absorption maxima monitored at 636 nm depict a 

decrease in oxidation efficiency in self-assembled nanofibers compared to the monomeric form of both 

Fc5 and Fc10. (D) Oxidation and reduction of Fc5 for multiple cycles depicting stability and 

reversibility towards the redox response. (E) CD spectra after oxidation of ferrocene conjugated 

peptides depicted that the β-sheet secondary signature of Fc10 was still present with decreased 

intensity. CV data depicted a decrease in oxidation efficacy after self-assembly for (F) Fc5 and (G) 

Fc10. Morphology change upon addition of oxidizing agent Fe(ClO4)3 (H) nanofibrous morphology of 

Fc5 was completely converted to the nanoparticles of Fc+5, (I) long nanofibers of Fc10 converted to 

short fibers of Fc+10.  
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3.2.3. Physical crosslinking to hierarchical hydrogel network formation 

At physiological pH, these ferrocene conjugated peptides are positively charged due to the 

protonation of the amines of the lysine side chain. The addition of anionic species to these 

positively charged peptides can form a network structure due to the ionic cross-linking that 

can further improve the properties of aggregates. We envisaged various negatively charged 

ions from the Hofmeister series (Cl-, OAc-, SO4
2-, PO4

3-) towards the cross-linking ability 

which led to the hydrogel formation. The peptide amphiphiles were aged overnight and then 

an aqueous solution of anions was added into a vial and the resulting solution vortexed for 

30 s. After that, the solutions were incubated at room temperature overnight without 

disturbance. The gelation at 10 mM concentration was verified by using the “stable to the 

inversion of a vial” method. The vial was subsequently inverted to check the gel formation. 

Singly charged anions such as chloride and acetate ions were incapable of inducing any 

hierarchical network formation. Moreover, the peptide solution where nanofibers were not 

present (Fc0 and Fc2) for entanglement remained in the free-flowing sol state even after 

incubation with the double/triple negatively charged counter ions e.g. sulphate and 

phosphate (10 mM) for a longer time. Interestingly, sulphate and phosphate anions formed 

physical cross-linking with Fc5 and Fc10 nanofibers and transformed the peptide solution 

into hydrogel (Figure 3.4A). It is noteworthy that the sulphate anion furnished a relatively 

weaker hydrogel as compared to the phosphate ion presumably due to a relatively lower 

negative charge for ionic cross-linking. This was confirmed by the frequency-independent 

behaviour in oscillatory rheological studies (Figure 3.4B-C). Moreover, the storage moduli 

(G’) values for the Fc5 and Fc10 hydrogels in phosphate buffer were found to be higher 

than that in sulphate. Also, the hydrogels of Fc10 exhibited much higher G’ values as 

compared to that of Fc5 hydrogel. Further, we also investigated the self-healing ability of 

these hydrogels using thixotropy studies (Figure 3.4D). The peptide amphiphile Fc10 

showed remarkably improved gelation ability and thixotropic behavior with the highly 

cross-linked network (Figure 3.4E). Furthermore, we envisaged the gel-sol 

(assembly-disassembly) phase transition of the peptides hierarchical network induced by 

oxidizing agent and sol-gel transition on subsequent addition of reducing agent. Fc5 

hydrogel network with fragile fibers was destroyed in the presence of an oxidant that further 

decreased the mechanical strength of the formed hydrogel by an order of magnitude. We 

observed from the vial inversion test that Fc10 remained in a hydrogel state even after 

oxidation, albeit with the decrease in mechanical strength by one order of magnitude 
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(Figure 3.4F-G). Moreover, upon the addition of the reducing agent, Fc+5 and Fc+10 were 

reconverted into Fc5 and Fc10 to regain the mechanical strength (Figure 3.4H). This clearly 

illustrated the reversible tuning of the mechanical properties of the hydrogels with 

redox-responsive stimuli. 

 

Figure 3.4: (A) Ionic strength mediated sol–gel phase transition experiment for ferrocene tethered peptides in 

sodium phosphate buffer (SPB) and sodium sulphate (SS) (10 mM, pH = 7.4). (B) Oscillatory frequency 

sweep of Fc5 and Fc10 in SPB and sodium sulphate. (C) Bar diagram showing comparison of storage 

moduli (G’, Pa) for the hydrogel networks of Fc5 and Fc10 in SS and SPB. (D) Thixotropic studies for the 

Fc10 hydrogel in SPB upon applying 0.1% and 100% strain for 3 cycles. Black and red colour indicate storage 

modulus (G’, Pa) and loss modulus (G”, Pa) respectively. (E) AFM image of cross-linked hydrogel network of 

Fc10. (F) Effect of the oxidation on hydrogel; Fc5 hydrogels got disrupted and converted to sol in the presence 

of the oxidant, Fe(ClO4)3. On the contrary, Fc10 hydrogel still remains in a weak gel state. (G) Oscillatory 

frequency sweep of Fc5, Fc+5, Fc10 and Fc+10 in SPB. (H) Bar diagram of rheological studies of the 

hydrogels before (Fc5 and Fc10), after (Fc+5 and Fc+10) the oxidation and with subsequent reduction with 

ascorbic acid (Fc5 and Fc10 reconversion) to indicate a weakening of hydrogel network on oxidation and 

regaining of strength after reduction. 
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3.2.4. Seeded supramolecular polymerization to block-co-fiber 

Furthermore, such redox-responsive self-assembly/disassembly of the peptide amphiphiles 

was envisaged as an excellent approach to retard and activate the supramolecular 

polymerization. Thus, we utilized the concepts of seeded supramolecular polymerization in 

a two-component system comprised of redox-sensitive and redox-insensitive molecules 

toward controllable peptide nanostructures (Figure 3.5A). In this strategy, a preformed 

peptide fiber renders a seed-mediated elongation upon adding an active monomer, but the 

reactivity of the monomer might promote spontaneous secondary nucleation to render final 

supramolecular polymers with uncontrolled morphology and dimension. Interestingly, by 

the intervention of redox sequestered disassembly of active monomer we circumvented the 

high local concentration of the active monomer for secondary nucleation thereby resulting a 

seamless nucleation driven elongation. Thus, we prepared seeds from the peptide whose 

self-assembly remains unaffected by any external stimuli. We used the C10-VFFAKK 

peptide as a non-redox-responsive peptide composed of the hydrophobic alkyl chain that 

self-assembled in water to form long robust nanofibers of micrometer length scale 

(Figure 3.5B).61 These fibers were probe-sonicated to achieve seeds with uniform size 

(Ln = 252 nm) and narrow dispersity (PDI = 1.11) (Figure 3.5C, F). Further, in a separate 

eppendorf, we employed redox-responsive Fc10 that exhibited morphological changes on 

rationally tweaking the solvent and redox environment. Fc10 self-assembled to form 

nanofibers in 10% HFIP-water composition that on oxidation with Fe(ClO4)3 transformed 

into metastable nanoparticles of Fc+10. Upon incubating these nanoparticles with the seed 

solution of C10-VFFAKK (seed:nanoparticles = 1:3), no significant changes were observed. 

However, reduction of Fc+10 to Fc10 with ascorbic acid followed by incubation for one day 

at room temperature rendered us with the seed-mediated growth of the fibers. We noticed an 

increase in the length of fibers to Ln ~ 1082 nm indicating the growth of Fc10 at both ends 

of the seeds to form co-block nanofibers (Figure 3.5D, G). Further, the addition of oxidizing 

agent rendered disassembly of the redox-responsive peripheral blocks composed of Fc10 to 

furnish the original fiber seeds, as the non-responsive core of C10-VFFAKK fiber remained 

intact (Ln = 282 nm) (Figure 3.5E, H). In the control experiment, C10-VFFAKK seeds were 

incubated with the nanoparticles of C10-VFFAKK in 10% HFIP-water composition, which 

resulted in the elongation of nanofibers due to active ends of seeds. However, these grown 

fibers remain unaffected in the presence of redox stimuli (Figure 3.6B-C).  
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Figure 3.5: (A) Schematic diagram of redox-responsive seeded supramolecular polymerization demonstrating 

seed formation, addition of metastable nanoparticles and reduction mediated activation to furnish 

supramolecular mixed block, that can be reversibly shorten with oxidation. AFM images of (B) peptide 

nanofibers of C10-VFFAKK with uncontrolled length and (C) probe sonicated seeds of C10-VFFAKK. (D) 

The seeds incubated with Fc+10 and subsequently reduced to Fc10 to undergo seeded growth to form 

supramolecular co-block nanofibers. (E) The elongated fiber got chewed up at the ends upon addition of 

oxidizing agent Fe(ClO4)3 due to the disassembly of peripheral redox-responsive blocks.  

 

 

Figure 3.6: (A) Molecular structure of C10-VFFAKK. (B) AFM image of C10-VFFAKK seeds incubated with 

C10-VFFAKK metastable nanoparticles showed elongated fibers with length of 870 nm. (D) This nanofiber 

remains unaffected on incubation with oxidising agent. 
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This established an interesting approach by cross-seeding of redox-responsive and 

non-responsive units to access supramolecular mixed co-block by the intervention of redox 

stimuli. This established an interesting approach to access supramolecular mixed block by 

the intervention redox-mediated self-assembly/disassembly. 

3.2.5. Redox-responsive tunable piezoelectric response  

Further, we were interested to correlate such redox-responsive structural transformation of 

the Fc10 and Fc5 peptides for tunable piezoelectric behavior through piezoresponse force 

microscopy (PFM). A typical piezoelectric material generates electric charges in response to 

applied mechanical stress (direct piezoelectricity) or generates mechanical deformation 

upon application of the electric field (converse piezoelectricity). Of late, there has been 

growing interest in the soft bioelectronics area with dipeptides exhibiting piezoelectricity 

owing to the non-centrosymmetric nature of the β-sheet.62-65 However, the tunable 

functional piezoelectric response of self-assembled peptides is scarce in the literature which 

prompted us to investigate our redox-controlled peptide nanostructures. In nanofibers, the 

individual dipole moments of the amide bonds added up to a large resulting dipole, while 

nanoparticles did not generate any resultant dipole moment owing to lack of directionality 

(Figure 3.7A). Such specific alignment of the dipoles could produce spontaneous resultant 

polarization along the non-centrosymmetric β-sheet fibers. However, oxidative 

transformation to the metastable nanoparticles turns off the piezoresponse. The samples 

were prepared on conducting indium tin oxide (ITO) coated glass substrate and subsequent 

converse PFM measurements were acquired by monitoring the amplitude or phase response 

of the samples to an applied external bias.66-67 For the peptide nanostructures lying flat on 

ITO substrate we measured vertical piezoelectric co-efficient (d33). The self-assembled 

Fc10 nanofibers exhibited enhanced piezoresponse with a characteristic amplitude loop (d33 

~ 8.4 pm/V) that clearly showed the expansion/compression inside piezoelectric nanofibers 

to attain the maximum deformation (change in amplitude) at max applied bias voltage under 

positive and negative polarity (Figure 3.7B). The corresponding phase response revealed the 

characteristics of switchable dipoles depending on the type of applied bias polarity. 

However, Fc+10 nanoparticles in 10% HFIP-water did not exhibit such amplitude change 

response upon applying the external bias (Figure 3.7C). Interestingly, the nanostructures of 

Fc5 exhibited a rather suppressed piezoresponse (d33 ~ 5.2 pm/V) owing to the presence of 

nanoparticles and nanofibers contributing to a lower component of polarization in the 

vertical d33 direction (Figure 3.7D). However, upon oxidation, the Fc+5 nanoparticles did 
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not exhibit any such piezoresponses (Figure 3.7E). This clearly indicated a structural 

deformation owing to the oxidation of the ferrocene moiety to render the diminishing 

piezoelectric response in the peptide nanofibers. 

 

Figure 3.7: (A) Schematic representation of self-assembly in Fc10 to generate resultant polarizations to 

endow piezoelectric response that can be switched off upon oxidative disassembly. PFM amplitude loops 

acquired for (B) self-assembled Fc10 and (C) Fc+10 metastable nanoparticles (D) self-assembled Fc5 and (E) 

nanoparticles of Fc+5. 

  

3.3. Conclusions 

In summary, we demonstrated for the first time an elegant pathway driven supramolecular 

polymerization in amyloid inspired peptide amphiphile tethered with redox-responsive 

ferrocene moiety toward designing precise peptide nanostructures with predictive 
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piezoresponse. We designed ferrocene tethered peptide amphiphiles with varied spacer 

lengths linking redox-responsive ferrocene moiety with peptide fragment. Tweaking of 

peptide spacer length dictated the propensity of self-assembly and redox properties that 

further regulated the mechanical strength of the physically cross-linked hydrogel networks. 

Such redox-responsive materials with precise control over nanostructures were studied 

extensively with UV-vis, CD spectra, CV, rheology and microscopy. Moreover, this work 

establishes a new strategy where the self-assembly/disassembly precision can be achieved 

within the nanofibers by employing stimuli-responsive blocks. We developed 

redox-responsive supramolecular co-block nanofibers for Fc10 peptide through 

two-component seeded supramolecular polymerization. Interestingly, here only peripheral 

blocks are sensitive to redox agent and show self-assembly/disassembly behaviour while the 

central core remains intact with external chemical stimuli. Finally, we demonstrated 

ferrocene conjugated peptide for the tunable piezoelectric response as mediated by redox 

controlled structural manipulations. It opens a new strategy to design and develop smart 

functional soft materials by using peptide engineering and bioelectronics. 

 

3.4. Experimental section 

3.4.1. Materials and methods 

All the Fmoc protected amino acids, β-alanine, 6-aminohexanoic acid, 11-aminoundecanoic 

acid, ferrocene, 9-fluorenylmethoxycarbonyl chloride, ascorbic acid and iron (III) 

perchlorate were purchased from Sigma. Fmoc-Rink Amide MBHA resin (0.56 mmol/g 

loading) from NovaBiochem (EMD Millipore) was used as a solid support to synthesize 

C-terminal amide peptides on 0.1 mmol scale. Analytical grade solvents and Milli-Q water 

was used for studies. 

Reverse phase HPLC was performed with Waters Alliance HPLC system, using Nucleodur 

analytical column (C18 stationary phase, 5 μm, 4.6 × 250 mm). Samples were injected with 

auto sampler and detected by photodiode array (PDA) detector. Electrospray Ionization 

Mass Spectrometry (ESI/MS) was performed with Waters Aquire QDa detector.  

UV-vis measurements were recorded in Shimadzu UV-2600 spectrophotometer with 

wavelength range of 800 to 200 nm. 
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Circular Dichroism spectra were recorded using JASCO J-1500 Spectrometer, Easton, MD, 

USA. Samples were scanned for wavelength range from 190 nm to 450 nm with scan speed 

of 200 nm min-1 at 25 ºC. Typically, CD spectra were recorded at concentration of 10 mM. 

AFM images were recorded on a Bruker multimode 8 scanning probe microscope. Aqueous 

sample was deposited on the silicon wafer and after 5-7 min sample was dried under 

nitrogen. Images were recorded in tapping mode with scan rate of 0.5 to 0.9 Hz with silicon 

cantilever (Bruker).  

3.4.2. Synthetic and characterization of peptide amphiphiles 

Fmoc protection of amine group of 6-Aminohexanoic acid, β-alanine and 

11-Aminoundecanoic acid: 6-amino hexanoic acid (4.6 mmol, 600 mg) was dissolved in 

9 mL of dioxane-water (2:1) solution. The mixture was cooled to 0 ºC and 1 M aqueous 

NaOH (4.6 mL) was added followed by addition of Fmoc chloride (5.06 mmol, 1.3 g) as 

solid powder. The reaction mixture was stirred at room temperature for 5 h and after that 

solution was concentrated. The aqueous layer was washed once with ethyl acetate (20 mL). 

Then, the aqueous layer was acidified with 1 M HCl (pH = 1) and extracted with ethyl 

acetate (15 mL) three times. All the organic layers were dried over anhydrous MgSO4, 

filtered and concentrated. The obtained compound was dissolved in dichloromethane. 

Addition of hexane renders white precipitates as product.  

Same procedure was followed for Fmoc- protection of amine group of β-alanine and 

11-Aminoundecanoic acid. 

Fmoc-β-alanine (Fmoc-C2-COOH):  

Percentage yield = 65% 

 

1H NMR ([d6]-DMSO):  =12.08 (s, 1 H, a-H), 7.95-7.74 (m, 4 H, e-H ,f-H), 7.50-7.42 (m, 

4 H, g-H, d-H), 7.25 (t, J = 8 Hz, 1 H, b-H), 4.44 (d, J = 8 Hz, 2 H, c-H), 4.34 (t, J = 8 Hz, 1 

H, h-H), 3.11 (m, 2 H, i-H), 2.5 (t, J = 9.2 Hz, 2 H, j-H) ppm. 
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Fmoc-aminohexanoic acid (Fmoc-C5-COOH):  

Percentage yield = 68% 

 

1H NMR ([d6]-DMSO):  = 12.04 (s, 1 H, a-H), 7.95-7.74 (m, 4 H, e-H, f-H), 7.47-7.39 (m, 

4 H, g-H, d-H), 7.33 (t, J = 9.2 Hz, 1 H, b-H), 4.35 (d, J = 8 Hz, 2 H, c-H), 4.26 (t, J = 8 

Hz,1 H, h-H), 3.01 (m, 2 H, i-H), 2.25 (t, J = 9.2 Hz, 2 H, m-H), 1.55 (m, 2 H, l-H), 1.47 (m, 

2 H, j-H), 1.30 (m, 2 H, k-H) ppm. 

 

Fmoc-aminoundecanoic acid (Fmoc-C10-COOH):  

Percentage yield = 62% 

 

1H NMR ([d6]-DMSO):  = 11.8 (s, 1 H, a-H), 7.70-7.53 (m, 4 H, e-H, f-H), 7.33-7.24 (m, 4 

H, g-H, d-H), 7.2 (t, J = 9.2 Hz, 1 H, b-H), 4.34 (d, J = 8 Hz, 2 H, c-H), 4.15 (t, J = 8 Hz, 1 

H, h-H), 3.11 (t, J = 8 Hz, 2 H, i-H), 2.28 (t, J = 9.2 Hz, 2 H, r-H), 1.57 (m, 2 H, j-H), 1.43 

(m, 2 H, q-H), 1.21 (s, 12 H, k-H, l-H, m-H, n-H, o-H, p-H) ppm. 

Figure 3.8: HPLC traces and 1H NMR values of Fmoc- protected β-alanine, 6-amino hexanoic acid and 

11-Aminoundecanoic acid. For recording HPLC traces, analytical HPLC was used with solvent gradient of 

50 → 95% CH3CN in H2O (0.1% HCOOH additive) with flow rate of 1 mL/min over 10 min. 
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Synthesis of ferrocene carboxylic acid: Ferrocene-monocarboxylic acid was synthesized 

according to modified literature.68 

 

Synthesis of 2-chlorobenzoyl ferrocene: The three-necked round bottomed flask was 

maintained at an inert atmosphere and ferrocene (16.1 mmol), 2-chlorobenzoyl chloride 

(16.1 mmol) and dichloromethane (DCM) (35 mL), was added. The flask was kept in an ice 

bath. When the solution has been chilled thoroughly, anhydrous aluminum chloride 

(16.8 mmol) was added slowly over 20 min maintaining temperature of reaction mixture 

remains below 5° C. Deep blue color appears and reaction mixture was stirred for 30 min in 

ice conditions and subsequently stirring at room temperature for 2 hours. 

The reaction mixture is cooled again in ice and added 50 mL of water to it followed by 

vigorous stirring for 30 min. This aqueous layer was extracted with DCM (10 mL x 2). The 

combined DCM layers were washed with water (10 mL), 10% NaOH (10 mL). The DCM 

layer dried over MgSO4, filtered and concentrated in rotary evaporator resulting in red 

viscous product.  

Percentage yield = 94% 

1H NMR (CDCl3):  = 7.50 (dd, 1 H, phenyl), 7.44 (dd, 1 H, phenyl), 7.40 (dt, 1 H, phenyl), 

7.34 (dt, 1 H, phenyl), 4.74 (t, 2 H, Cp), 4.59 (t, 2 H Cp), 4.27 (s, 5 H, Cp) ppm. 

 

Synthesis of Ferrocenecarboxylic acid: In a round-bottomed flask, take 25 mL of dry 

1,2-dimethoxyethane, potassium tert-butoxide (30.8 mmol), water (9.2 mmol) which form a 

slurry. Add crude (2-chlorobenzoyl)ferrocene (7.7 mmole) to it and reflux the red reaction 

mixture under nitrogen for 2 h. The reaction mixture was cooled and poured into 100 mL of 

water. The solution was washed with diethyl ether (15 mL x 3) which are combined and 

back-extracted with 10% NaOH (10 mL x 2). The aqueous phases were then combined and 

acidified with concentrated HCl. The yellow precipitate was filtered and air-dried. 

Percentage yield = 80% 

1H NMR ([d6]-DMSO):  = 7.97 (s, 1 H, COOH), 4.72 (t, 2 H , Cp), 4.38 (t, 2 H, Cp), 4.19 

(s, 5 H, Cp) ppm. 
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Synthesis of peptides: Microwave-assisted peptide synthesizer of Liberty Blue CEM, 

Matthews, NC, USA was used to synthesize peptide sequences following standard 

microwave Fmoc-solid phase peptide protocols. 

Peptides were synthesized on rink amide MBHA resin at 0.1 mmol scale following standard 

microwave Fmoc-solid phase peptide Synthesis (SPPS) protocols. Fmoc protected amino 

acids (0.2 M) was coupled with ferrocene carboxylic acid (0.2 M) using diisopropyl 

carbodiimide (DIC) and oxyma pure in N, N’dimethylformamide (DMF). Fmoc 

deprotection was carried out with 20% piperazine in DMF (containing 10% ethanol) in 

microwave at 75 °C. Resin bound peptide was filtered, washed with DMF and 

dichloromethane and allowed to dry. The peptide was cleaved from the resin using 10 mL of 

cleavage cocktail mixture (trifluoroacetic acid (TFA)/water (95:5, v/v)). The mixture was 

shaken for 3 h at the room temperature followed by removal of the resin through filtration 

and the filtrate was concentrated to volume of approximately 1 mL. The resultant residue 

was precipitated by drop wise addition to ice cold diethyl ether. The precipitated product 

was centrifuged for 15 min at 7000 rpm at 4 °C. The precipitates were washed 3 times with 

cold diethyl ether and air dried.  

 

3.4.3. Characterization of peptides  

The synthesized peptide was re-dissolved in CH3CN/H2O (1:9) to analyze the purity of the 

peptides by reverse phase HPLC with mobile phase acetonitrile and water containing 0.1% 

formic acid, confirmed by positive ion electronspray mass spectrometry and stored at -20°C. 

The standard gradient used for analytical HPLC was 5 → 95% CH3CN in H2O (0.1% 

HCOOH additive) with flow rate of 1 mL/min over 30 min. 

Fc0: 1H NMR (D2O, 500 MHz):  = 7.25‑7.07 (10 H, f-H), 4.49 (4 H, a-H, b-H), 4.17‑3.8 (9 

H, c-H, i-H, j-H), 2.90 (5 H, g-H, o-H), 1.70 (8 H, l-H, n-H), 1.37 (7 H, m-H, k-H), 0.75 (6 

H, h-H) ppm. 

Calculated exact mass for C49H67FeN9O7 = 949.45. In positive mode: found 

[MH+] = 950.66, [MH2]
2+ = 476.10. 
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Fc2: 1H NMR (D2O, 500 MHz):  = 7.23‑7.04 (10 H, f-H), 4.45 (4 H, a-H, b), 4.14 (9 H, c-

H, i-H, j-H), 3.21 (2 H, d-H), 2.82 (5 H, g-H, o-H), 2.01 (2 H, r-H), 1.60 (11 H, l-H, n-H, k-

H), 1.31 (4 H, m-H), 0.75(6 H, h-H) ppm. 

Calculated exact mass for C52H72FeN9O7 = 1020.49. In positive mode: found 

[MH+] = 1021.73, [MH2]
2+ = 511.61. 
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Fc5: 1H NMR (D2O, 500 MHz):  = 7.33-7.04 (10 H, f-H), 4.45 (4 H, a-H, b-H), 4.19-3.8 (9 

H, c-H, i-H, j-H), 3.21 (2 H, d-H), 2.91 (5 H, g-H, o-H), 2.14 (2 H, r-H), 1.60 (11 H, l-H, n-

H, k-H), 1.37 (6 H, p-H, q-H, e-H), 1.27 (4 H, m-H), 0.75-0.69 (6 H, h-H). 

Calculated exact mass for C55H78FeN9O7 = 1062.54. In positive mode: found 

[MH+] = 1063.80, [MH2]
2+ = 532.61. 

 

 

 

Fc10: 1H NMR (D2O, 500 MHz):  = 7.25‑7.07 (10 H, f-H), 4.45 (4 H, a-H, b-H), 4.19‑3.8 

(9 H, c-H, i-H, j-H), 3.21 (2 H, d-H), 2.91 (5 H, g-H, o-H), 2.14 (2 H, r-H), 1.60 (11 H, l-H, 

n-H, k-H), 1.37 (6 H, p-H, q-H, e-H), 1.27 (4 H, m-H), 1.19 (10 H, s-H, t-H, u-H, v-H, w-

H), 0.72(6 H, h-H) ppm. 

Calculated exact mass for C60H88FeN9O7 = 1132.61. In positive mode: found 

[MH+] = 1133.86, [MH2]
2+ = 567.64. 
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3.4.4. Self-assembly of peptides  

Ferrocene anchored peptides (Fc0, Fc2, Fc5 and Fc10) were taken in water and 

mechanically agitated for 1-2 min to dissolve at room temperature. The stock solution of 

peptides was prepared at 10 mM concentration. After incubation for a day, the formation of 

the self-aggregated nanoparticles and nanofibers mediated by hydrogen bonding and π-π 

interactions were confirmed by the AFM images. For oxidation of the Fc moieties, the stock 

solution of Fe(ClO4)3 (concentration = 1 M) was prepared and a required aliquot was added 

to the peptide solution (1 eq). 

For investigating pH-mediated self-assembly, the peptides were taken in water and agitated. 

Further, the pH of 10 mM peptide solution was adjusted using sodium hydroxide for basic 

pH > 8 and hydrochloric acid for acidic pH < 6. The solutions were incubated at room 

temperature for one day for self-assembly. For investigating the effect of ionic strength on 

the self-assembly, the 10 mM peptide solutions were incubated with sodium sulphate or 

sodium phosphate buffer (2 mM). 

 For hydrogel formation, 4 μL of 1 M sodium phosphate buffer (pH = 7.4) or sodium 

sulphate (10 mM, pH = 7.4) was added to 400 μL of self-assembled peptide solution 

(concentration = 10 mM), incubated for one day and the resulting solution was mechanically 

agitated. Upon incubating at room temperature for 1 day, the negatively charged phosphates 

electrostatically interact with the positively charged lysine side chain of peptide nanofibers 

to render a physically cross-linked network structure to eventually result in hydrogel. For 
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complete oxidation of Fc-peptide nanofibers in hydrogel state, two equivalents of oxidizing 

agent Fe(ClO4)3 were added. 

3.4.5. Rheological studies 

Rheological measurements were carried out on Anton Parr Physica MCR 302 rheometer 

using parallel plate of diameter 25 mm (PP-25). Rheological investigations were performed 

on the peptide hydrogels using parallel plate geometry of diameter 25 mm (PP-25). The 

hydrogel was placed in the centre of the rheometer plate. The temperature was maintained at 

25 ºC using a peltier temperature controller attached to a Julabo chiller. The frequency 

sweep experiments were performed using a constant strain of 0.1% in the linear viscoelastic 

region of frequency range from 0.01-200 rad/s to demonstrate the stability of the hydrogels. 

Thixotropic studies were carried out with the gel network being completely broken at 100% 

strain, however, it recovers its gelation ability when the strain value was switched back to 

0.1%. Three consecutive cycles of high (100%) and low strain (0.1%) were applied at a 

constant angular frequency of 10 rad/s. 

3.4.6. Electrochemical analysis 

The Fc-conjugated peptide was immobilized on the surface of the pencil graphite electrode 

(PGE), used EDC-NHS coupling at the surface of the activated pencil graphite electrode and 

the Fc conjugated peptide. First, pencil graphite was activated by 25 cycles of CV at a scan 

rate of 0.1 V/S with the potential range of -0.5 V to +2 V using H3PO4 as the supporting 

electrolyte. Typically for sample preparation, 20 µL of 0.2 M EDC-NHS was dropcasted on 

the surface of the activated pencile graphite electrode and air dried. For recording CV of 

monomeric solution of Fc5 and Fc10, 30 µL of peptide in HFIP solution was dropcasted 

and air dried. Similarly for self-assembled Fc5 and Fc10, 30 µL solution of one day aged 

self-assembled peptide in water was dropcasted on the activated graphite electrode and dried 

in desiccator.  

Cyclic voltammetry (CV) studies were performed on Metrohm MULTI AUTOLAB M204 

potentiostat/galvanostat using standard three electrode system. Cyclic voltammograms were 

obtained at room temperature using the three-electrode system comprised of peptide 

samples on pencil graphite electrode as a working electrode, platinum electrode as an 

auxiliary electrode and Ag/AgCl as the reference electrode. Analysis of CV data was done 

on Nova 1.11 software. CV studies were done with 10 mM phosphate buffer as a primary 

analyte solution and scanned over a potential range of -0.4V to +0.8V. For monomeric 
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peptide amphiphile, the sample was prepared in HFIP while, the self-assembled peptides 

were prepared in water. 

3.4.7. Seeded supramolecular polymerization 

For generation of seeds, 500 μL of pre-assembled nanofibrous solution of C10-VFFAKK 

(concentration = 2 mM) was probe sonicated using QSonica (model number Q700, power 

700 watts and frequency 20 kHz) probe Sonicator at an amplitude of 15% for ~2 minutes. 

AFM image was recorded for analysis using Image-J software with the random selection of 

seeds. A frequency statistics over the nanofiber length was performed to calculate the 

number average (Ln) and weight average (Lw) lengths along with the corresponding PDI as 

Lw/Ln.  

Further, redox-sensitive peptide Fc+10 was taken in hexafluoroisopropanol (HFIP) and an 

aliquot from the HFIP stock solution of the peptide was then injected in seed solution into 

water to render a final peptide concentration of 2 mM in 10 v/v% HFIP-water (ratio of seed 

and nanoparticles = 1:3). To induce seeded growth in the above solution, metastable 

nanoparticles of Fc+10 peptide were reduced to Fc10 in the presence of ascorbic acid and 

incubated for one day at room temperature to enable self-assembly. At this stage, the AFM 

image depicted the increased length of the nanofibers. However, the addition of one 

equivalent of Fe(ClO4)3 rendered immediate disassembly of redox-responsive peripheral 

blocks to shorten the nanofiber’s length. 

3.4.8. Piezoelectric measurements  

The self-assembled fibers of Fc10 and metastable nanoparticles of Fc+10 (10 mM) were 

drop-casted on conducting ITO-coated glass substrate and dried overnight. The piezoelectric 

response of the peptide nanofibers was measured using piezoresponse force microscopy 

(PFM) with a Bruker multimode-8 scanning probe microscope in contact mode. The data 

were acquired using a conductive Pt-Ir coated probe with a spring constant of ~ 3 N/m. An 

external bias of 20 V was applied between the probe and sample with a lock-in drive 

frequency of 12 kHz and drive amplitude of 4 V to measure the butterfly loop (amplitude 

response) and hysteresis loop (phase response). 
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Enzyme Responsive Chiral Self-sorting in Amyloid-inspired 

Minimalistic Peptide Amphiphiles 

 

Self-sorting is a spontaneous phenomenon that ensures the formation of complex yet ordered 

multicomponent systems and conceptualizes the design of artificial and orthogonally functional 

compartments. In the present study, we envisage chirality-mediated self-sorting in 

β-amyloid-inspired minimalistic peptide amphiphile (C10-L/D-VFFAKK)-based nanofibers. The 

fidelity and stereoselectivity of chiral self-sorting was ascertained by Förster resonance energy 

transfer (FRET) by the judicious choice of a pyrene (Py)-hydroxy coumarin (HOCou) donor–

acceptor pair tethered to the peptide sequences. Seed-promoted elongation of the homochiral 

peptide amphiphiles investigated by AFM image analyses and Thioflavin-T (ThT) binding study 

further validated the chiral recognition of the L/D peptide nanofibers. Moreover, direct visualization 

of the chirality-driven self-sorted nanofibers is reported using super-resolution microscopy that 

exhibits enantioselective enzymatic degradation for L-peptide fibers. Such enantioselective 

weakening of the hydrogels may be used for designing stimuli-responsive orthogonal compartments 

for delivery applications. 

 

 

 

 

4  
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4.1. Introduction 

Nature has an excellent ability to design multifunctional materials that require organization 

of complex multicomponent systems in a set of subsystems mediated by the orthogonal 

relationships among the structural components.1-2 Such compartmentalization underlines the 

significance of orthogonal recognitions that manifest in a number of interesting natural 

biological processes e.g. enzyme recognizing the isomerization or structural mutation of the 

substrate, dynamic self-assembly/disassembly of microtubules and filaments, that retains the 

integrity of the extracellular matrices.3-5 In this regard, self-sorting- the ability to distinguish 

between the self and non-self, plays an important role to the formation of specific 

self-assembled structures rather than all possible ensembles of unspecific architectures.6-7 

The orthogonal nature of the components, ranging from molecular level to micrometer level 

stems from the interaction sites, which may be based on structural mismatch, dynamic 

covalent bond, stoichiometry, pH variation, thermodynamic vs kinetic control in tandem 

with other external conditions e.g. temperature, solvent, and concentration.8-13 In a bid to 

mimic the natural self-sorting process, a number of systems with good fidelity of the 

self-sorting ability have been explored over recent times.14-16 Tweaking of the structural 

motifs e.g. spacer size and shape, or spacer–spacer interactions, plays pivotal roles in 

designing interesting self-sorted fibers, cages and hydrogels.17-27 Of late, super-resolution 

microscopy has been employed to investigate supramolecular polymerization, especially to 

probe dynamics and self-sorting behaviors.28-30 Recently, George et al. exploited the 

technique to probe self-sorted, random, and block supramolecular copolymers during the 

multicomponent supramolecular polymerization process.31 

The Self-sorting process driven by chiral recognition addresses the evolution of 

homochirality in prebiotic earth with the preference for one enantiomer in natural molecules 

by employing autocatalytic self-replication process. However, controlling the self-assembly 

with stereo-specificity in a multicomponent system involving an enantiomeric pair in one 

pot is rather daunting task for chemists owing to the labile conformation and adaptability 

towards similar recognition sites of the enantiomers.32 Sijbesma et al. and George et al. 

exploited the chiral motif of trans-1,2-bis(amido)cyclohexane to develop self-sorted 

systems, which could be ascertained from differential FRET investigations.33-34 Such 

chirality-driven self-sorting was exploited by Aida et al. to achieve enantioselective 
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supramolecular polymerization.35 In this regard, peptides having multiple chiral amino acid 

motifs are ideal as tweaking of the chirality may provide vital cues to the self-assembly 

pathway. Fuhrhop and Dzwolak et al. demonstrated the formation of a heterochiral β-sheets 

precipitation from a homochiral mixture of poly(D-lysine) and poly(L-lysine) α-helices.36-37 

Similarly, the heterochiral helix was preferred over the homochiral ones in triple helix of 

collagen mimetic peptides as shown by Nanda et al.38 Moreover, stereospecific peptide 

assemblies are of substantial interest for preventing amyloidogenesis using D peptides as an 

inhibitor for fibril growth.39-44 However, the preference of homo vs. heterochiral stacks was 

found to be system dependent; Maggio et al. Nowick et al. and Hilvert et al. reported 

Aβ(1-40) peptides opting for homochiral aggregation,39-42 while Nilsson et al. showed 

heterochiral selectivity in peptide aggregation inspired from β-hairpin or β-amyloid.43 

Interestingly, Schneider et al. demonstrated a peptide sequence that undergoes β-hairpin 

folding and self-assembly to form hydrogel network with a four-fold enhancement in 

mechanical properties upon co-assembly of enantiomers.44 Thus, the fidelity of the chiral 

differentiation leading to either co-assembly or self-sorting and lack of convenient analytical 

techniques to quantify the process are challenges when investigating the chirality-driven 

self-sorting process. In that regard, it is interesting to design suitable enantiomeric model 

host peptides and corresponding fluorophores with the stereochemistry mismatch to 

understand the implications of the chiral recognition. Moreover, visualization of the 

orthogonal nature of the self-assembly is exciting and pave a way to design complex 

systems with stereoselective disassembly response upon external cues e.g. proteolase. 

Peptides by virtue of a range of non-covalent interactions e.g. side chain interactions and 

hydrogen bonding have the ability to recognize their own monomer and thereby propagate 

via supramolecular polymerization.45 Such growth in one or two dimensions for peptide 

nanostructures has been elegantly controlled by living supramolecular polymerization via 

seeding and cross-seeding-mediated elongation.46-48 Herein, we demonstrate a rational 

design of the enantiomeric peptide amphiphiles with the sequence, NVFFAC as inspired by 

the Aβ42 amyloid nucleating core. The competitive formation of self-sorted fibers over the 

co-assembled fibers is investigated in details using peptide fluorophores having donor and 

acceptor FRET pairs. We postulate chiral-recognition-driven efficient fluorescence energy 

transfer in the homochiral peptide co-assembly and quantify the chiral self-sorting in the 

self-assembled nanofibers. The nucleation-mediated growth for the peptide amphiphiles is 

evident from the seeding and cross-seeding experiments, as observed from the AFM image 

analyses and time-dependent Thioflavin-T (ThT) binding assays indicating the 
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chirality-driven orthogonal growth of nanofibers. Chirality-driven self-sorted peptide fibers 

were directly visualized by super-resolution structured illumination microscopy (SR-SIM) 

for the first time. Lastly, the orthogonal nature of the assembly was established with the 

enantioselective enzymatic degradation of the L-peptide fibers and consequential weakening 

of the mechanical strength of hydrogels. 

 

4.2. Results and discussion 

 

Scheme 4.1: Molecular structures of the peptide amphiphiles (L-1 and D-1), fluorescent probes, L-2 and D-2 

anchored with pyrene, L-3 and D-3 anchored with hydroxycoumarin, D-4 and L-5 with RBITC and FITC 

moieties attached to NVFFAC peptide segment respectively. 

We designed the peptide amphiphiles L-1 and D-1 by tethering a hydrophobic C10 alkyl 

chain to the N terminal of the peptide sequence, NVFFAKKC with either L or D enantiomers 

of the amino acids (Scheme 4.1). The hydrophobic-hydrophilic balance in the peptide 

amphiphiles and the interplay of attractive hydrogen bonding among amide functionalities, 

π-π stacking interactions among the side chains and van der Waal’s forces among the alkyl 

chains render the self-assembly in water or Tris-HCl buffer (pH = 7.4). Morphological 

investigations of the peptide assembly as visualized by TEM and AFM revealed the 

presence of self-assembled micrometer long fibers with diameters ~ 7.5 ± 1 nm and long 
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radii of curvatures (Figure 4.1A-H). Interestingly, the mixture of peptide amphiphiles L-1 

and D-1 also formed a stable and clear solution, unlike the previous reports showing 

unstable assembly leading to eventual precipitation upon mixing enantiomeric peptide 

amphiphiles.49 The mixture of L-1 and D-1 peptides showed similar fibers, which hardly 

differed from the enantiomeric nanofibers (Figure 4.1C,G). 

 

Figure 4.1: TEM images and AFM height images of the peptide L-1 (A, E), D-1 (B, F) and mixture of L-1 and 

D-1 (C,G) in water at room temperature (concentration = 1 μM for TEM and 100 μM for AFM). (D) 

Histogram analyses for diameter distribution of the peptide amphiphiles. (H) AFM image of L-1 and D-1 

peptide mixed in powder form followed by addition of water (solid phase mixing). AFM images of fluorescent 

probes (1 mM) in water upon dilution from DMSO stock solution. (I) L-2 (J) D-2 (K) L-3 and (L) D-3 showed 

absence of supramolecular peptide nanofibers. 

The small-angle X-ray (SAXS) profile of the fibers were fitted with a model for 

non-interacting cylinders with a monodisperse cylindrical form factor, which resulted 

micellar rods of diameter ~ 6.8 ± 0.3 nm (Figure 4.2A), in corroboration with the 

microscopic data. The scattering profiles for the 1:1 solution mixture of the pre-assembled 

L-1 and D-1 peptide fibers resembled that from dissolution of 1:1 solid mixture of the same 

peptide amphiphiles. Circular Dichroism (CD) spectroscopy of self-assembled peptide 

nanofiber of L-1 exhibited characteristic negative Cotton band at 216 nm with a 

concomitant positive band at 197 nm, while that of D-1 showed mirror image bisignated CD 

signals at 216 and 199 nm, characteristics of peptide β-sheet structure (Figure 4.2B). 

However, 1:1 equimolar mixture of nanofiber solutions and dissolution of 1:1 solid mixture 
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of both amphiphiles showed no signature of the overall chirality, which is identical to a 

simple theoretical sum of the enantiomeric peptide amphiphiles. CD gives the resultant 

spectra and does not distinguish between the self-sorted or co-assembled fibers. For the 

nanofiber solutions of D-1 and L-1 pair, we varied the mixing ratio from 1:0 to 0:1 and 

studied the change in CD spectra (Figure 4.2C-D). On increasing the proportion of D-1, the 

CD signal at 216 nm increases and the positive cotton band at 199 nm decreases. Such linear 

change in the CD signal corroborated the theoretical lines calculated from CD spectra of 

each enantiomers and indicated minimal or no interaction among the peptide components. 

Also, this indicated the presence of self-sorted fibers that do not follow majortity rule 

principle as observed in chiral co-assembly owing to mismatch penalty of the opposite 

enantiomers in the robust hydrophobic peptide segment VFFA (Figure 4.2E). These peptide 

nanofibers could be lyophilized and kept in the powdered form for a long period of time; 

however, upon re-dispersing in water, an almost immediate formation of the peptide 

nanofibers without any loss in their chiral signature was observed (Figure 4.2F).  

 

Figure 4.2: (A) SAXS profiles recorded at 25 ºC in water for the individual D-1, L-1, for the mixture of 

peptide amphilphiles in 1:1 ratio (total concentration 10 mM). Solution mixture of D-1 and L-1 fibers and 

solid mixture D-1 and L-1 peptide followed by dissolution in water for self-assembly. Data fitted with 

non-interacting porod cylinder model shows diameter ~ 6.8 ± 0.3 nm for all peptide fibers (10 mM). (B) CD 

spectra of L-1, D-1 and equimolar mixture of L-1 and D-1 (120 μM). (C) CD spectra recorded for the mixture 

of peptides nanofiber solutions with different ratios of L-1 and D-1 (100 μM) and equimolar solid phase 

mixing of L-1 and D-1 followed by dissolution in water. (D) Change in ellipticity at 216 nm and 199 nm with 

different ratio of L-1 and D-1 fibers. (E) Corresponding plot of net ellipticity at 216 nm with enantiomeric 

excess. (F) The peptide solutions in water were lyophilized to solid powder and CD spectra were recorded 

upon redispersing them in water. The redissolved peptide retains its chirality akin to the original peptide fibers.  
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ThT binding to the nanofibers exhibiting an increase in the fluorescence intensity and FT-IR 

peaks at 1625 cm-1 (amide I) and 1548 cm-1 (amide II) indicated the existence of parallel 

β-sheet for 1D nanofibers (Figure 4.3).  

 

Figure 4.3: Fluorescence emission spectra as a consequence of ThT binding to L-1 and D-1 peptides and their 

mixture (1:1), both pre-assembled fibers mixture and solid phase mixing followed by assembly. (B) 

Fluorescent imaging of ThT binding to mixture of L-1 and D-1 peptide fibers. (C) FT-IR spectra for L-1 

peptide and L-1 peptide nanofibers (after lyophilisation) with KBr pellet. (D) Parallel β-sheet in peptide 

solution L-1, D-1 peptide nanofibers and their mixture in D2O (5 mM). 

 

 

Figure 4.4: (A) digital picture of the hydrogel and (B) AFM imaging shows networked mesh of nanofibers in 

L-1 + D-1 gel (1 wt%). (C) Frequency sweep oscillatory rheology measurments for the hydrogels from L-1 

and L-1 with 2 mol% L-2 containing 2 v/v% DMSO. (D) Rheology for the hydrogels made from L-1, D-1 and 

equimolar mixture of L-1 and D-1 (10 mM in sodium phosphate buffer, pH = 7) showing similar mechanical 

strength. 
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In sodium phosphate buffer (10 mM) at pH 7, the peptide amphiphiles with positively 

charged lysine at the surface formed network structures as mediated by the ion-bridge 

interaction with doubly charged phosphate anion to eventually form hydrogel 

(Figure 4.4A-B).47-48 Rheological investigation of the hydrogels produced from the 

enantiomeric nanofibers and equimolar mixture of L and D peptide showed similar 

mechanical properties indicating no interference of one enantiomer with the properties of 

other self-assembled enantiomer in the nanofibrous mixture (Figure 4.4C-D).  

To investigate the chiral recognition in the supramolecular peptide nanofibers, we designed 

the fluorescent probes, L-2 and D-2 containing pyrene (Py), L-3 and D-3 containing 

hydroxy coumarin (HOCou) moieties tethered to the peptide sequence, NVFFAC respectively 

(Scheme 4.1). These fluorescent probes were insoluble in water; hence the stock solution 

were prepared in DMSO and added to Tris-HCl buffer while performing experiments. The 

absence of polar lysine amino acids in the fluorescence probes led to alteration in the 

hydrophobic-hydrophilic balance resulting in non-specific aggregation in 2% DMSO-Tris 

HCl buffer (Figure 4.1I-L). Hence, we investigated their co-assembly with the host peptide 

amphiphiles L-1 and D-1.  

 

Figure 4.5: UV spectra of fluorescent peptides in Tris-HCl buffer (pH = 7.4) (A) Pyrene based donor probe 

(L-2 and D-2), (B) hydroxycoumarin based acceptor probe (L-3 and D-3 ) (10 μM) (stock was prepared in 

DMSO). (C) Overlap between the emission spectra of pyrene donor probe (L-2 and D-2 in L-1 and D-1 

peptide solution respectively) and absorbance spectra of the hydroxycoumarin accepter probe (L-3 and D-3 in 

L-1 and D-1 peptide solution respectively). This demostrates the probes to be perfect FRET pair with a forster 

radius of 3.9 nm.59 Pyrene excimer peak for D-2 in Tris-HCl buffer at 430-480 nm in the absence of host 

peptide and characteristic monomeric pyrene peak for D-2 in the range of 375-410 nm in the presence of host 

peptide solution of L-1 and D-1. 
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The emission spectrum of Py-VFFA (as in L-2 and D-2) and the excitation spectrum of 

HCou-VFFA (as in L-3 and D-3) showed a substantial spectral overlap, necessary for the 

FRET process with pyrene as donor and hydroxycoumarin as acceptor (Figure 4.5).50 It also 

confirmed that the introduction of the fluorescent probes into the VFFA moiety did not 

result in any change in the optical properties of the fluorophores. We envisaged the 

investigation of the chirality-driven self-sorting or co-assembly of the peptides using FRET 

as an efficient tool to understand and quantify the phenomena. The pyrene probe molecules 

(L-2 and D-2) were found to be more or less randomly dispersed in the micelles of the 

corresponding amphiphiles (L-1 and D-1), since a band due to the excited-state pyrene 

dimers (typical λmax ≈ 480 nm) was absent when less than 2 mol% (relative to L-1 or D-1) of 

L-2 or D-2 was added (Figure 4.5D). In a binary solution mixture of L-1 and D-1 nanofibers 

in Tris-HCl buffer (pH = 7.4), when donor and acceptor probes with D chirality were 

introduced, both these probes would confine into the homochiral assembly of host D-1 

peptide, leading to an increase in the FRET intensity (Figure 4.6A-B). The increased energy 

transfer is attributed to the increased fraction of HCou (acceptor) that is within a few 

nanometers of Py. Upon excitation of the Py donor at 347 nm in binary solution mixture of 

L-1 and D-1 containing D-2 and D-3, an increase in wavelength at 450 nm with a 

concomitant decrease at 375-420 nm was observed. The corresponding excitation spectra 

(em = 450 nm) accounts for an efficient FRET process arising from pyrene and HOCou 

moieties (Figure 4.7). Upon increasing the percentage of the acceptor, D-3 the FRET 

intensity gradually increased and indicated an efficient homochiral co-assembly of D-1, D-2 

and D-3 in a binary mixture of L-1 and D-1 host nanofibers. However, for the donor and 

acceptor probes having opposite chirality in the binary mixture, they would rather confine 

into their respective host peptides to provide two self-sorted homochiral assemblies. Thus, a 

mixture of L-1 and D-1 host nanofibers containing D-2 and L-3 fluorophores, upon 

excitation at ex = 347 nm, did not result in a significant increase in the FRET intensity 

monitored at the wavelength of 450 nm. This indicated a chirality driven self-sorting to 

result different homochiral yet self-sorted assemblies of D-1/D-2 and L-1/L-3, thereby, 

rendering the donor-acceptor probes to be distant enough for successful energy transfer. The 

extent of self-sorting efficiency was calculated to be 84%. However, interestingly on 

heating and vortexing the solution, the self-sorting efficiency was found to decrease, 

indicating the kinetic nature of the self-sorting process. Such behavior is similar to the 

reports showing the transition of pleated sheet to rippled β-sheet formation.40-41  
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Figure 4.6: (A) Schematic representation of FRET studies involving mixture of peptide nanofibers containing 

fluorescence probes. Red and purple colors represent L-1 and D-1 enantiomeric peptide nanofibers 

respectively. The arrows show introduction of matching chirality (L-2 and L-3, above) and opposing chirality 

(D-2 and L-3, below) donor-acceptor probes. (B) Changes in the emission spectra of the mixture of D-1 and 

L-1 peptides (50 μM each) in Tris-HCl buffer (pH = 7.4) containing 0.25 µM D-2 (Blue trace); FRET intensity 

increases upon adding matching probe D-3 (Black trace) and marginal increase in intensity upon adding 

opposing L-3 (Red trace) (Note: direct emission of acceptor probe was subtracted from each graph). (C) 

Schematic representation of mixing experiment for homochiral L peptides (L-2 in L-1 and L-3 and L-1) 

denoted as matching and segregated L & D homochiral fibers (L-2 in L-1 and D-3 in D-1) as opposing 

(peptide: probe = 200:1). (D) Time dependent change in the fluorescence intensity at 450 nm; probes of 

matching chirality (black trace), probes of opposing chirality (red trace). (E) Bar diagram showing difference 

in FRET ratio for matching and opposing mixing. Inset shows first order kinetics of mixing for matching case 

(R2 = 0.98). 

 

Furthermore, the difference in the self-sorted and co-assembled supramolecular 

polymerization processes was investigated using time-dependent fluorescence spectroscopy. 

Fluorescent probe L-2 (0.25 µM) was taken in L-1 host peptide (100 µM) and mechanically 

agitated to form homochiral donor probes-peptide nanofibers. Similarly, L-3 (0.25 µM) was 

taken in L-1 (100 µM) to form homochiral acceptor probes-peptide nanofibers 

(Figure 4.6C). After incubating both the homochiral nanofibers for 2 days at room 
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temperature, equal volumes of these two solutions were mixed without agitation and 

emission spectra were monitored over time. The peak intensity at 450 nm was found to 

increase with time followed by reaching saturation within 30 min (Figure 4.6D). The rate 

constant (k = 1.73 x 10-3 s-1) with reasonably fast timescale indicates a diffusion controlled 

process for probe doped nanofibrils across the homochiral peptide nanofibers to bring the 

pyrene-hydroxycoumarin probes in close proximity.51 However, for the mixing of D-3 

(0.25 µM) in D-1 host peptide (100 µM) and L-2 (0.25 µM) in L-1 host peptide (100 µM), 

the fluorescence emission intensity at 450 nm did not show any change with time. This 

suggests that the probes remain inside their respective homochiral peptide nanofibers to 

form self-sorted peptide nanofibers, until they were mechanically agitated. 

 

Figure 4.7: Changes in the emission spectra of of L-1 and D-1 peptide nanofibers solution (50 μM each) in 

Tris-HCl buffer (pH = 7.4); adding 2 μL D-2 (50 μM). (A) Homochiral case; increasing amount of D-3. (B) 

Heterochiral case; increasing amount of L-3. (Note: direct emission of hydroxycoumarin probe was subtracted 

from each graph) (C) FRET ratio (I450/I376) is increasing with acceptor concentration with significant difference 

in homochiral and heterochiral cases with matching and opposing chiral probes respectively. (D) The 

corresponding excitation scan with emission wavelength of 450 nm. 

The peptides with an amyloid nucleating sequence can undergo nucleation-elongation 

process to form nanofibers.47 The polydispersed fibers from L-1 were probe-sonicated for 5 

min to obtain short uniform nanofibers (seeds) (Ln = 135 nm) with a reasonably narrow 

polydispersity index (PDI) (Figure 4.8C). The peptide amphiphiles taken in 10 v/v% 

HFIP-water exhibited formation of metastable nanoparticles as a result of solvent mediated 

trapping of the spontaneous self-assembly process.47 For a typical homochiral seeding 

experiment, L-1 seeds and the nanoparticles of L-1 at a ratio of 1:1 were incubated to grow 
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unagitated for 24 h (Figure 4.8A). The AFM images analyses showed that the growth of the 

L-1 seeds to resulted in an almost doubling of the length of the fiber length (Ln = 269 nm) 

(Figure 4.8B). The cross-seeding experiment involving the incubation of the L-1 fiber seeds 

with the D-1 nanoparticle showed a bimodal distributions of fiber lengths with one length 

regime matching with the dimension of L-1 fiber seeds suggesting ineffective cross-seeding. 

However, the presence of the long fibers indicated eventual inherent growth of D-1 fibers 

after 1 day (Figure 4.8D).These experiments were performed upto two cycles with grown 

fibers from first cycle becomes seeds and incubated with fresh L-1 or D-1 nanoparticle 

exhibiting growth of seeds with matching chirality but not in non-matching case 

(Figure 4.9). 

 

Figure 4.8: (A) Color coded schematic diagram of seeding and cross-seeding experiments involving the seeds 

and metastable nanoparticles (NPs). (B) AFM images recorded after 24 h of incubating the L-1NP to L-1 seeds; 

(C) seeds of L-1 and (D) seeds of L-1 with D-1NP. AFM images were recorded after 24 h at RT (10 µM). (E) 

Bimodal length distribution of the cross-seeded system L-1 seeds/D-1NP.  
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Figure 4.9: AFM height images and histogram length analyses for (A) L-1 seeds and incubated L-1 seeds with 

metastable nanoparticles of L-1 and monitored after (A) 20 min, (B) 2 h, (C) 3h and (D) 6 h. (E) Seeding (L-1 

seeds/L-1 monomer) and cross-seeding (L-1 seeds/D-1 monomer) experiment monitored through AFM images 

show orthogonal assembly in heterochiral system and living nature of seeds for homochiral case. (F) Growth 

of L-1 fiber seeds upon sequencial addition of L-1 monomer. 

Next, nucleation-elongation kinetics of the peptide fibers was monitored by ThT 

fluorescence in a continuous assay. The L-1 or D-1 seeds were added to a freshly prepared 

solution of the corresponding enantiomers in 10 v/v% HFIP-water. The growth of the fibers 

as observed by monitoring change in intensity of ThT fluorescence at 480 nm (𝜆ex = 440 nm) 

with time. Addition of fresh peptide solution of the same chirality as of seeds did not display 



118 
 

any lag phase, thereby confirming a homochiral seed-mediated growth (Figure 4.10). 

However, a significant lag phase was observed in the case of seeds with reciprocal chirality 

similar to unseeded growth (Figure 4.10), thereby confirming the enantioselectivity of the 

seed-mediated growth. However, probe sonicated seeds of L-1 and D-1 did not show change 

in fluorescence intensity with time, suggesting the inability of seeds to grow on their own 

with time and absence of secondary nucleation process. 

 

 

Figure 4.10: (A) Seeded growth with enantioselective seeds and freshly dissolved L-1NP for L-1 seeds/L-1NP 

and D-1 seeds/D-1NP shows no ‘lag’ time (100 μM). Cross seeded Solutions of L-1 seeds/D-1NP or D-1 

seeds/L-1NP shows ‘lag’ period. Kinetics was monitored by binding of fluorescent ThT dye (0.4 μM) (B) 

Growth of freshly dissolved solution of peptide amphiphiles (metastable nanoparticles) in 10 v/v% of 

HFIP-water (concentration = 100 μM). 

With the self-sorted chiral supramolecular nanofibers (L-1/D-1) in hand, we next sought to 

directly visualize these orthogonal fibres by confocal laser scanning microscopy (CLSM) 

and super-resolution structured illumination microscopy (SR-SIM). For this purpose, two 

distinct fluorescent labels that could selectively stain the individual fibers for visualization 

were employed. Thus, rhodamine-B isothiocyanate (RBITC) tethered D peptide (D-4) and 

fluorescein isothiocyanate (FITC) tethered L peptide (L-5), having NVFFAC sequence were 

designed (Scheme 4.1). The host peptide solutions containing the fluorophores were drop 

casted on a glass slide to record CLSM and SR-SIM images in green channel I (Ex-488 nm) 

and red channel II (Ex-561 nm) respectively. Thus, L-5 stained nanofibers of L-1 appeared 

as green, but these structurally defined nanofibers were not observed at all when L-5 was 

incubated with D-1 peptides (Figure 4.11). In contrast, D-4 probe stained the D-1 fibers as 

red, but not L-1 fibers. As expected, SIM images demonstrated the enantioselective staining 

of the fibers with greater clarity and could clearly be visualized down to a structural feature 

of ~123 nm (Figure 4.12). Moreover, Figure 4.13 show the SIM images of the 

four-component (L-1, L-5, D-1 and D-4) mixture that indicate the presence of orthogonal 
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green and red fibers as visualized using channel I and channel II. The merged images show 

that the homochiral green fiber (L-1/L-5) and red fibers (D-1/D-4) do not overlap 

throughout the area. The cross-section intensity profile plot of the fluorescence signatures 

establishes the presence of completely self-sorted nanofibers with a Pearson correlation 

coefficient value of 0.31 indicated almost no correlation between the red and green fibers 

(Fig. 4F).53-56 This is the first example of direct visualization of chirality-driven self-sorted 

peptide fibers. 

 

Figure 4.11: Confocal images of single-component fibres L-1 (A) stained with L-5 (B) D-4, (C) D-1 stained 

with L-5 and (D) D-4 [peptide] = 1mM, [probe] = 1.5 μM. The green and red images were acquired in 488 and 

561 channels, respectively. The selective staining indicated on homochiral peptide probe stacks. 

 

Figure 4.12: Super-resolution structured illumination microscopic images of self-assembled fibers stained 

with fluorescent probe (A) L-1 stained with L-5 (C) D-1 stained with D-4 [peptide] = 40 μM, 

[probe] = 0.4 μM. (B) The diameter of the selected single green fiber (i) has been shown to be ~ 123 nm by 

SIM method. The green and red images were acquired in 488 and 561 channels, respectively.  
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Figure 4.13: Visualization of self-sorted fibers of L-1 and D-1 in four-component system (L-1, L-5, D-1 and 

D-4) with images collected from channel I (488 nm), channel II (561 nm) and the merged channels I and II. 

Plot of fluorescent intensity along the white lines drawn in the merged images (inset). [Peptide] = 40 μM, 

[probe] = 0.4 μM. Scale bar 10 m 500 nm (inset). 

 

Furthermore, the proteolytic enzyme responsiveness of the self-sorted fibers was 

investigated upon incubating the fibers with chymotrypsin in phosphate buffer saline 

(pH = 7.4) at 45 ºC for 5 h (peptide:enzyme = 100:1). The detailed HPLC-MS study 

confirmed the selective degradation of the L-peptides at the C-termini of phenylalanines to 

result new peaks at 24 & 26 min accounting for fragmented peptides, while the D-peptides 

were stable under the same condition (Figure 4.14), in corroboration with literature 

report.57-58 SIM images for the green fiber (L-1/L-5) showed the disappearance of fiber 

morphologies after 5 h of incubation with chymotrypsin, while the red fibers (D-1/D-4) 

showed proteolytic stability (Figure 4.15 and 4.16).  
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Figure 4.14: HPLC traces of L-1 peptide (A) before and (B) 5 h after adding chymotrypsin showing peptide 

degradation. Mass traces of the peak at 26 min and 24 min shows presence of fragent accounting for amide 

bond breakage at the C-termini of phenylalanines (inset). HPLC traces of D-1 peptide (A) before and (B) 5 h 

after adding chymotrypsin showing proteolytic stability for the D-1 peptide. Peptide:enzyme = 50:1 incubated 

in PBS (pH = 7.4) at 37 ºC for 5 h. 

 

 

Next, the addition of the enzyme onto the four component mixture, led to a gradual 

disappearance of green L-peptide fibers with the red fiber remaining unchanged. Noticeably, 

the otherwise self-sorted (with weak correlation value) fibers started showing good 

correlation in the merged channel (Figure 4.15C & 4.17). This suggested the enzyme 

mediated proteolysis for L-5 fluorophores, resulting in negatively charged fragments 

(Figure 4.18), which in turn interact with the positively charged red D-fibers (D-1/D-4) 

electrostatically, resulting a high correlation coefficient (0.57). The hydrogels from L-1 and 

D-1 (10 mM) were incubated with chymotrysin at 37 ºC for variable time periods and the 

mechanical strength was ascessed using frequency sweep oscillatory rheology 

measurements (Figure 4.19). The elastic moduli of the L-1 hydrogel was found to gradually 

decrease over time, while those of D-1 hydrogel did not exhibit any significant changes, 

confirming the enantioselective enzymatic degradation in corroboration with the HPLC-MS 

data. 
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Figure 4.15: Enantioselective response upon proteolytic disassembly of peptide fibers. Left and right panels 

are peptide fibers without and with chymotrypsin. (A-B) SIM images for single component L-1 fibers with L-5 

probe and D-1 fibers red D-4 probes without and with chymotrypsin in phosphate buffer saline (pH = 7.4) at 

45 ºC for 5 h (Peptide: Enzyme = 100:1). (C) SIM images for the self-sorted fibers of four-component system 

(L-1, L-5, D-1 and D-4) without and with chymotrypsin collected from the merged channels I and II. It exhibit 

good correlation of the green and red fibers post enzyme treatment. Scale bar 10 m (A-C). 

 

Figure 4.16: (A) SIM images of self-assembled L-1 fibers stained with green fluorescent probe L-5 incubated 

without (left) and with (right) chymotrypsin for 5 h in PBS (pH = 7.4) at 37 ºC (Upper panel show images 

acquired in green channel, 488 nm). Upper right images does not show any nanofibers in green channel, 

suggesting complete degradation of the L-peptides. (B) SIM images of self-assembled D-1 fibers stained with 

red fluorescent probe D-4 incubated without (left) and with (right) chymotrypsin for 5 h in PBS (pH = 7.4) at 

37 ºC. Lower right image shows presence of red fibers indicating proteolytic stability D-peptides. 

Peptide:enzyme = 100:1. 
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Figure 4.17: SIM images of four component system containing self-sorted D-1 fibers stained with red 

fluorescent probe D-4 and L-1 fibers stained with green fluorescent probe L-4 after incubating with 

chymotrypsin for 5 h in PBS (pH = 7.4) at 37 ºC. Peptide: enzyme = 100:1. (A-D) show images acquired in 

green, red, merged channel and fluorescent intensity for the D-1 fibers with green D-4 in absence and in 

presence of chymotrypsin. 

 

 

 

Figure 4.18: HPLC traces of L-5 peptide (A) before and (B) 5 h after adding chymotrypsin showing peptide 

degradation. Inset of A shows mass trace for the peak at 15 min for L-5 peptide. Inset of (B) shows mass traces 

of the peak at 17 min shows presence of fragent accounting for amide bond breakage at the C-terminus of 

phenylalanine (deleting one alanine amino acid). 
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Figure 4.19: Oscillatory frequency sweep measurements for the hydrogels from (A) L-1 and (B) D-1 

amphiphiles upon incubation with chymotrypsin for 0, 5, 15 and 24 h at 37 ºC in phosphate buffer of pH 7.4. 

(C) Bar diagram demonstrates the gradual decrease in G’ values for L-1 hydrogels while G’ values for D-1 

hydrogels stayed almost unchanged upon chymotrypsin mediated enantioselective hydrogel degradation. 

[Peptide]: [Enzyme] = 100:1 peptide concentration = 10 mM. 

 

4.3. Conclusions 

In summary, we have reported a minimalistic peptide amphiphile pair that demonstrates 

chirality-driven self-sorting to render segregated enantiomeric nanofibers in water. We have 

demonstrated the fidelity of the self-sorted system by utilizing structurally similar chiral 

FRET pairs, which was further validated with the seeding and cross-seeding methodologies. 

Moreover, for the first time, we have directly visualized the chirality-driven self-sorted 

peptide nanofibers utilizing a super-resolution SIM technique which exhibited orthogonal 

self-assembly with respect to structure and function. Finally, we have shown 

enantioselective hydrolysis of the L-fibers over D-fibers for the first time by 

super-resolution microscopy. This results in enantioselective weakening of the hydrogel 

strength and may potentially be used for stimuli-responsive hydrogel mediated drug delivery 

applications in future. We postulate that the present study provides a deeper understanding 

of self-sorting events and may have implications in the design of mutually orthogonal 

functional biomimetic supramolecular systems. It is noteworthy to mention that our 

minimalistic peptide is an interesting system to understand the self-assembly of β-sheet 

forming enantiomeric peptides. The peptide consists of nonpolar (VFFA) and polar (KK) 

domains. For homochiral self-sorting events, the side chains of adjacent peptides in β-sheet 

arrangement will be pointing in the same direction. The nonpolar domain favours this 

arrangement owing to the hydrophobic and aromatic interactions among side chains. On the 

other hand, for heterochiral coassembled nanofibers, the side chains of adjacent peptides fall 

in opposite directions. The charged lysine side chain would prefer to experience minimum 

electrostatic repulsion as possible in heterochiral assemblies. However, amyloid inspired 
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nonpolar domain is mainly responsible for β-sheet secondary structure resulting in 

homochiral self-sorted nanofibers. Such enantioselective nanofiber formation in our model 

peptide is similar to enantioselective fiber growth reported in β2-microglobulin and β-

amyloid proteins. 

 

4.4. Experimental section 

4.4.1. Materials 

All the reagents and amino acids were purchased from Sigma or TCI; standard amino acids 

with L and D configuration were either purchased directly or synthesized as protected Fmoc 

amino acids with the standard side chain protection with >99% chiral purity.60 Hexafluoro 

isopropanol (HFIP), Pyrene butyric acid, Fluorescein isothiocyanate (FITC) and Rhodamine 

B isothiocyanate (RBITC) were also purchased from Sigma and 7-hydroxy carboxylic acid 

was synthesized with already reported procedure.61 Chymotrypsin of bovine pancreatic 

origin (type II, protein composition ≥ 85%) was purchased from Sigma-Aldrich. C-terminal 

amide peptides and fluorescent probes were synthesized on a 0.1 mmol scale using 

Fmoc-Rink Amide MBHA resin (0.52 mmol/g loading) from NovaBiochem (EMD 

Millipore). All solvents were either synthesis or analytical grade and Milli-Q water was 

used throughout the studies. 

4.4.2. Synthesis and characterization of peptides 

Peptides and fluorescent probes were synthesized on rink amide MBHA resin at 0.1 mmol 

scale following standard microwave Fmoc-solid phase peptide synthesis (SPPS) protocols. 

Amino acids were coupled using diisopropyl carbodiimide (DIC) and oxyma in 

dimethylformamide (DMF). Fmoc deprotection was performed with 20% piperazine in 

DMF (containing 10% ethanol) in the microwave at 75 °C. Resin bound peptide was 

filtered, washed with DMF and dichloromethane and allowed to dry. The peptides were 

cleaved from the resin using 10 mL of cleavage cocktail mixture (trifluoroacetic acid 

(TFA)/triisopropylsilane (TIPS) / Water (95: 2.5: 2.5, v/v/v)). The mixture was shaken for 3 

h at room temperature followed by removal of the resin through filtration and the filtrate 

was concentrated to a volume of approximately 1 mL. The resultant residue was precipitated 

by dropwise addition of ice cold diethyl ether. The precipitated product was centrifuged for 

15 min at 7000 rpm at 4 °C. The precipitates were washed 3 times with cold diethyl ether 
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and air dried. For the synthesis of D-4 and L-5 probes, VFFA peptidyl-resins were coupled 

with Fmoc- amino hexanoic acid and were reacted with Rhodamine B isothiocyanate 

(RBITC) and Fluorescein isothiocyanate (FITC) respectively in excess of DIPEA.62 The 

peptides (L-1 and D-1) were re-dissolved in CH3CN/H2O (1:9) to analyse the purity of 

peptides by reverse phase HPLC with mobile phase acetonitrile and water containing 0.1% 

formic acid. To alleviate the chances for self-assembly during HPLC purification, the 

peptides in powder form were dissolved in HFIP and dried once again. The solid residue of 

fluorescent probes (L-2, D-2, L-3, D-3, D-4 and L-5) were re-dissolved in DMSO and 

confirmed by ESI-MS and stored at -20°C. The standard gradient used for analytical HPLC 

for both peptides (L-1 and D-1) was 5 → 95%CH3CN in H2O (0.1% HCOOH additive) with 

a flow rate of 1 mL/min over 30 min. Injection volume for L-2, D-2, L-3 and L-3 is 5 μL 

(1 mM) with gradient method 70 → 95%CH3CN in H2O (Additive 0.1% HCOOH) over 

15 min.  

D-1: Calculated exact mass for C48H77N9O7 = 891.59, In positive mode: found 

[MH+] = 892.78, [MH2]
2+ =447.08. Purity: 98 % 

 

 

L-1: Calculated exact mass for C48H77N9O7 = 891.59, In positive mode: found 

[MH+] = 892.74, [MH2]
 2+ =447.05. Purity: 98 % 
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D-2: Calculated exact mass for C46H49N5O5 = 751.37, In positive mode: found 

[M+Na]+ = 774.69. Purity: 92 % 

 

 

L-2: Calculated exact mass for C46H49N5O5 = 751.37, In positive mode: found 

[M+Na]+ = 774.72. Purity: 93 % 

 

 

D-3: Calculated exact mass for C36H39N5O8 = 669.28, In negative mode found: 

[M]- = 668.56. Purity: 95 % 
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L-3: Calculated exact mass for C36H39N5O8 = 669.28, In negative mode found: 

[M]- = 668.62. Purity: 96 % 

 

 

D-4: Calculated exact mass for C61H76N9O8S = 1095.56, In negative mode found: 

[M]- = 1094.81. Purity: 93% 

 

 

 

 

 

L-5: Calculated exact mass for C53H57N7O10S = 983.39, In negative mode found: 

[M]+ = 982.74. Purity: 98 % 

 

 

4.4.3. Self-assembly of peptides and hydrogel formation  

Peptides (L-1 and D-1, concentration = 2 mM) were taken in water or Tris-HCl buffer 

(pH = 7.4) and dissolved by mechanically agitated for 1-2 min at room temperature. After 
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incubation for a day, the formation of self-assembled peptide nanofibers mediated by 

hydrogen bonding and π-π interactions were confirmed by AFM and TEM images. 

For hydrogel formation, peptide amphiphiles with a higher concentration (10 mM) were 

dissolved in sodium phosphate buffer (10 mM, pH = 7.4) by mechanical agitation. Upon 

incubating at room temperature for one day, the negatively charged phosphates 

electrostatically interact with the positively charged peptide nanofibers to render network 

structure to eventually form hydrogel. 

Fluorescent probes were soluble in DMSO and did not form self-assembled nanostructures 

upon injecting DMSO stocks of the probes into Tris-HCl buffer (pH = 7.4) or water. 

4.4.4. Microscopic investigation  

Negative stained TEM was performed using JEOL JEM 2100 with a Tungsten filament at 

an accelerating voltage of 120 kV. The sample (6 μL) was deposited on carbon coated 

copper grid and stained with the aqueous solution of uranyl acetate (1%; w/v) for 2 min and 

the excess solution was wicked off with a filter paper. The TEM grid was dried overnight 

under reduced pressure. 

AFM imaging was performed on a Bruker multimode 8 scanning probe microscope. 10 µL 

of 0.15 mM of the peptide solution was drop-casted on a silicon wafer. After 5 minutes, the 

silicon wafer was washed with 500 μL water using micropipette to remove excess peptide. 

Then the sample was dried under nitrogen. AFM height images were recorded in tapping 

mode with a silicon cantilever (Bruker) and analysed using the software NanoScope 

Analysis 1.5. Typical scan rates were between 0.6 - 1.0 Hz. 

4.4.5. Spectroscopic Investigation  

4.4.5.1. Circular dichroism spectra: CD spectra were recorded using JASCO J-1500 

Circular Dichroism Spectrometer, Easton, MD, USA. The peptide solution was added to 

demountable cells (0.1 mm path length, Hellma) and scanned for the wavelength range from 

190 nm to 400 nm with a scan speed of 50 nm min-1 at 20 ºC. The reported spectra are the 

average of 3 scans. 

4.4.5.2. Thioflavin-T binding study: Thioflavin-T (ThT) exhibits emission band at 

480-500 nm upon binding to the ordered secondary structures of peptides (ex = 440 nm). 

For performing experiments, 2 μL of ThT solution (50 μM DMF stock) was added to 

200 μL of 0.4 mM aqueous peptide solution. 
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4.4.5.3. Fluorescence spectroscopy: Fluorescence emission spectra were recorded using 

FS5 spectrofluorometer from Edinburgh instruments. Spectrums were recorded with a scan 

slit and offset slit of 2 nm each with dwell time of 0.1 s at 25 °C. 100 μL solution of L-1 

(100 μM) and D-1 (100 μM) peptide nanofibers in Tris-HCl buffer (pH = 7.4) were mixed 

together to render each of their final concentration of 50 μM and total peptide concentration 

to be 100 μM. Then 2 μL of 50 μM stock of D-2 solution in DMSO was added (final 

concentration of fluorescent probe is 0.5 μM; ratio of peptide to probe is 200:1) and the 

mixture was vortexed and sonicated for 2 min in order to ensure the absence of excimer of 

pyrene molecule (~480 nm). The solution was excited at 347 nm and emission spectra were 

recorded for the range of 360-600 nm. D-3 (homochiral probe) or L-3 (heterochiral probe) 

was added to the mixture (with increasing proportions of HOCou probe) followed by 

vortexing and sonication for 1 min to ensure the uptake of fluorescent peptides into the host 

peptide nanofibers. 

Förster energy-transfer efficiency (ΦET) was calculated by the following equation: 

𝐹𝑅𝐸𝑇 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 −
𝐹𝐷𝐴

𝐹𝐷
) . 100% 

 FD is the fluorescence intensity of the donor in the absence of the acceptor; FDA is the 

fluorescence intensity of the donor in the presence of the acceptor.  

The degree of self-sorting was estimated from: 

𝑆𝑒𝑙𝑓 − 𝑠𝑜𝑟𝑡𝑖𝑛𝑔 = (1 −
𝐸𝑚𝐻𝑒𝑡𝑒𝑟𝑜 − 𝐸𝑚𝐵𝑙𝑎𝑛𝑘

𝐸𝑚𝐻𝑜𝑚𝑜 − 𝐸𝑚𝐵𝑙𝑎𝑛𝑘
) . 100% 

 

4.4.6. SAXS study 

Small-angle X-ray scattering (SAXS) profiles obtained from kinetically controlled 

nanofibers of peptides were fitted with a model for non-interacting long cylinders with a 

cylindrical form factor with a gaussian distribution of core radius. The fitting was carried 

out using SASfit software. Good fits were obtained for SAXS data with the cylindrical 

model fit having core and shell radii of 1.5 (± 0.2) nm and 1.9 (± 0.2) nm, respectively. 

The intensity formula used to describe the fit for the SAXS data was 

                I=  KCyl (Q,ηcore −ηshell,R,L,x) + KCyl (Q,ηshell −ηsolv,R + ΔR,L,x)2dx 
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Where, Cyl (𝑄, Δ𝜂, 𝑅, 𝐿, 𝑥) = 2𝜋𝑅2𝐿Δ𝜂 (
J1(QR√1−𝑥2)sin (QLx/2)

(QR√1−𝑥2 ) QLx/2
) 

Input Parameters for model core-shell long cylinder: 

R: core radius of cylinder, ΔR: shell thickness, L: length of cylinder, Δ𝞰: scattering contrast. 

4.4.7. Measurement of kinetics of mixing for probe doped homochiral L nanofibers 

The rate constant, k, for the kinetic of mixing was determined by fitting the data to the 

first-order equation: 

𝐿𝑛 (
𝐹𝑚𝑎𝑥 − 𝐹𝑡

𝐹𝑚𝑎𝑥
) = −𝑘𝑡 

Where Ft and Fmax are the fluorescence intensities at 450 nm at times t and the maximum 

value obtained after the system has reached equilibrium. The negative slope of the line 

provides the apparent rate constant k. 

4.4.8. Rheological studies 

Rheological investigations were performed on the peptide hydrogels using parallel plate 

geometry of diameter 25 mm (PP-25). The hydrogel was placed in the centre of the 

rheometer plate. The temperature was maintained at 25 ºC using a peltier temperature 

controller attached to a Julabo chiller. The frequency sweep experiments were performed 

using a constant strain of 0.1% in the linear viscoelastic region of frequency range from 

0.01-200 rad/s to demonstrate the stability of the hydrogels. An oscillatory stress amplitude 

sweep experiment was performed at a constant angular frequency of 10 rad/s for the strain 

range 0.01 - 100 at 25 ºC to calculate the linear viscoelastic region. 

 

Figure 4.20: Amplitude sweep measurements for the hydrogels (A) D-1 (B) L-1 and (C) D-1 + L-1. 
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4.4.9. Seeded supramolecular polymerization 

4.4.9.1. Generation of Seed: 500 μL of pre-assembled nanofibrous solution of L-1 (1 mM) 

was probe sonicated using QSonica (model number Q700, power 700 watts and frequency 

20 kHz) probe Sonicator using 4417 number microtip at an amplitude of 15% for ~5 

minutes. The length of peptide nanofibers was determined using Image-J Software. 100 

random fibers were selected from different areas of the images and a histogram was 

generated by choosing bin and frequency in Microsoft Excel. The average fiber lengths and 

polydispersity indices (PDI) were estimated by calculating number average length (Ln) and 

weight average length (Lw) by the following equations:  

𝐿𝑤 =  
∑ 𝑁𝑖𝐿𝑖

2𝑛
𝑖=1

∑ 𝑁𝑖
𝑛
𝑖=1 𝐿𝑖

 

 𝐿𝑛 =
∑ 𝑁𝑖

𝑛
𝑖=1 𝐿𝑖

∑ 𝑁𝑖
𝑛
𝑖=1

 

𝑃𝐷𝐼 =  
𝐿𝑤

𝐿𝑛
 

Where, Ni is the number of fibers and of length Li, and n is the number of fibers examined in 

each sample. 

4.4.9.2. Seeded growth of fibers: The peptide amphiphiles were taken in 10 v/v% 

HFIP-water to result in metastable nanoparticles that remain stable for 3 h. For the seeding 

and cross-seeding experiment, the L-1 seed was incubated un-agitated with freshly 

dissolved peptide nanoparticles of L-1 or D-1 in 1:1 ratio. The growth of the fibers was 

ascertained from AFM image analysis and time-dependent ThT binding assay. 

4.4.9.3. Seed-mediated growth studies with ThT binding: Kinetics of seed-mediated 

growth of β-sheet forming nanofibers was monitored by ThT fluorescence in a continuous 

assay. Fluorescence readings (ex. 440 nm, em. 480 nm) were performed every 3 min with 

shaking for 1 s between readings for experiments; FL intensity at 480 nm was monitored for 

up to 250 min at 25 °C. For seeding and cross-seeding experiments, each well had 50 μL of 

100 μM peptide seeds, 50 μL of nanoparticle solution in 10% HFIP (100 μM) and 0.4 μM of 

ThT dye. 
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4.4.10. Fluorescence microscopy 

4.4.10.1. Confocal laser scanning microscopy: 

The nanofibrous solution stained with respective dye (30 μL) was drop-casted on a glass 

slide and covered with coverslip. The slides were kept at room temperature for overnight 

drying before imaging. The images were recorded with 488 nm and 561 nm laser excitation 

at 100X. 

4.4.10.2. Super-resolution microscopy: 

Structured illumination microscopy (SIM) was carried out using an inverted Zeiss ELYRA 

PS1 microscope. Two lasers have been used for excitation: 488 nm (200 mW) and 561 nm 

(200 mW) for respective excitation of fluorophores. Imaging was performed using a Zeiss 

oil–immersion objective (alpha Plan–apochromat DIC 63x/1.40 Oil DIC M27, numerical 

aperture (NA) 1.40 oil) using 100 ms exposure time and 5% of the laser power from both 

the lasers: 488 nm (26 w.cm-2) and 561 nm (22 w.cm-2). 

 The appropriate concentration of self–assembled fibers (1: 100 (v/v) dilution from 0.4 mM 

stock) were taken in an eppendorf tube (PBS, pH 7.4). 10 µL of above solution were 

drop-casted onto a glass slide. A clean coverslip was placed on top of it and proceed for 

fluorescence microscopy using structured illumination method. The self–sorted fibers of D 

and L, (0.4 mM) were diluted in 100 µL PBS, pH 7.4 (1:100 (v/v)) and kept in an eppendorf 

tube. 10 µL of the solution were drop-casted onto a glass slide. A clean coverslip was placed 

on top of it and proceed for fluorescence microscopy using structured illumination method. 

4.4.11. Enzymatic responsiveness of the fibers 

The self–assembled fibers of L-1 or D-1 (0.5 mM) were incubated with chymotrypsin (10 

µM) in phosphate buffer saline of pH = 7.4 at 37 ºC for 5 h in sample vial and HPLC was 

recorded to explore the emergence of new peak owing to proteolysis. The peak was 

characterized for the fragment peptides for the cleavage site by using HPLC-MS 

spectrometry. The HPLC chromatogram was recorded with acetonitrile and water (0.1% 

formic acid as additive) as mobile phase (gradient flow of 20 to 100 v/v% acetonitrile over 

30 min, flow rate = 1 mLmin-1). While L-1 showed the emergence of a new peak indicating 

fragment species, D-1 exhibited proteolytic stability under similar conditions. 



134 
 

4.5. References 

1. T. Aida, E. W. Meijer and S. I. Stupp, Science, 2012, 325, 813. 

2. Z. He, W. Jiang and C. Schalley, Chem. Soc. Rev., 2015, 44, 779.  

3. L. P. Garcia and D. B. Amabilino, Chem. Soc. Rev., 2007, 36, 941. 

4. M. B. Omary, P. A. Coulombe and W. H. I. Mclean, N. Engl. J. Med., 2004, 351, 2087. 

5. E. Fuchs and D. W. Cleveland, Science, 1998, 279, 514. 

6. M. M. Safont-Sempere, G. Fernández and F. Würthner, Chem. Rev., 2011, 111, 5784. 

7. C. R. South, C. Burd and M. Weck, Acc. Chem. Res., 2007, 40, 63. 

8. P. Mukhopadhyay, A. Wu and L. Isaacs, J. Org. Chem., 2004, 69, 6157. 

9. O. Ikkala and G. T. Brinke, Science, 2002, 295, 2407.  

10. J. M. Pollino and M. Weck, Chem. Soc. Rev., 2005, 34, 193. 

11. H. Frisch, J. P. Unsleber, D. Lüdeker, M. Peterlechner, G. Brunklaus, M. Waller and P. Besenius, 

Chem. Int. Ed., 2013, 52, 10097. 

12. Y. M. Abul-haija, S. Roy, P. W. J. M. Frederix, N. Javid and R.V. Ulijn, Small, 2014, 10, 973. 

13. K. Osowska and S. Miljani, J. Am. Chem. Soc., 2011, 133, 724. 

14. S. Ghosh, X. Li, V. Stepanenko and F. Würthner., Chem. Eur. J., 2008, 14, 11343. 

15. M. R. Molla, A. Das and S. Ghosh, Chem. Eur. J., 2010, 16, 10084.  

16. A. Kaeser, I. Fischer, R. Abbel, P. Besenius, D. Dasgupta, M. A. J. Gillisen, A. Kaeser, G. Portale, 

A. L. Stevens, L. M. Herz and A. P. H. J. Schenning, ACS Nano, 2013, 7, 408. 

17. A. Pal, S. Karthikeyan and R. P. Sijbesma, J. Am. Chem. Soc., 2010, 132, 7842. 

18. D. Schultz and J. R. Nitschke, Proc. Natl. Acad. Sci. USA, 2005, 102, 11191. 

19. M. Hutin, C. J. Cramer, L. Gagliardi, A. Rehaman, M. Shahi, R. Cerny and J. R. Nitschke, J. Am. 

Chem. Soc., 2007, 129, 8774. 

20. K. Mahata, M. L. Saha, and M. Schmittel, J. Am. Chem. Soc., 2010, 132, 15933. 

21. Y. Kimura, M. Takenaka, M. Ouchi, T. Terashima, Macromolecules, 2020, ASAP. 

22. E. R. Draper, E. G. B. Eden, T. O. Mcdonald and D. J. Adams, Nature Chem., 2015, 7, 848. 

23. K. L. Morris, L. Chen, J. Raeburn, O. R. Sellick, P. Cotanda, A. Paul, P. C. Griffiths, S. M. King, 

R. K. O. Reilly, L. C. Serpell and D. J. Adams, Nature Commun., 2013, 4, 1480. 

24. M. Koenigs, A. Pal, H. Mortazavi, G. Pawar, K. Storm and R. P. Sijbesma, Macromolecules, 2014, 

47, 2712. 

25. M. M. Smith and D. K. Smith, Soft Matter, 2011, 7, 4856. 

26. C. Colquhoun, E. R. Draper, E. G. B. Eden, B. N. Cattoz, K. L. Morris, L. Chen, T. O. Mcdonald, 

A. E. Terry, C. Gri, L. C. Serpell and D. J. Adams, Nanoscale, 2014, 6, 13719-13725. 

27. K. Sugiyasu, S. ichiro. Kawano, N. Fujita and S. Shinkai, Chem. Mater., 2008, 20, 2863. 

28. S. Onogi, H. Shigemitsu, T. Yoshii, T. Tanida, M. Ikeda, R. Kubota and I. Hamachi, Nature 

Chem., 2016, 8, 743. 

29. L. Albertazzi, D. van der Zwaag, C. M. Leenders, R. Fitzner, R. W. van der Hofstad and E. W. 

Meijer, Science, 2014, 344, 491. 

30. R. M. P. da Silva, D. van der Zwaag, L. Albertazzi, S S. Lee and E.W. Meijer, Nat. Commun, 

2016, 7, 11561. 

31. A. Sarkar, R Sasmal, C. Empereur-mot, D. Bochichio, S. V. K. Kompella, K. Sharma, S. Dhiman, 

B. Sundaram, S. S. Agasti G. M. Pavan, S. J. George, J. Am. Chem. Soc. 2020, 142, 7606. 

32. H. Jędrzejewska and A. Szumna, Chem. Rev, 2017, 117, 4863. 

33. A. Pal, P. Besenius and R. P. Sijbesma, J. Am. Chem. Soc. 2011, 133, 12987. 

34. A. Sarkar, S. Dhiman, A. Chalishazar and S. J. George, Angew. Chem. Int. Ed., 2017, 56, 13767. 

35. J. Kang, D. Miyajima, T. Mori, Y. Inoue, Y. Itoh and T. Aida, Science, 2015, 347, 646. 

36. J. H. Fuhrhop, M. Krull and G. Biildt, Angew. Chem., Int. Ed. Engl. 1987, 26, 699. 

37. W. Dzwolak, R. Ravindra, C. Nicolini, R. Jansen and R. Winter, J. Am. Chem. Soc. 2004, 126, 

3762. 

38. F. Xu, I. J. Khan, K. Mcguinness, A. S. Parmar, T. Silva, N. S. Murthy and V. Nanda, J. Am. 

Chem. Soc., 2013, 135, 18762. 



135 
 

39. W. P. Esler, E. R. Stimson, J. B. Fishman, J. R. Ghilardi, H. V Vinters, P. W. Mantyh and J. E. 

Maggio, Biopolymers, 1999, 49, 505. 

40. D. M. Chung and J. S. Nowick, J. Am. Chem. Soc., 2004, 126, 3062. 

41. V. Torbeev, M. Grogg, J. Ruiz, R. Boehringer, A. Schirer, P. Hellwig and D. Hilvert, J. Pept. Sci. 

2016, 22, 290. 

42. H. Wadai, K. Yamaguchi, S. Takahashi, T. Kanno, T. Kawai, H. Naiki and Y. Goto, Biochemistry, 

2005, 44, 157. 

43. R. J. Swanekamp, J. T. M. DiMaio, C. J. Bowerman and B. L. Nilsson, J. Am. Chem. Soc., 2012, 

134, 5556. 

44. K. J. Nagy, M. C. Giano, A. Jin, D. J. Pochan and J. P. Schneider, J. Am. Chem. Soc., 2011, 133, 

14975. 

45. J. Wang, K. Liu, R. Xinga and X. Yan, Chem. Soc. Rev., 2016, 45, 5589. 

46. A. Pal, M. Malakoutikhah, G. Leonetti, M. Tezcan, M. Colomb-delsuc, V. D. Nguyen, J. Van Der 

Gucht and S. Otto, Angew. Chem. Int. Ed., 2015, 54, 7852. 

47. A. Singh, J. P. Joseph, D. Gupta, I. Sarkar and A. Pal, Chem. Commun., 2018, 54, 10730. 

48. J. P. Joseph, A. Singh, D. Gupta, C. Miglani and A. Pal, ACS Appl. Mater. Interfaces 2019, 11, 

28213. 

49. T. Koga, M. Matsuoka and N. Higashi, J. Am. Chem. Soc., 2005, 127, 17596. 

50. M. A. Hossain, H. Mihara and A. Ueno, J. Am. Chem. Soc., 2003, 125, 11178. 

51. N. E. botterhuis, S. Karthikeyan, A. J. H. Spiering and R. P. Sijbesma, Macromolecules 2010, 43, 

745. 

52. E. Mattia, A. Pal, G. Leonetti and S. Otto, Synlett 2017, 28, 103. 

53. J. W. D. Comeau, S. Costantino and P. W. Wiseman, Biophys. J. 2006, 91, 4611. 

54. J. Adler and I. Parmryd, Cytom. Part A. 2010, 77A, 733. 

55. S. Dilipkumar, R. Manjithaya, P. P. Mondal, RSc. Adv., 2015, 5, 13175. 

56. R. Arppe, M. R. C. Temboury, C. Hempel, and T. J. Sorensen, PLoS. One, 2017, 12, e0188359. 

57. S. M. Miller, R. J. Simon, S. Ng, R. N. Zuckermann, J. M. Kerr and W. H. Moos, Drug. Develop. 

Res. 1995, 35, 20. 

58. R. J. Swanekamp, J. J. Welch and B. L. Nilsson, Chem. Commun., 2014, 50, 10133. 

59. P. Wu and L. Brand. Anal. Biochem. 1994, 218, 1. 

60. D. R. Bolin, I. I. Sytwu, F. Humic and J. Meienhofer Int. J. Peptide Protein Res., 1989, 33, 353. 

61. K. F. Chilvers, J. D. Perry, A. L. James and R. H. Reed, J. Appl. Microbiol. 2001, 91, 1118.  

62. M. Jullian, A. Hernandez, A. Maurras, K. Puget, M. Amblard, J. Martinez and G. Subra, 

Tetrahedron Lett, 2009, 50, 260. 

 

  



136 
 

 

  



137 
 

 
Fidelity of Self-sorting and Mixed Co-block Supramolecular 

Polymerization in Peptides Dictated by Methylene Spacer 

Between Bis-urea Motifs 

Despite the recent advances in supramolecular polymerization, controlling the spatial distribution 

and order in self-assembled systems is still challenging. In this regard, multicomponent systems with 

minimum structural variation are of great importance to design highly complex materials with 

orthogonal functions. Thus, it is interesting to investigate the structural fidelity of multiple peptide 

amphiphiles to furnish possible self-assembled scenarios such as randomly co-assembled, 

self-sorted or mixed co-block nanofibers. In this chapter, we have designed two peptide amphiphiles 

that differ in the methylene spacer length between the bis-urea motifs. β-sheet forming 

amyloid-inspired peptide sequence VFFAK is anchored onto the bis-urea motifs flanking the 

methylene spacers. Here, methylene spacer length i.e. four and six carbon between bis-urea motifs is 

the driving parameter for the fidelity towards self-sorting or co-assembly, which was elegantly 

studied by anchoring Cy3 or Cy5 fluorophores through FRET and super-resolution microscopy. The 

two-component peptide system differing in spacer size is realized to create randomly co-assembled 

and orthogonal networks. Co-assembly of monomers results in the random sequence of monomers in 

a fiber, owing to the efficient intermolecular H bonding between the urea units with the same 

methylene spacer. On the contrary, self-sorted homomeric nanofibers are achieved with 

non-matching methylene spacer. Finally, supramolecular block co-polymers is obtained with 

seed-mediated supramolecular polymerization employing fiber seeds and monomer of matching 

methylene spacer length.  

 

  

5  
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5.1. Introduction  

The field of supramolecular polymerization has emerged as a powerful strategy to achieve 

well-defined, precise and controlled nanostructures starting from simple synthetic 

molecules.1-2 Over the recent few years, chemists have exploited a wide range of strategies 

and techniques under non-equilibrium conditions to obtain perfect spatiotemporal control 

over the supramolecular architectures. Such control is achieved by supramolecular analogue 

of living radical polymerization, living supramolecular polymerization. In order to mimic 

such highly ordered structural and functional complexity of biological systems in artificial 

materials, multiple self-assembling components need to be employed. Such multicomponent 

self-assembly to fabricate sophisticated nanoarchitectures demands harnessing of judicious 

synergistic properties from its components3-5, however, the protocols to design them with 

coexisting molecules towards compartmentalization are rather challenging and still in 

infancy. Thus, multiple building blocks that are mixed in a solution may result in the 

emergence of several possible outcomes. The molecules can either randomly, specifically or 

alternatively co-assemble or they can segregate between their own-self and non-self. Such 

orthogonal self-assembly with the individual assemblies coexists to develop a self-sorted 

system.6-17 Mostly, in these systems the basis of defined self-sorted or co-assembled 

nanostructure originates from the environmental conditions and nature of individual 

building blocks specifically through non-covalent interaction sites. In the early examples of 

supramolecular self-sorting, Adams et al. reported an elegant self-sorting driven by the 

different pKa of monomers.12-13 Later, Würthner and co-workers described a dynamic 

self-sorting phenomenon with two perylene-bisimide amphiphiles.18 Similarly, Sijbesma et 

al. demonstrated the self-sorting in rod-like micelles of bis-urea bolaamphiphiles through 

exciplex formation and FRET.6,19 Recently, our group and Subi George’s group17,20 reported 

chirality-driven self-sorting with minimum structural variation in peptide and organic 

molecules respectively. The events of self-assembly occur at the molecular level, making 

them difficult to be studied by the convenient microscopy and spectroscopy techniques as 

these tools do not underpin what is happening at nanostructures level.21 In this regard, 

Meijer et al. investigated the structure and molecular exchange pathways in supramolecular 

aggregates utilizing stochastic optical reconstruction microscopy (STORM) – a 

super-resolution technique.22 Later, along with the group of Samuel Stupp, they examined 

the dynamic behavior of peptide amphiphiles in one-dimensional nanofibers.23 For 
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multicomponent systems, Hamachi et al. reported the first example of in-situ real-time 

imaging of the self-sorted nanostructures composed of two distinct building blocks, short 

peptide and amphiphilic phosphate.10 since these molecules are structurally quite different, 

they are prone to undergo orthogonal self-assembly. They used confocal laser scanning 

microscopy (CLSM) and super-resolution imaging technique (stimulated emission depletion 

(STED) microscopy) to image the self-assembled nanofibers. However, molecular 

recognition mediated self-sorting in multicomponent systems with minimum structural 

variation is a rather interesting and challenging task. In this context, super-resolution 

microscopy serves as a powerful tool for gaining insight into the mechanism of 

co-assembly, self-sorting and most interestingly mixed block co-fiber formation. 

Supramolecular co-block nanostructures are analogous to the covalent co-polymer and have 

not been explored much in detail. This definitely promises to provide emergent properties 

which can be derived and modulated with different blocks.24-25 Supramolecular co-blocks 

with rationally designed ordered segments hold promise to construct nanostructures for 

applications like p-n heterojunctions.24 In this context, seeded supramolecular 

polymerization plays a vital role to incorporate a range of functionalities through predictive 

pre-programmed supramolecular co-block. In the pioneering work by Winnnik and 

Manners26-28 and recently by Sugiyasu and Takeuchi,29 crystallization-driven self-assembly 

approach was elegantly realized to prepare supramolecular block co-polymeric 

nanostructures. Würthner et al. reported for the first time the formation of A-B-A and 

B-A-B supramolecular block copolymers via seeded supramolecular polymerization in 

two-component perylene bisimides (PBIs) under precise kinetic control.30 Recently, George 

et al. manipulated the thermodynamic and kinetic pathways of small monomers in two 

component system to accomplish sequence controlled supramolecular co-polymerization.31- 

32 Later, they have delineated the formation of multiple blocks in tri-component 

supramolecular system. Undoubtedly, these limited reports nourished the field of 

supramolecular block copolymerization but still, well-defined structures are rather elusive 

that require a rational yet elegant system design. 

In this chapter, we investigated the structural fidelity of multiple peptide amphiphiles to 

furnish conceivable self-assembled outcomes such as randomly co-assembled, self-sorted or 

co-block nanofibers. We designed the peptide bolaamphiphiles that differ minimally in the 

methylene spacer length between bis-urea motifs with tethering VFFAK on the periphery of 

bis-urea (Scheme 5.1A). The methylene spacer (i.e. four and six carbon) between bis-urea 
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motifs is the driving parameter for the fidelity towards self-sorting or co-assembly. Further, 

green colored Cy3 and red colored Cy5 fluorophore were anchored on the peptide 

bolaamphiphiles to gain more insight of self-assembled outcomes using super-resolution 

microscopy. The two-component peptide system differing in spacer size was realized to 

create randomly co-assembled and orthogonal networks (Scheme 5.1B-C). Further, 

supramolecular block co-polymers were achieved with seeded supramolecular 

polymerization by employing fiber seeds with monomer of matching spacer length 

(Scheme 5.1D).  

 

Scheme 5.1: (A) Molecular structures of the monomers P4Cy3, P6Cy3, P4Cy5 and P6Cy5 used for 

co-assembled, self-sorted and co-block peptide nanofibers. Schematic representation of two-component 

peptide self-assembly into (B) randomly co-assembled fibers, (C) self-sorted fibers and (D) seed-mediated 

mixed co-block nanofibers. 
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5.2. Results and discussion 

We designed and synthesized bis-urea peptide bolaamphiphiles differing in hydrophobic 

methylene spacer of chain lengths four and six carbons between two urea motifs. The 

amyloid inspired peptide sequence VFFAK that flanked the bis-urea motifs encourages 

self-assembly by virtue of various non-covalent interactions like H bonding operating 

among urea and amide functionalities and 𝜋-𝜋 interactions among side chain and 

hydrophobic spacer provides van der Waal’s interactions. These peptides (P4 and P6) with 

perfect hydrophobic-hydrophilic balance were taken in water for self-assembly. After 

incubation for 1 day, the micrometer long self-assembled nanofibers with height ~ 3 nm 

were observed through AFM imaging (Figure 5.1).  

 

Figure 5.1: (A) Chemical structure of symmetric peptide bola-amphiphiles (P4, P6) with different spacer 

lengths between bis-urea motifs. AFM images of (B) P4 and (C) P6 peptides show self-assembled nanofibrous 

morphology in water.  

Next, in order to facilitate direct visualization of peptide nanostructures, bis-urea peptides 

were selectively stained with two distinct fluorescent dyes which enable them to be 

monitored under CLSM and super-resolution structured illumination microscopy (SR-SIM) 

(Scheme 5.1). Cy3 and Cy5 were chosen as fluorophores due to their excellent 

photo-physical properties and were considered good FRET pair. Peptide P4 was coupled 

with two distinct fluorescent molecules (Cy3 and Cy5) resulting into two sets of fluorescent 

peptides P4Cy3 and P4Cy5. Similarly, peptide P6 was also tethered with fluorophores 

resulting in two distinct fluorescent peptides P6Cy3 and P6Cy5. It is noteworthy that 
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peptides have only single fluorophore molecule attached while the bi-functional fluorescent 

peptides were found to have solubility issues. UV-vis spectra showed that anchoring of the 

dyes with peptides did not influence their optical properties. Thus, upon dissolving in water 

Cy3 coupled peptides (P4Cy3 and P6Cy3) exhibited absorption maxima at 550 nm, while 

for P4Cy5 and P6Cy5 the absorption maxima were observed at 643 nm, that were similar to 

Cy3 and Cy5 respectively (Figure 5.2A). 

 

Figure 5.2: Self-assembly of fluorescent peptides (A) UV-vis spectra shows the absorption maxima for 

P4Cy3, P4Cy5 at 550 nm and P6Cy3, P6Cy3 at 643 nm (B) CD spectra of self-assembled peptides in water 

depicting β-sheet secondary structure. (C) AFM height images showed nanofibers of self-assembled peptides. 

(D) CLSM images of self-assembled fluorescent nanofibers; green fibers for P4Cy3 and P6Cy3 (viewed in 

channel 1, 561 nm) and red fibers for P4Cy5 and P6Cy5 (viewed in channel 2, 642 nm) (E) 

SIM-super-resolution images of self-assembled fluorescent nanofibers. (Concentration = 0.5 mM) 
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Next, the peptides were incubated in water for one day to form supramolecular assemblies at 

room temperature. The circular dichroism (CD) spectra of self-assembled peptides exhibited 

a negative Cotton peak at 205 nm and a positive Cotton peak at 191 nm depicting the 

presence of a shifted β-sheet secondary structure in the solution (Figure 5.2B). Further, 

AFM images of the peptides depict the presence of very long nanofibers with a high aspect 

ratio (Figure 5.2C). These fibers exhibited indistinguishable morphology from each other 

and therefore it was difficult to recognize the origin of individual building blocks upon 

mixing. However, due to the emissive nature of fluorophores Cy3 and Cy5, the 

supramolecular assemblies could be visualized using CLSM (Figure 5.2D). While we could 

observe green and red fluorescent nanoassemblies owing to the presence of Cy3 and Cy5 

fluorophores tethered to the peptides, the resolution was rather poor to clearly observe the 

nanostructures. Therefore we resorted to utilize SR-SIM that improved the visualization of 

nanofibers with better resolution. The self-assembled peptide solutions were drop-casted on 

a glass slide and SR-SIM images were recorded in green channel with laser of 𝜆 = 561 nm 

(for P4Cy3 and P6Cy3) and red channel with the laser of 𝜆 = 642 nm (for P4Cy5 and 

P6Cy5). We observed long one-dimensional homomeric fluorescent nanofibers with green 

and red emission labelled with the respective dyes (Figure 5.2E). These fluorescent labelled 

peptide assemblies are similar to their unlabelled counterparts (P4 and P6) but directly 

seeing them under microscope provides us with a powerful handle for further tuning the 

nanostructural assemblies e.g. co-assembly or self-sorting.  

 

Figure 5.3: (A) Overlap between the emission spectra of P4Cy3 donor probe and excitation spectra of the 

P4Cy5 accepter probe demonstrates the probes to be perfect FRET pair. (B) Similar overlap was observed in 

peptide with six methylene spacer.  

 

To investigate the fidelity of the molecular recognition driven by the minute structural 

variation (here, changing two methylene spacer units) in resulting self-assembled peptide 
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nanofibers, we employed FRET experiments. These bis-urea peptides coupled with Cy3 and 

Cy5 show a region of overlap between emission spectra of the donor (Cy3 coupled peptides) 

and absorbance spectra of the acceptor (Cy5 coupled peptides) making them excellent 

FRET pair with Förster radius of 50 Å (Figure 5.3).23 Thus in Cy3, Cy5 pendent peptide 

amphiphile as FRET pair, P4Cy3 or P6Cy3 act as a FRET donor while Cy5 coupled 

peptides P4Cy5 or P6Cy5 act as FRET acceptor. Moreover, irradiating the sample with the 

wavelength of 550 nm will directly excite Cy3 (excitation maximum: 550 nm, emission 

maximum: 570 nm) but not Cy5 (excitation maximum: 643 nm, emission maximum: 

670 nm). FRET acceptor peptides P4Cy5 and P6Cy5, will emit only if it receives energy 

from Cy3 tethered peptide amphiphiles, which can only occur if the two fluorophores 

exhibit spatial proximity. If this transfer of energy arises, donor (P4Cy3 or P6Cy3) 

emission is suppressed while acceptor (P4Cy5 or P6Cy5) emission increases. For 

performing the FRET studies, the monomeric solution of donor peptide (for instance, 

P4Cy3) in acetonitrile-water (1:1) was taken and injected into water having the final solvent 

composition of 2% acetonitrile in water (Figure 5.4A). Then, the monomeric solution of 

acceptor peptide with matching spacer (P4Cy5) was added and subsequently incubated for 

one day for self-assembly. The presence of matching spacer chain length renders the system 

co-assembled with high fidelity owing to the efficient H bonding interactions among urea 

and amide bonds. In this case, the FRET signal with enhanced acceptor emission at 

𝜆 = 670 nm and reduced donor emission with 𝜆 = 570 nm was observed (Figure 5.4B) due to 

energy transfer between FRET pair (Cy3 and Cy5 moieties) as both peptides have no 

selectivity and stacked in the same fiber. Energy transfer suggests the spatial proximity and 

hence co-assembly of two different fluorescent peptides. However, on incubating 

monomeric solution having different spacer (P6Cy5) with P4Cy3, the FRET signal was 

found to be weak indicating negligible energy transfer between fluorescent probes. Thus, 

FRET studies suggested that in the matching spacer case, the peptides were randomly 

co-assembled, whereas for the non-matching spacer length, due to ineffective interactions 

with structural dissimilarity does not let the peptides to pack efficiently and therefore they 

prefer to aggregate with their like ones and self-segregated forming pure assemblies in 

water. Moreover, the percentage of self-sorting was calculated according to equation 5.1 

(details in section 5.4.5) using emission fluorescene intensity at 673 nm for matching 

(Emmatching) and non-matching (Emnon-matching) spacer (Figure 5.4B). Hence, we can conclude 

that peptide amphiphiles with non-matching spacer length have high fidelity towards 

self-sorting ~ 90%.  
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𝑆𝑒𝑙𝑓 − 𝑠𝑜𝑟𝑡𝑖𝑛𝑔 = (1 −
𝐸𝑚𝑛𝑜𝑛−𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔−𝐸𝑚𝐵𝑙𝑎𝑛𝑘

𝐸𝑚𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔−𝐸𝑚𝐵𝑙𝑎𝑛𝑘
) . 100%        …… equation (5.1) 

In another set of experiment, all fluorescent peptides were allowed to self-assemble as 

illustrated in Figure 5.4C. The self-assembled solutions were then mixed and fluorescence 

spectra were recorded to investigate the FRET. For the binary fiber mixture of 

non-matching spacer case (P4Cy3 fiber & P6Cy5 fiber pair or P6Cy3 fiber & P4Cy5 fiber 

pair) no FRET was observed. Interestingly, for two-component fiber mixing even with 

matching spacer case (P4Cy3 fiber & P4Cy5 fiber pair or P6Cy3 fiber & P6Cy5 fiber pair) 

did not show any FRET signal. (Figure 5.4D). Moreover, monitoring fluorescence intensity 

at acceptor emission (670 nm) with time suggests no monomer exchange once the peptides 

self-assemble (Figure 5.4D, inset).  

 

Figure 5.4: (A) Schematic representation of co-assembly and self-sorting when peptides were mixed in 

monomeric form, for example for P4Cy3 peptide mixed with P4Cy5 and P6Cy5. (B) FRET studies for 

monomer mixing experiments indicate enhanced FRET signal for matching spacer case (P4Cy3 and P4Cy5) 

compared to non-matching spacer case (P4Cy3 and P6Cy5). (C) Schematic representation for mixing of the 

peptides in self-assembled state. This scenario resulted in self-sorted fibers even with the same spacer (P4Cy3 

fiber and P4Cy5 fiber) indicating low monomer exchange in self-assembled nanofibers. (D) No FRET 

response was observed for matching as well as non-matching spacer case.  
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While FRET experiments provided useful information in terms of energy transfer, but it did 

not furnish any spatially resolved information regarding the peptide self-assembly. Next, we 

employed SIM-super-resolution microscopy to gain more insights about the self-sorted 

versus the co-assembled assemblies due to its high resolution and colour-coded imaging 

ability.  

 

Figure 5.5: Direct visualization of co-assembled and self-sorted nanofibers. SIM images and fluorescence 

intensity profile showed complete overlapping of green and red fluorescent fibers furnishing the randomly 

co-assembled fibers from the peptides with the same spacer length (A) P4Cy3 and P4Cy5 (B) P6Cy3 and 

P6Cy5. SIM images showed orthogonal green and red fibers depicting self-sorted nanofibers on mixing two 

components with non-matching spacer- (C) P4Cy3 and P6Cy5 (D) P6Cy3 and P4Cy5. 
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These fluorophore-conjugated peptides are the perfect model to carry out SR-SIM imaging 

in green channel (λex = 561 nm) and red channel 2 (λex = 642 nm). The pair of peptide 

amphiphiles with matching methylene spacer, e.g. monomeric form of P4Cy3 & P4Cy5 

pair or P6Cy3 & P6Cy5 pair was incubated to self-assemble for one day and then the 

images were recorded in individual and merged channels. These images unambiguously 

showed that green or red fibers were virtually indistinguishable as they co-assembled on the 

same nanofiber. The fluorescence intensity profile depicts the information regarding the 

spatial distribution of the dye-labelled peptide in a nanofiber. The plots have complete 

overlapping in green and red regions attributing to the co-assembly among nanofibers of 

matching spacer size peptide amphiphile (Figure 5.5A-B). Interestingly, upon mixing the 

peptide with non-matching spacer (P4Cy3 & P6Cy5 pair or P6Cy3 & P4Cy5 pair) in 

monomeric form and they were visualized in green and red and merged emission channels. 

The SIM images clearly showed no spatial correlation between green-emitting fibers and 

red-emitting fiber (Figure 5.5C-D). Moreover, plot of cross section fluorescent intensity 

profile showed no overlapping in red and green areas suggesting formation of self-sorted 

nanofibers with homomeric assemblies. 

 

Figure 5.6: Super-resolution images along with fluorescence intensity profile of pre-assembled fiber mixing 

depicting low monomer exchange after self-assembly for matching spacer (A) P4Cy3 and P4Cy5 and (B) 

P6Cy3 and P6Cy5. 

We also perceived that once self-assembled fibers are formed, they have low monomer 

exchange on mixing peptide amphiphiles with matching as well as non-matching spacer. 

The self-assembled peptides bearing different fluorophores with either matching (P4Cy3 
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fiber & P4Cy5 fiber or P6Cy3 fiber & P4Cy5 fiber) or non-matching (P4Cy3 fiber & 

P6Cy5 fiber or P6Cy3 fiber & P4Cy5 fiber) spacer were mixed and observed under 

super-resolution microscope with corresponding fluorescent intensity plots (Figure 5.6). In 

correlation with the FRET measurements, these observations suggest that these peptides do 

not exhibit a dynamic nature in solution. 

 

After a thorough investigation of randomly co-assembled and self-sorted nanofibers, next, 

we were interested in co-block nanofibers. Random co-assembly of the fluorescent peptide 

amphiphiles suggested that the construction of two-component supramolecular block 

copolymers required a low structural mismatch. Therefore, the peptide amphiphiles of 

matching spacer length were attempted for examining the formation of precisely controlled 

supramolecular block co-polymers. Firstly, the polydisperse fibers were probe sonicated for 

two minutes to obtain short uniform nanofibers (seeds) with the approximate length of 

300 nm (Figure 5.8). The stock solution of non-aggregated peptide amphiphile was taken in 

DMSO. To carry out typical seeding experiment, seeds with either fluorophore; for instance, 

P4Cy5 seeds were incubated with non-aggregated peptide amphiphile tethered with 

alternate dye i.e. P4Cy3. The seeds and monomer were mixed in 1:1 ratio and incubated for 

one day at room temperature. The supramolecular mixed co-block nanofibers of peptide 

amphiphiles were visualized by SIM images where Cy5 labelled seeds (Here, P4Cy5) show 

up red emission channels and the green coloured supramolecular blocks were constructed at 

the periphery of the fibers. 

 

Figure 5.7: Seeds prepared by probe sonication of uncontrolled grown long peptide nanofibers were observed 

from (A) AFM images and (B) super-resolution microscopy.  
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On closer observation, we found out the average length of the inner block which was 

composed of P4Cy5 seeds to be ~ 300 nm, whereas periphery blocks have length of 

~200 nm. In all the cases, with alternate seeds and monomer we had achieved such precise 

control over the size of blocks that can be very elegantly visualized through super-resolution 

microscopy. These mixed co-blocks have high potential to be tuned with different 

functionalities for orthogonal applications.  

 

Figure 5.8: SIM images depicting supramolecular block copolymers with matching spacer length of peptide 

amphiphile (Scale bar = 500 nm). 
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5.3. Conclusions 

In summary, we demonstrated the self-assembled long nanofibrous morphology of the 

amyloid inspired peptide bolaamphiphiles that can be elegantly visualized through 

super-resolution microscopy. In two-component system, self-assembly of peptides manifests 

into co-assembled or self-sorting nanofibers with matching or non-matching hydrophobic 

spacer length respectively. Interestingly, we have observed that on mixing already 

self-assembled nanofibers, there is low monomer exchange leading to self-sorting fibers 

even for peptides with matching spacer. Detailed analyses by FRET experiments and 

super-resolution microscopy suggested that fidelity towards self-sorting was dictated by 

spacer length flanked by H bonding urea motifs to show the ability towards 

compartmentalization. Additionally, taking the advantage of suitable non-covalent 

interactions in peptides with matching spacer, the formation of supramolecular mixed block 

co-polymers were achieved through seeded supramolecular polymerization. Moreover, the 

super-resolution microscopy was efficiently employed to visualize the formation of such 

supramolecular mixed blocks. We envision that such kind of multicomponent 

non-covalently linked stable block co-polymers may access novel properties that can find 

future applications in the diverse field of supramolecular electronics. 

 

5.4. Experimental section 

5.4.1. Materials and methods 

Fmoc-Lys(Alloc)-OH, triethylamine, N,N-diispropylethylamine (DIPEA), HBTU, 

1,4-diisocyanatobutane and hexamethylene diisocyanate were purchased from Sigma 

Aldrich. Cy3 and Cy5 dyes were synthesized following the reported procedure described in 

the next section. HPLC grade acetonitrile, HPLC water, ethanol and dimethylformamide 

(DMF) were ordered from Merck. 

Peptide NVFFAKC was synthesized using a Liberty Blue CEM, Matthews, NC, USA 

microwave-assisted peptide synthesizer following standard microwave Fmoc-solid phase 

peptide protocols. Reverse phase HPLC was performed with Waters Alliance HPLC system, 

using Waters Reliant analytical column (C18 stationary phase, 5 μm, 4.6 × 250 mm). The 

samples were injected through auto-sampler and detected by photodiode array (PDA) 

detector at 𝜆 = 550 nm and 643 nm for Cy3 and Cy5 coupled peptides. Peptides were 
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separated using Nucleodur C18 semi-preperative column. Electronspray Ionization Mass 

Spectrometry (ESI/MS) was performed with Waters Aquire QDa detector in suitable scan 

mode. Typical cone voltage is 15V and capillary voltage is 0.8V. 

5.4.2. Synthesis of cyanine dyes 

Cy3 and Cy5 fluorescent dyes were synthesized according to reported procedures. 33-35 

 

Synthesis of 2: An aqueous solution of concentrated HCl (0.6 M, 15 mL) and 

1,1,3,3 tetramethoxy propane (1) (1 mL) was heated to 50 ºC, then a solution of water 

(21 mL), HCl (1.5 mL) and aniline (1.09 mL) was added drop-wise. During the addition of 

aniline solution, the colourless reaction mixture gradually changes to orange. The reaction 

reached completion after 4 hr and the precipitates were isolated by filtration to result in the 

desired product 2. 
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Percentage yield = 75% 

1H NMR (CDCl3, 400 MHz): δ = 8.89 (t, 2 H, J = 12 Hz, h-H), 8.22 (s, 1 H, j-H) 7.45 - 7.41 

(m, 8 H, a-H, b-H, e-H, g-H), 7.25 (d, 2 H, d-H) 6.48 (m, 2 H, c-H, f-H) ppm 

 

Figure 5.9: Mass spectra of 2 (malonaldehyde dialinine). 

Synthesis of 4: Phenylhydrazine (3) (9.24 mmol, 0.9 mL) was suspended in acetic acid 

(30 mL) to which 3-methyl-2-butanone (10.16 mmol, 1.08 mL) was added and the reaction 

was refluxed for 4 hr. Upon cooling to room temperature the solvent was removed under 

reduced pressure. The residue was diluted with 1 M NaOH, extracted with DCM and 

washed with saturated sodium carbonate to render the red coloured product 4. 

Percentage yield = 72% 

1H NMR (CDCl3, 400 MHz): δ = 7.34 (m, 1H, f-H), 7.28 (m, 2 H, d-H, e-H), 7.18 (m, 1 H, 

c-H), 2.28 (s, 3 H, b-H), 1.30 (s, 6 H, a-H) ppm.  

 

Figure 5.10: Mass spectra of 4 (2,3,3-trimethylindolenine). 

Synthesis of 5: 2,3,3-trimethylindolenine (4) (6.28 mmol, 1.01mL) was dissolved in 

acetonitrile (5 mL) and then methyl iodide (6.91 mmol, 0.43 mL) was added. The reaction 

mixture was heated at reflux for 7 h and cooled to room temperature. The precipitates were 
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collected by filtration and washed with diethyl ether followed by drying in vacuo over KOH 

pellets to result in 5. 

Percentage yield = 95% 

1H NMR ([d6]-DMSO, 400 MHz): δ = 7.91 (m, 1 H, f-H), 7.83 (m, 1 H, d-H), 7.64 (m, 2 H, 

e-H, c-H), 3.97 (s, 3 H, g-H), 2.77 (s, 3 H, b-H), 1.53 (s, 6 H, a-H) ppm.  

 

Figure 5.11: NMR and Mass spectra of 5 (1,2,3,3-tetramethylindolium). 

 

Synthesis of 6: A mixture of 6-bromohexanoic acid (6.28 mmol, 1.2 g) and 

2,3,3-trimethylindolenine (4) (5.58 mmol, 500 mg) in o-dichlorobenzene (7 mL) was heated 

to 120 ºC for 24 h. After this, the reaction mixture was cooled to room temperature, filtered 

and the precipitates were washed successively with hexane and diethyl ether to render 6. 

Percentage yield = 85% 

1H NMR ([d6]-DMSO): δ = 7.97 (m, 1 H, f-H), 7.85 (m, 1 H, d-H), 7.62 (m, 2 H, e-H, c-H), 

4.46 (t, J = 8Hz, 2 H, g-H), 2.86 (s, 3 H, b-H), 2.25 (t, J = 7.2 Hz, 2 H, k-H), 1.85 (m, 2 H, 

h-H), 1.58 (m, 2 H, j-H), 1.54 (s, 6 H, a-H), 1.43 (m, 2 H, i-H) ppm.  

 

Figure 5.12: NMR and Mass spectra of 6 (1-(5-Carboxypentyl)-2,3,3-trimethyl-indolium). 
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Synthesis of 8 (Cy5): 1,2,3,3- Tetramethylindolium (5) (0.574 mmol, 100 mg) and 

malonaldehyde dialinine (2) (0.861 mmol, 223 mg) in acetic anhydride (1.1 mL) were 

heated at reflux under nitrogen. After 30 minutes, the reaction mixture was cooled to room 

temperature. The solution of 1-(5-Carboxypentyl)-2,3,3-trimethyl-indolium (6) (0.975 

mmol, 267 mg) in anhydrous pyridine (2.1 mL) was then added to the reaction mixture and 

stirred under inter atmosphere at ambient temperature for 2 h. The solvent was removed in 

vacuo and the residue was dissolved in chloroform and precipitated with hexane. The 

supernatant was decanted off and the residual oil was dissolved in chloroform, washed with 

water and 0.1 M HCl. The organic layer was separated, dried over sodium sulphate. The 

HPLC peak with retention time of 16.5 min corresponds to product 8 which was further 

confirmed with NMR and mass spectra.  

Percentage yield = 45% 

1H NMR ([d6]-DMSO, 500 MHz): δ = 8.32 (t, J = 16 Hz, 2 H, s-H, u-H), 7.60 (m, 2 H, c-H, 

g-H), 7.39 (m, 4 H, e-H, f-H, j-H, i-H), 7.25 (m, 2 H, d-H, h-H), 6.65 (t, J = 15.5 Hz, t-H), 

6.30 (d, J = 17 Hz, 1H, r-H), 6.27 (d, J = 17 Hz, v-H), 4.09 (t, J = 8.7 Hz, 2 H, k-H), 3.60 (s, 

3 H, q-H), 2.13 (t, J = 9 Hz, 2 H, o-H), 2.01 (m, 2 H, l-H), 1.68 (s, 12 H, a-H, b-H), 1.55 (m, 

2 H, n-H), 1.39 (m, 2 H, m-H) ppm.  

 

 

Figure 5.13: Mass spectra and HPLC chromatogram (inset) for 8 (Cy5). 

 

Synthesis of 10 (Cy3): 1,2,3,3- tetramethylindolium (5) (0.574 mmol, 100 mg) and 

N,N'-diphenylformamidine (9) (0.861 mmol, 223 mg) in acetic anhydride (1.1 mL) was 

heated at reflux under nitrogen. After 30 minutes, the reaction mixture was cooled to room 
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temperature. The solution of 1-(5-Carboxypentyl)-2,3,3-trimethyl-indolium (6) (0.975 

mmol, 267 mg) in anhydrous pyridine (2.1 mL) was then added to the reaction mixture and 

stirred under inter atmosphere at ambient temperature for 2 h. The solvent was removed in 

vacuum. The residue was dissolved in chloroform and precipitated with hexane. The 

supernatant was decanted off and the residual oil was dissolved in chloroform, washed with 

water and 0.1 M HCl. The organic layer was separated, dried over sodium sulphate. The 

HPLC peak with retention time 15 min corresponds to product 10 that was further 

confirmed with NMR and mass spectra. 

Percentage yield = 42% 

1H NMR ([d6]-DMSO, 500 MHz): δ = 7.64 (m, 2 H, c-H, g-H), 7.45 (m, 4 H, e-H, f-H, j-H, 

i-H), 7.29 (m, 2 H, d-H, h-H), 6.53 (d, J = 17 Hz, 1H, r-H), 6.50 (d, J =17 Hz, t-H), 4.09 (t, J 

= 8.7 Hz, 2 H, k-H), 3.66 (s, 3 H, q-H), 2.22 (t, J = 9 Hz, 2 H, o-H), 1.8 (m, 2 H, l-H), 1.68 

(s, 12 H, a-H, b-H), 1.55 (m, 2 H, n-H), 1.43 (m, 2 H, m-H) ppm. 

 

 

Figure 5.14: Mass spectra and HPLC chromatogram (inset) for 9 (Cy3). 

5.4.3. Synthesis and characterization of peptides  

Fluorescent dyes labelled and unlabelled peptides were synthesized on rink amide MBHA 

resin at 0.1 mmol scale following the standard microwave Fmoc-solid phase peptide 

synthesis (SPPS) protocols. For the synthesis of desired peptides first, peptide sequence 

VFFAK attached to the resin at C-terminal and free amine at N-terminal was synthesized. 

All the amino acids were coupled using DIC and oxyma in DMF. Fmoc deprotection was 

performed with 20% piperazine in DMF (containing 10% ethanol) in the microwave at 75 
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°C. Resin bound peptide was filtered, washed with DMF followed by dichloromethane and 

allowed to dry. Next, the spacer with C4 or C6 diisocyanate was coupled with peptide on 

both sides to furnish peptide-urea conjugate. The procedure for the synthesis of P4 involve 

peptide (0.1 mmol) having free amine at the N-terminal and attached to resin at C-terminal 

suspended in dry DMF and triethylamine (0.125 mmol) and 1,4-diisocyanatobutane 

(0.05 mmol) was added. Similarly, for the synthesis of P6, triethylamine (0.125 mmol) and 

hexamethylene diisocyanate (0.05 mmol) was added to the peptidyl resin in DMF. The resin 

solution was kept for stirring at room temperature for 8 h.  

For obtaining unlabelled peptides, after coupling the obtained peptide was cleaved from 

resin using 10 mL cleaving solution: (TFA)/TIPS/Water (95: 2.5: 2.5, v/v/v)). The mixture 

was shaken for 3 h at room temperature followed by removal of the resin through filtration. 

The filtrate was concentrated to a volume of approximately 1 mL and the resultant residue 

was precipitated by drop-wise addition of chilled diethyl ether. The precipitated product was 

centrifuged for 15 min at 7000 rpm at 4 °C. The precipitates were washed 3 times with cold 

diethyl ether and air dried. 

However, for further coupling of the fluorescent dye molecules to the peptide, the following 

procedure was followed. The side chain deprotection of Lys(Alloc) residue was selectively 

deprotected. The resin coupled peptide (0.1 mmol) was taken and a mixture of Pd(OAc)2 

(0.3 equiv), PPh3 (1.5 equiv), N-methylmorpholine (NMM) (10 equiv), and PhSiH3 (10 

equiv) in dry DCM (10 mL) was added to the peptidyl resin and stirred at room temperature 

for 12 h. After that, resin was filtered and washed thoroughly with THF, DMF, 

diethyldithiocarbamate (DEDTC), DMF and DCM. Now, the obtained peptidyl-resins (0.1 

mmol) with free amine group (of lysine side chain) was swollen in dry DMF (10 mL) 

followed by the addition of HBTU (1 equiv) and DIPEA (1.5 equiv) and fluorescent dye 

(Cy3 or Cy5) (1 equiv). In total four fluorescent peptides were synthesized with distinct 

spacer and fluorophore: P4Cy3, P6Cy3, P4Cy5 and P6Cy5. The resin suspension was 

shaken for 5 h and filtered. After filtration, the resin was washed with DMF and DCM, and 

air dried. Finally, the peptides were cleaved from the resin using 10 mL of cleavage cocktail 

solution (TFA/TIPS/Water (95: 2.5: 2.5, v/v/v)) and precipitated in cold diethyl ether. 

According to the above synthesis procedure, the probability of achieving peptides with dye 

coupled on both ends is very high. However, through analytical HPLC_MS, we observed 

that single dye coupled peptides were major product, therefore we isolated the peak 
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corresponding to single dye couple peptides. For recording HPLC, all peptides were 

re-dissolved in CH3CN/H2O (1:1) and purified by semi-preparative reverse phase HPLC 

with mobile phase acetonitrile and water containing 0.1% formic acid and lyophilized. The 

mass of these peptides was confirmed by ESI-MS. The standard gradient used for analytical 

HPLC for all peptides was 5 → 95% CH3CN in H2O (0.1% HCOOH additive) with a flow 

rate of 1 mL/min over 15 min. Further, the peptides were re-dissolved in DMF to erase the 

self-assembling history created while performing HPLC purification. The peptides were 

stored at -20 °C.  

P4: Calculated exact mass for C70H102N16O12 = 1358.79, In positive mode: found [MH]2+ = 680.43 

 

 

P6: Calculated exact mass for C72H106N16O12 = 1386.82, In positive mode: found [MH]2+ = 694.45 

 

 

P4Cy3: Calculated exact mass for C100H139N18O13
+ = 1800.08, In positive mode: found [MH]2+ = 900.15 
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P6Cy3: Calculated exact mass for C102H143N18O13
+ = 1828.11, In positive mode: found [MH]2+ = 914.22 

 

P4Cy5: Calculated exact mass for C102H141N18O13
+ = 1826.09, In positive mode: found [MH]2+ = 913.17 

 

 

P6Cy5: Calculated exact mass for C104H145N18O13
+ = 1854.12, In positive mode: found [MH]2+ = 927.21 

 

5.4.4. Self-assembly of peptides 

Purified unlabelled peptides (P4 and P6) and the fluorescent dye labelled peptides (P4Cy3, 

P4Cy5, P6Cy3 and P6Cy5 in concentration = 2 mM were taken in 5% ACN-water and 

mechanically agitated for 1-2 min to dissolve at room temperature. After incubation for a 

day, AFM and SIM-super-resolution images were recorded to observe the formation of 

self-assembled peptide nanofibers mediated by strong hydrogen bonding among urea and 

amides and π-π interactions among phenylalanine side chain.  

In solvent composition of 50% acetonitrile (ACN) in water, the peptides were present in 

monomeric form. For further self-assembly, the above solution was injected into water to 

render solvent composition of 5% acetonitrile in water. Typically, 10 μL of 20 mM peptide 
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solution in ACN-water (1:1) was injected to 90 μL of water to obtain concentration of 

peptide to be 2 mM in 5% ACN-water. 

Peptides are completely soluble in DMSO and do not form self-assembled nanostructures. 

5.4.5. Fluorescence spectroscopy  

Fluorescence emission spectra were recorded using FS5 spectrofluorometer from Edinburgh 

instruments. Spectra were recorded with scan slit and offset slit of 2 nm each with a dwell 

time of 0.1 s at 25 °C. 100 μL solution of donor peptide (P4Cy3 or P6Cy3, 

concentration = 200 μM) and acceptor peptide (P4Cy5 or P6Cy5, concentration = 200 μM) 

were mixed together to render each of their final concentration of 50 μM and total peptide 

concentration of 100 μM. 2 μL of 2 mM stock of donor peptide (P4Cy3 or P6Cy3, 

concentration = 200 μM) and acceptor peptide (P4Cy5 or P6Cy5, concentration = 200 μM) 

solution in DMSO was added to 200 μL water to render final concentration of fluorescent 

probe 50 μM. The mixture was vortexed for 2 min and incubated for one day. The solution 

was excited at 550 nm and emission spectra were recorded for the range of 556-800 nm.  

The degree of self-sorting was estimated as: 

𝑆𝑒𝑙𝑓 − 𝑠𝑜𝑟𝑡𝑖𝑛𝑔 = (1 −
𝐸𝑚𝑀𝑎𝑡𝑐ℎ𝑖𝑛𝑔 − 𝐸𝑚𝐵𝑙𝑎𝑛𝑘

𝐸𝑚𝑁𝑜𝑛−𝑚𝑎𝑡𝑐ℎ𝑖𝑛𝑔 − 𝐸𝑚𝐵𝑙𝑎𝑛𝑘
) . 100% 

Where, EmMatching is the emission intensity at 673 nm for matching spacer (P4Cy3 and 

P4Cy5), EmNon-matching is the emission intensity in case of non-matching spacer (P4Cy3 and 

P6Cy5) and EmBlank is the intensity at 653 nm without the addition of acceptor (P4Cy3). 

5.4.6. Fluorescence microscopy (CLSM and SIM)  

Confocal laser scanning microscopy images were taken with LSM 880 (Carl Zeiss) 

equipped with an confocal detector. The samples were excited with 561 and 642 lasers, 

respectively. The fluorescence images of the fibres were acquired using an inverted Zeiss 

ELYRA PS1 microscope in Structured Illumination mode. Two lasers were used for the 

experiments: 561 nm (source: 200 mW) and 642 nm (source: 150 mW) for excitation of the 

respective fluorophores. Imaging experiments were performed using a Zeiss oil–immersion 

objective (Plan–apochromat DIC 63×/1.40 Oil DIC M27, numerical aperture (NA) 1.40 oil) 

with 100 ms exposure time and 5% of the LASER power for both the channels. 

Fluorescence light was spectrally filtered with emission filters (MBS– 561+EF BP 570–
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650/LP 750 for laser line 561 and MBS–642+EF LP 655 for laser line 642) and imaged 

using a PCO edge sCMOS camera. Structured illumination images were processed using 

structured illumination analysis package of Zen2.0 software (from Zeiss). Additional image 

analysis and colour adjustments were performed using ImageJ and Origin 8.5 softwares. 

10 µL of 0.5 mM fluorescent peptide amphiphiles in water were drop-casted onto a glass 

slide. A clean coverslip was placed on top of it and proceed for CLSM or super-resolution 

microscopy using structured illumination method. For co-assembled fibers, the 

two-component peptide P4Cy3 & P6Cy5 or P4Cy3 & P6Cy5 were incubated at room 

temperature to form supramolecular nanofibers in 5% ACN-water. For self–sorted fiber, the 

peptide pair of P4Cy3 & P6Cy5 or P4Cy3 & P6Cy5 in 5% ACN-water was kept 

un-agitated at room temperature. The fluorescent nanofibrous solution (10 μL) was 

drop-casted on a glass slide and covered with coverslip. The slides were kept at room 

temperature for overnight drying before imaging. All these samples are further proceed for 

fluorescence microscopy and the images were recorded with 561 nm and 642 nm laser 

excitation at 630X. 

5.4.7. Seeded supramolecular polymerization  

Generation of Seed: Pre-assembled nanofibrous solution (400 μL) of dye coupled peptides 

(2 mM) were probe sonicated using QSonica (model number Q700, power 700 watts and 

frequency 20 kHz) probe Sonicator using 4417 number microtip at an amplitude of 15% for 

~2 minutes.  

Seeded growth of fibers: The peptide amphiphiles were taken in DMSO with no 

self-assembled nanostructures. For seeding experiments, peptide conjugated to one coloured 

dye in DMSO was injected into the aqueous solution of the seeds labelled with alternate 

coloured dye rendering the final solvent composition of 2% DMSO in water. This solution 

was incubated un-agitated for one day at room temperature. The growth of the fibers was 

ascertained from SIM images.  
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