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Abstract

The thesis on ‘Exploration of Self-Assembly in Short Peptides for the Development of Useful
Functional Materials’ deals with the design of novel short peptides, studying their self-assembly
behaviour with the different non-covalent interactions, and exploring their possible applications

in the field of peptide-based functional materials.

Chapter 1 is a brief introduction on peptide-based nanomaterials and their various applications

with sufficient literature review.

Chapter 2 describes the development of a thixotropic hydrogel using the self-aggregation of a

peptide amphiphile.

Chapter 3 describes the successful utilization of the technique of peptide coassembly for the
formulation of a functional peptide hydrogel for aiming localized drug-delivery through receptor

mediated cellular internalization mechanisms.

Chapter 4 deals in development of a multi-stimuli responsive cross-linked peptide polymer using
different cross-linking methodologies, for attaining size-tunability property and controlled cell-

proliferation.

Chapter 5 deals in development of an artificial hydrolase. The work involves systematic design
and immobilization of a hydrolase-like short peptide amphiphile on silica surfaces for
enhancement of extent of catalysis, improvement of catalyst stability and increased

stereoselectivity, compared to the micellar aggregates.
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1. ECM: Extracellular matrix
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g, Ser (S): Serine
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20. DMF: Dimethyl formamide

21. DMSO: Dimethyl sulfoxide

22, HPLC: High Performance Liquid Chromatography
23. DCM: Dichleramethane

24, DTT: Dithiothreitol

25. Ch: Circular dichroism

26. DLS: Dynamic light scattering

27. BSA: Bovine serum albumin

28. FESEM: Field Emission Scanning Electron Microscopy
29, FETEM: Field Emission Transmission Electron Microscopy
30. GABA: y-Amino butyric acid

31. PA: Peptide amphiphile

32. NMR: Nuclear Magnetic Resonance

33. FTIR: Fourier Transform Infrared Spectroscopy
34, CMC: Critical micellar concentration

35. PhSiHs: Phenylsilane

36. BET: Brunauer-Emmett-Teller

37. TEOS: Tetraethyl orthosilicate

38. APTES: 3-Aminopropyltriethoxysilane

39, 5Acl: Dipentaerythritol hexaacrylate

40. SiNP: Silica nanoparticles

41, MGC: Minimum gelation concentration

42, TGA: Thermogravimetric analysis
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45, PNPP: p-Nitrophenyl propicnate
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1.1 Prelude

‘Molecular self-assembly’, as the name suggests, is the well-defined organization of molecules to
form well-defined structures without any external assistance. Self-assembly phenomenon is an
equilibrium driven process which arranges components spontaneously, balancing between
enthalpic and entropic interactions, to develop thermodynamically stable (or metastable)
molecular architectures. Nature has performed countless iterations with its primitive components
through self-assembly to evolve with fascinating complex systems with central importance. A
living cell is an example of highest level of its sophistication. Formation of lipid-membranes,
genetic materials, vesicles, organelles, proteins, ion-pumps and an ocean of useful molecular
nanomachines have resulted from repeated selection and evolution of molecular components.

Self-assembly can be of two types: static and dynamic. As we know that assembly mechanism is
an exothermic process, that is, the components spontaneously organize to attain energetically
stable structures. Such assembly is called *static’ assembly. However, some assembly pathways are
endothermic and needs energy ingestion. Such systems form metastable intermediate which
dissipates energy to form more stable structures. Therefore, such systems have the potential of
self-modification and during its course, provides energy to another up-hill reaction in a series
cascade, hence the name ‘living polymerization’ or dynamic self-assembly. Static assembly is
unquestionably important in various material applications, but major functioning systems are
mostly based on the dynamic, out-of-equilibrium systems. A living cell, for example, uses static
assembly to construct lipid bilayers to attain a well-defined shape and rigidity. On the other hand,
it uses dynamic assembly to perform all the functions that keep the cell living. With scrutiny, it can
be found that enzymatic cascades, oscillating reactions uses out-of-equilibrium assembly. Self-
assembly is the best available strategy to design and construct artificial nanomachineries
sidestepping critical synthetic reaction methodologies and harsh reaction conditions. It uses non-
covalent interactions which are reversible under simple chemical and physical stimulations, like
thermal, mechanical, chemical, electrical stimuli. Such stimuli-responsive nanomaterials have
become immensely useful in modern applications. Supramolecular structures can be formed from

various types of components, organic, inorganic and their combinations.
1.2 Peptide self-assembly

Study of peptide self-assembly has been a major focus of modern research in biological and

medical concerns. The surge for finding novel and unique peptide building blocks was initiated
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with the first serendipitous discovery of self-assembling short peptide sequence, EAK16 in 1990s.
Naturally occurring proteins vividly portray the role of different peptide secondary interactions to
govern the structural and functional character of the proteins. Protein sequences are an outcome
of eons of evolution, but it is nowadays universally accepted that all proteins can be made to form
B-sheet amyloids under certain chemical constrains. In-fact, diseases like Alzheimer’s, Type I
diabetes, and human calcitonin hormone linked to medullary thyroid carcinoma are all results of
protein amyloid formations. Therefore, a de-structured protein may cause diseases resulting from
protein misfolding. In modern days, proteins also utilize intramolecular folded B-strands which
could mimic molecular architectures of intra-strand B-sheets formed by ancient short peptides.
Therefore, it is necessary to understand the underlying mechanisms driving to peptide self-
assembly. To this end, examination of short peptides and their assembly have become a key to
unveil the complex biological systems.? * Research in the field of peptide self-assembly has
undergone huge progress in the past few decades. From numerous reports, it is evident that
peptides can form a wide variance of morphologies and complex nano-architectures by
combination of non-covalent interactions.* However, it is of anticipation that ancestral peptides
were simple-structured and formed unadorned simpler morphologies rather than complex ones.?
Most knowledge of peptide self-assembly at the molecular level is accomplished from
microscopic structure information established from protein amyloids. Due to their
biocompatibility, structural and functional diversity, peptide-based materials find extensive use in
biomedicine, biomarkers and biosensors, drug-delivery, and tissue-engineering. Peptide self-
assembly leads to various morphologies like micelles, vesicles, sheets, fibres, rods, and tubes, and
cross-linked polymers. Sometimes these morphologies undergo hierarchical assembly process to
form hydrogels. Reckoning to the diverse morphologies of peptides, scientists developed versatile
building blocks, like dipeptides, amphiphilic peptides, ionic peptides, cyclic peptides, block co-
polypeptides, aromatic peptides, peptide coassemblies, and peptide-heterosystem conjugates to

modulate the self-assembly for divergent material applications.

1.2.1 Driving forces for self-assembly

Supramolecular self-assembly is the most confident road that connects the pool of monomers to
the diverse realms of complex materials. The pillar of self-assembly stands on weak non-covalent
associations. Electrostatic interactions, hydrophobic interactions, m-n interactions, hydrogen

bonding, ion coordination, host-guest interactions, charge-transfer interactions and van der
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Waals’ interactions are the recognized weak interactions known to hold fast the supramolecular
architectures, as summarized in Figure 1.1.

In relevance to peptide assembly, electrostatic interactions involve both attractive and repulsive
forces between charged residues from amino acids. Solvent interactions play a vital role in tuning
the nature and extent of electrostatic interactions which holds crucial in the self-assembly
mechanisms. For example, positive amino acid residues decorated on the surface of self-
assembled peptide fibres were utilized to bind sulphonates of Alexa-488 dye which helped in
super resolution imaging of supramolecular structures.®

Hydrophobic interaction is one of the most important factors leading to association and
aggregation, mainly in aqueous or hydrophilic environments. Self-assembled materials arising
from hydrophobic interactions, especially amphiphilic molecules build a hydrophobic core allow
entrapment of organic drugs, yet keeping the whole system water soluble. Sometimes,
colocalization of hydrophobic components within hydrophobic compartments allow organic
reactions to be carried out in aqueous medium. Amphiphilic systems are therefore very important
for persistence of hydrophobic entities in hydrophilic milieu.” The self-assembly of amphiphilic
peptides could be readily accomplished through microphase separation driven by
thermodynamics because of the coexistence of polar and nonpolar regions inside the peptide
sequences. For example, the cationic lipidated peptides which assemble into micellar structures
in aqueous conditions show antibacterial activities.®

The organization of aromatic residues in hydrophobic interactions is less organized than in n-1
stacking interactions. The m-m stacking can drive directional assembly in peptides containing
aromatic residues. -7 interactions can give rise to more robust self-assembly in water because of
limited aqueous solubility, and in organic solvents like toluene and TFA. The dipeptide, FF is a
classic example of assembly due to m-m interactions which generates diverse spectra of
nanostructures utilized in different applications.® A cut-short peptide segment from a protein
sometimes fails to conserve its secondary structure in absence of the restrictions imparted by the
protein. An added aromatic-aromatic interaction can organize the molecules and provide a

protein-like restrictive environment to reconstruct the secondary motif of the peptide segment.’™
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Figure 1.1 Various supramelecular interactions. Pictorial representation of (A) Host-guest interactions, and {B}
Hydrophaobic interactions, (C) Hydrogen-bonding interactions, (D}, {E) Dynamic covalent bending, and (F) Chelate
complex formation.”

Hydrogen-bonding is a widely occurring phenomena in peptides and proteins which form
secondary conformations for peptide stability and protein folding. Hydrogen bond is an attractive
force acting between a hydrogen atom {connected to an electronegative atom; the donor centre)
and another electronegative atom with free electron pairs (hydrogen bond acceptor centre).
Hydrogen-bonding is omnipresent in peptide assembly. In peptide self-assembly, hydrogen
bonding assists in creating a hydrophilic environment within molecules and with water to
stabilize the assembly.’? For example, molecular arrangement in cyclic peptides lead to directional
hydrogen bonding to form nanotubes which are applicable as transport channels.” A triblock

polypeptide containing two terminal hydroxyproline PPIl helical sequences connected with a
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central uncharged hydrophilic serine-leucine stretch formed linear aggregation due to backbone
hydrogen bonding to form pH and ionic strength dependent hydrogel.' Some important

secondary conformations attained by peptides are shown in Figure 1.2.

A) B)

-vr:J -Q—~X

A\ 4
N P 2
% ‘ -
6 "
N—C
c—C
: H
R

Figure 1.2 Peptide secondary structures. Diagrammatic representations of (A) a-helix, (B] B-sheet, (C} Coiled-coil, and
(D} B-turn.

Host-guest chemistry is another important and well recognized non-bonding interaction popular
in the area of synthetic soft materials. Host is a macrocyclic organic molecule that affords a hollow
cavity with a distinct dimension. Guests are small organic molecules, portions of a molecule or
ions which get incorporated within the guest cavity by the aid of electrostatic attractions or
hydrophobic interactions. Pictorial representation of some hosts, guests and a common host-
guest complex is shown in Figure 1.3. Calixarenes, cyclodextrins and cucurbiturils are the most
widespread hosts under scrutiny. Water soluble hosts (cyclodextrins and cucurbiturils) are much
extensively applied in biological purposes.’ By the help of host-guest complexation, two different
molecules, or distant segments within a same molecular entity can be broughtin close proximity
to behave as a single unit. This allows a specific organized state. Applying a stimulus (like strain,
or another guest molecule) can break the supramolecular system to revert to a different organized
state. Therefore, this concept is widely used to develop stimuli-responsive functional materials.’®
Host cavities can act as a haven for hydrophobic drugs facilitating its easy delivery. Confinement
of chromophore molecules within host cavities exhibit differential photophysical properties than

the unbound state. This concept is used for sensing purposes, disease diagnosis and therapy."’
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Figure 1.3 {A} Molecular structures of different supramolecular hosts, and (B) Pictotial representation of a
supramolecular host-guest complex.

1.3  Peptide-based soft materials

Nanomaterials have captivated the technology world with its varied usances. Richard Feynman
has rightly said in his remarkable speech in 1959, “There's plenty of room at the bottoms”. Every
material to be shaped is determined by the selected components and the associated
environmental co-factors. Also, a set of components can form various end-products depending
on the different synthetic processing set for their formation. Self-assembly can yield materials
extended in any dimensions, 0D, 1D, 2D and 3D. Over the past few decades, extensive research
has been devoted to the fabrication and development of nano biomaterials through exploration
of peptide self-assembly. Development of peptide-based soft materials have grown enormously
due to its low fabrication cost, biocompatibility, functional diversity and tunability and varied
applications.’®? are developed by scrupulous engineering of monomer peptide building blocks
which undergo spontaneous self-assembly coordinated by various non-covalent interactions:
hydrogen bonding, % hydrophobic interactions,? % n-n interactions,? ionic interactions and

van-der Waals' interactions are a few instances.

1.3.1 Peptide hydrogels
Peptide hydrogels are shaped from the 3D entanglement of fibres to form a hydrophilic network
which can arrest the whole aqueous solvent within the self-assembled structure. The fact that

hydrogels can restrict bulk solvent has been exploited for drug entrapment, controlled drug-
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release applications, cellular entrapment and tissue engineering platforms. The self-assembled
fibres are obtained through constructive supramolecular associations like a-helices, B-sheets,
coiled-coils, vesicles, micelles, ribbons, tapes and tubes.’?* These sub-morphologies undergo
reorganization and/or hierarchical supramolecular associations under various chemical and
physical conditions to form fibrous structures to build the resultant gel framework.>* ** Short
peptide hydrogels have earned attention of researchers because of their simplistic synthetic
protocols, uncomplicated functionalization techniques and excellent tunability properties.
Design and research of peptide hydrogels comprise hydrogelators which fall under the following
major categories: peptide amphiphiles, ultrashort peptides, coassembled peptidic systems. The
trigger for hydrogel formation can be set through various parameters, like pH, temperature,
mechanical forces, redox properties, light, ultrasound, addition of salts, addition of metal ions,
enzymatic reaction or a chemical reaction." >3 An important functional aspect that is necessary
in development of soft materials is stimuli-responsiveness. Smart hydrogels are produced by
structural modulations of the designed hydrogelators where hydrogel properties can be tuned as

a function of various stimuli.

1.3.1.1 Hydrogels from peptide amphiphiles

The process of self-assembly in peptide amphiphiles is based on congregative effect of three
structural domains: hydrophobic segment that induces the self-association in aqueous medium,
charged amino acids for efficient water solubility and a peptide backbone for intermolecular
hydrogen-bonding. Amphiphilic peptides are constructed through a distinct amphipathic
arrangement of hydrophobic and hydrophilic amino acids. Schneider et al. reported a series of
peptide hydrogelators based on valine and lysine residues where the polar and apolar amino acids
were arranged in an alternative fashion along the length of the peptide sequence. Two such
amphiphilic segments were connected with a central D-pro L-pro dyad. Inter-segment hydrogen
bonding and hydrophobic interactions between the valine residues forms a stable secondary f3-
hairpin structure. In basic pH, lysine residues participate in inter-strand hydrogen bonding to form
a B-sheet structure which results in formation of a pH-responsive hydrogel.” *® Another type of
amphiphilic peptides were studied by Deming where a stretch of hydrophobic amino acids, like
(val),, (leu), were attached to a stretch of polyelectrolyte forming hydrophilic amino acid
sequences, (glu), or (lys), formed crystalline B-sheets and o-helices respectively.’® *° Metal

induced synthesis helped in control of polypeptide chain length and these block polypeptides
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formed thermostable hydrogels at concentrations above 0.25 wt. % in deionized water. Helicity
induced gelation made these peptides unique in the fact that aggregation and material properties
could be tuned by controlling the polypeptide sequence without much effect on the gelation
concentrations. Hydrophilic-lipophilic balance {(HLB) was found to be crucial factor for self-
assembly. Change in length of hydrophilic stretch did not affect the assembly behaviour whereas
decrease in the hydrophobic segment hindered the polypeptides to attain aggregating
structures. These gels recovered 80-90% of mechanical strength within 10 s, and were also stable
in presence or absence of salts. These hydrogels could be used as tissue regeneration scaffolds.*
Zhang's group has investigated another class of ionic self-complementary peptides termed
‘molecular lego’. Study of such systems began with the discovery of Z-DNA binding protein which
contains a 16-aa sequence AEAEAKAKAEAEAKAK (EAK16). This peptide forms membrane-like
structures. Self-assembly into nanofibrils and hierarchical nanofiber formation occurs when the
total charge of the peptides reaches zero. This is determined by the ionic strength and pH of the
solution.  Another designed peptide RADARADARADARADA (RADA16-) showed similar
properties with charge distribution +-+-+-. Hydrogel derived from a variant,
RARADADARARADADA (RADA16-Il) with charge distribution of ++--++-- was found to entrap
>99.5% of water. This peptide projects reassembly properties from a to B structures and have
been used in tissue repair and regenerative medicine *

Design of lipid chain conjugated peptides have been acquired from the natural membrane
proteins like the post-translational modified Ras-superfamily proteins. Usually, the signal
transduction proteins have been modified by biological processes to get adhered to the cellular
membranes for proper functioning.* These peptides can be composed of a lipid chain attached
to a single amino acid or a stretch of di- or tripeptides to constitute the polar head group. These
type of amphiphiles form micelles or bilayer structure in a concentration dependent fashion. At a
higher concentration, these morphologies form the basis of hierarchical aggregations to form
nanofibers. Stupp and co-workers have showcased a classic example of a peptide amphiphile
which contains five different functional domains. A N-terminal alkyl chain segment for
hydrophobic interactions, connected with a central short cysteine stretch for redox assisted self-
assembly. A phosphorylated serine was associated in calcium mineralization, whereas a cell-
adhering segment manifested the functional cross-linked peptide hydrogel as a mimic for
collagen fibres in bone.*. Length of alkyl chain plays an important role in tuning the rigidity of the

nanoassemblies. For example, surface-binding of heme was accelerated in case of kinetically

26
TH-2872_166122039



trapped rigid fibres formed by long chain lipidated peptide, compared to thin and dynamic fibres
of shorter chain lipidated peptide.** Amino acid sequence in constitutional isomers of a peptide
directs the type of articulated 1D-nanostructures. Actually, the interactions occurring at a
maolecular level are reflected in the macroscopic architechture*® A novel peptide amphiphile
CisKTTBAH, which was derived from ‘matrixyl’ lipopeptides CicKTTKS, containing the bioactive -
alanine-histidine dipeptide segment was found to form long tapes and hydrogels in different
aqueous media. Change in concentration and nature of the aqueous media allowed room for
hydrogel strength modulations. These hydrogels express exceptional stiffness compared to

previously reported (3-sheet peptide-based materials (Figure 1.4).
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Figure 1.4 (A) 5chematic drawing showing proposed self-assembly of KeoLo into vesicles, and (B} Sequence and
proposed B-hairpin structure of MAX1. Valine at position 9 strongly enforces a trans-prolyl amide bond geometry
favouring hairpin formation prior to self-assembly {pathway a). A cis geometry undergoes mixed self-assembly with
correctly folded hairpins (pathway b).

1.3.1.2 Ultrashort peptide hydrogels

The smallest peptide hydrogel ever reported is a cinnamoyl protected phenylalanine. Xu and co-
workers have further investigated the gelation of Fmoc-protected single amino acids. All these
hydrogelators were triggered by basification to form hydrogels.*® Janmey et al. first noticed that
Fmoc-derivatives of some dipeptides formead hydrogels. The key driving force for hydrogelation
was aromatic interactions.”® Later, Gazit et al. had done extensive research in diphenylalanine
peptide hydrogelators, where -1t interactions of phenylalanine residues and hydrogen-bonding
of the amide backbone was held responsible for self-assembly.*® Fmoc-Phe-Phe-OH formed very
rigid hydrogels and therefore it has been extensively applied in technological applications.®

Recently, ultrashort peptides are emerging as a cost-effective cell-culture scaffolds. FFV sequence
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is one of such sequences. The problem is that stability of all L-peptide falls at stake with proteases,
and all-D peptide does not allow cell growth. However, a peptide with mixed D- and L-amino acids
was found to allow cell culture on the generated hydrogel matrix structure.® Ulijn and co-workers
have reported many Fmoc-protected dipeptide hydrogelators. Adams and co-workers have
studied a series of naphthalene containing dipeptides for hydrogelation.* Similarly, Banerjee et
al. have reported some tripeptide hydrogels portraying various useful applications.>* Another
important area of short peptide hydrogel research is derived from the amyloid fibrils. Investigation
of amyloid self-assembly behaviour is of pathological relevance and hence amyloid peptides
based soft materials are used in nanomedicines. 'KLVFF' has been screened as the smallest
assembling unit from the full amyloid protein.> These are known to form p-sheet fibrils resulting
in hydrogels at higher concentrations.®® Many variants of this mother sequence have been
reported by different research groups which has been of enormous assistance in understanding
the basis of self-assembly and design of smart materials with significant applications.”” In the
search of the minimalistic building block that self-assembles to form ordered structures, several
metabolites, including amino acids and nucleic bases were found to form fibrillar “amyloid-like”
assemblies.”® Phenylalanine monomers were shown to assemble into amyloid-like fibrils and self-
healing hydrogels with extremely high storage moduli, unusual for non-covalent self-assembled
hydrogels.*®*° Due to simplicity of the building blocks, these materials are used in the biomaterial
industry. An unusual water insoluble property of a pyrene conjugated Lys-Cys dipeptide hydrogel
was serendipitously observed. The m-mr stacking between the pyrene groups led to formation of
densely entangled nanofibrous structures. The strong propensity of stacking and dense
entangled fibres led to blockage of solvent passage in and out of the network. Strong peptide
denaturing agents like concentrated hydrochloric acid or urea could do no good to gel
dissolution. This unique gel was then used for specific enzyme storage purposes at ambient
conditions.’’ Recently, Hauser's group has introduced a N-acyl-IVFK peptide which forms
nanofibrous hydrogel with ECM -resembling network structure.’? Another series of N-acyl and C-
terminal lysine containing self-assembling peptides were designed where, the hexapeptide, Ac-
ILVAGK-NH. formed a stable, nanofibrous 3D hydrogels with stiffness as high as 40 kPa. These
hydrogels were capable of 3D cell-culture of human stem cells.®> Naphthalene conjugated
ultrashort cationic self-assembled peptides are emerging as a new class of innovative and cost-
effective strategy to form antibacterial nanomaterials for their potent antimicrobial activities.®* *°

Chemical structures of some ultrashort peptide hydrogelators are enumerated in Figure 1.5.
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Figure 1.5 Chemical structures of some ultrashort peptide hydrogelators.

1.3.1.3 Coassembled peptide hydrogels

The concept of coassembly permit blending of different functional characteristics within a single
system which makes them smarter soft materials. The idea of supramolecular coassembly is an
extremely effective tool in the present scenario where mankind is in need of advanced solutions
for complex problems, but in a simple process. Therefore, this added benefit is being extensively
exploited in different routes to design advanced functional soft materials.® For example,
multicomponent systems bypass the synthetic challenges for specific functionalisation.
Composite systems are often preferred over single systems to increase the robustness and
applicability of the soft material. In many instances, coassembly techniques have been used to
incorporate the drug and cargo inside the gel network during the course of hydrogelation and
hence the efficiency of the drug-delivery system is enhanced.®”® Ulijn et al. have investigated the
orthogonal coassembly of serine surfactants and diphenylalanine hydrogelators. Herein, the
gelation behaviour of the singular systems is hot affected, except for the additional emergent
property in the coassembled system.®® The same group have reported a library of charge-transfer
induced coassembled hydrogel with combination of an electron acceptor containing amino acid

hydrogelator with an electron donor molecule (Figure 1.6).7
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Figure 1.6 A combinatorial peptide library of charge-transfer induced coassembled hydrogel with combination of an
electron acceptor containing amino acid hydrogelator with an electron donor molecule.

Zhang and co-workers have reported the electrostatic interaction triggered coassembled
hydrogelation of a monocationic and dicationic peptide. The single peptides, Fmoc-VRGDY and
Fmoc-KKRGDK formed hydrogels in acidic and basic pH respectively. A mixed hydrogel of the two
peptides formed hydrogels at neutral pH.”" An important side of peptide coassembly has been lit
up by Lynn's group. Two oppositely charged amino acids were attached to the N-terminal of a 3-
sheet forming peptide sequence, LVFFAL to create two new peptides. The coassembly of these
two peptides form stacks of antiparallel B-sheet layers with precisely patterned charged lattices
stabilizing the bilayer leaflet interface. The resultant nanotubes behave like an asymmetric bilayer
with oppositely charged surfaces on the inner and outer wall of the tubes.”? Similarly, Nisbet et
al. investigated the coassembly and hydrogelation two short Fmoc-derivatized peptides in which
the assembly motif was modified with either RGD or IKVAV sequences. Both the peptide
sequences are well-known components of mammalian extracellular matrix (ECM}. The
multicomponent hydrogel of Fmoc-FRGDF and Froc-DIKVAYV was mechanically stronger than
either of the single component gels. Apart from this, the multicomponent hydrogel synergistically
improved efficacy of in vitro growth and viability of C212 myaoblast cells, compared to singular
self-assembled gels or the one with preassembled fibres of the single component systems.”
Peptide surfactants C4-Bhc-EE-NH, and C;,-FKK-NH, mixtures were found to form coassembled

hydrogels with varied molecular assembly mechanisms and macroscopic properties.”*
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Abramovich and co-workers reported a collagen-inspired helical peptide coassembled hydrogel.
It is known that a-helical conformation is attained with not less than 3-10 amino acid sequence.
However, a single unit of collagen in its protected form, Fmoc-Gly-Pro-Hyp formed collagen-like
helical patterns. When mixed with known hydrogelator, Fmoc-Phe-Phe, the composite system
formed stronger hydrogels with polyproline-Il conformation. Therefore, the composite hydrogel

was found to have inherited properties of both the single systems (Figure 1.7}.”
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Figure 1.7 Various macroscopic properties depicted from coassembly of two peptides under various conditions.
1.3.2 Peptide-based supramolecular polymers

Supramolecular polymers are a resultant of polymeric arrays of monomeric units with the aid of
directional non-covalent interactions to generate distinct structural entities performing specific
functions. The characteristics of the polymers rely on the structural signature of the monomers
and the nature of the interactions. Naturally occurring peptide based supramolecular polymers
are collagen, amyloid fibrils, actin filaments, microtubules and viral protein polymers. The growth
of polymers can occur either in unidirectional or multidirectional pathway. Linear polymers are
obtained when the monomers arrange themselves in an axis perpendicular to the long axis of the
monomer giving rise to fibrils or microtubules. Cross-linked polymers are obtained when the
monomeric system contains more than nodes for one similar or dissimilar secondary interactions.

Both types of peptide polymers have found profound applications in dedicated fields.

1.3.2.1 Linear polymers
Otto and his group have reported a series of self-synthesizing macrocycles based on dynamic

covalent chemistry of disulphides. A dithiol-based B-sheet functionalized peptide, GLKLK, could
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reversibly assemble and disassemble to form an equilibrating mixture of disulphide-linked
macrocycles under oxidising conditions, known as the dynamic combinatorial library (DCL}). The
equilibrium could be shifted by using specific templates which increases the affinity of a definite
sized macrocycle. Later, they proved that the library could be shifted even when thermodynamics
prefer self-assembly of one macrocycle over the others. The resultant of this chemistry is formation
of elongated microtubules containing repeating units of the 6mer macrocycle through peptide -
sheet secondary interactions.” Stupp and co-workers have designed peptide amphiphiles that
form long fibres due to hydrophobic interactions of alkyl chains and hydrogen bonding
interactions of the peptide segments. These molecules often vyield in uncontrolled
polymerization.”” Hartgerink and his group have designed a family of triblock A-B-A oligopeptide,
where A blocks were oligolysines and B blocks contained alternate glutamine-leucine stretches
capable of B-sheet formation. Supramolecular polymerization in this case followed a competing
mechanism between attractive interactions of the B-sheet segments and the electrostatic
repulsions from the oligolysine stretches at a particular ionic strength and pH. Due to ‘'molecular
frustration’, peptides yielded finite sized nanofibers.” Tovar and his group have developed
electronically active peptide coassembly. DFAA flanked 1,4-distyrylbenzene (OPV3), HODFAA-
OPV3-AAFD-OH and quaterthiophene (4T), HODFAA-4T-AAFD-OH were soluble in basic pH. In
acidic pH, the peptide segments formed b-sheets and hence led to coassembly to form long fibres.
By CD Spectroscopy, UV-Vis Spectroscopy, and transient photoluminescence studies, coassembly
and FRET phenomena was confirmed. These types of systems were utilized in developing

supramolecular bioorganic optoelectronic materials (Figure 1.8).7%%

Host-guest complexation chemistry is another interesting mode of secondary interaction which
is recently been explored for developing stimuli-responsive and biologically active soft
materials.?#? Cyclodextrins and cucurbiturils are two important families of macrocyclic hosts that
has been extensively exploited in articulation of biopolymers because of their water solubility and
biocompatibility. has also been utilized in this regard to form linear supramolecular
polymerization by end-to-end binding. Having known this, host-guest chemistry has been

scarcely exploited in regard to supramolecular peptide polymers.
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Figure 1.8 (A} Primary structures of the IG and (QL)s seties of peptides showing the comparative domain size. (B)
Proposed model of nanofiber self-assembly indicating hydrophobic packing region, axis of hydrogen bonding, and
repulsive positive charges.

1.3.2.2 Cross-linked polymers

Peptide-based supramolecular cross-linked polymers have been relatively less cultivated as
compared to the peptide-based linear supramolecular polymers. Reports of cross-linked peptide-
based polymers depict their potential biological applications.®>® In contrast to previous reports,
development of cross-linked polymers is utilizing less number to supramolecular cross-linkers
than covalent ones to curb the dynamicity and compromising robustness of purely
supramolecular cross-linked polymers. A cross-linked gelatin based hydrogel was prepared using
supramolecular host-guest chemistry of FGGC peptide and CB[8]. Norbornene-grafted gelatin
polymer was treated with 2FGGCcCBI8] ternary complex followed by a photoinitiator. UV-light
triggered covalent reaction of cysteines from peptides with norbornene units yields to an on-

demand supramolecular injectable hydrogel (Figure 1.9).%
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Figure 1.9 Schematic representation of user triggered cross-linking of norbornene-grafted gelatin and preassembled
CB[B]-FGGC peptide ternary complexes, and the resultant CB[8]-based gelatin hydrogels under cell-compatible
conditions.

A polyoxometalate based supramolecular underwater adhesive have been developed using short
tripeptides as supramolecular cross-linkers. Tripeptide H.N-GHK-COOH when mixed with
polyoxometalate, forms complex coacervates in pH 6.5. Decreasing the pH to 4.5 yields to a
hydrogel. A hydrogel was also obtained upon addition of Co?" ions®® In a report from Tovar's
group, a short peptide-chromophore-peptide triblock pregelator was designed. The peptide
motif displayed reactive functional groups to form covalent cross-links with appropriately
modified bifunctional polyethylene glycol (PEG)-based small guest molecules. These peptides
undergo pH dependent supramolecular assembled linear n-conjugated structures. Covalent
cross-linking was exploited to build a secondary network and trigger hydrogelation.®” Human
fibrinogen is the major protein constituent of blood clots and the provisional scaffold of wound
healing. Exploiting this knowledge, a self-assembling biomaterial was constructed from a
designed peptide inspired by the coiled coil domain of human fibrin, which was linked with PEG
chain to produce a triblock peptide-PEG-peptide bioconjugate which self-assembled into
viscoelastic hydrogel biomaterials via supramolecular coiled-coil secondary conformation.®® An
interesting system of redox-mediated reversible supramolecular assembly is demonstrated in a
peptide-selenopolypeptide conjugate exhibiting interplay of peptide secondary structures. An a-
helical peptide backbone is functionalized with B-sheet forming side-chain Nap-FFC short

peptides. Initially, the backbone a-helical conformation screens the B-sheet propensity of the side
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chain peptide. Once the oxidation of the selenium units is performed, the helical conformation of
the backbone falls apart to give a random coil and unleashes the Nap-FFC to form p-sheet
conformation® In another report, as a proof-of-concept, it was depicted that when an
adamantane-connected hydrogelator peptide was mixed with B-cyclodextrin vesicles, it formed
hydrogels as a lower gelator concentration, as compared to the gelator without adamantyl
groups. This was due to the additional supramolecular host-guest interactions between (-

cyclodextrin and adamantane units imparts strength to the cross-linked hydrogel (Figure 1.10).%°
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Figure 1.10 Formation of a CDV-stabilized supramolecular hydrogel of adamantane functionalized peptide scaffolds
(9: 1 mixture of 1:1-Ad) and cyclodextrin vesicles (CDV) of amphiphilic B-cyclodextrin host molecules (B-CDA} via
multivalent host—guest inclusion complexes at pH 6 {final concentrations are 0.75 wt% of 1 and 2 mM (0.6 wt?) CDV).

1.3.3 Other types of peptide assemblies

Apart from hydrogels and polymers, there are a bulk of reports exhibiting various other types of
versatile structural architectures demonstrate by peptides. Scrupulous engineering of peptide
design has been effective in generating essential functional nanostructures for varied
applications, nanotubes, nanotapes, nanobelts, nanoparticles, micelles and vesicles to name a
few. Nanotubes have drawn interest of scientists because of its versatile uses in nanomedicine,
biosensors, purifications, transport channels and catalysis.”’ Self-organization of molecules into
tubular structures allows control of the external and internal diameters of such structures which
is necessary for guest storage or membrane spanning nanotubes. Peptide based nanotubular
structures can be attained in two pathways, coiling of linear peptides or linear stacking of cyclic
peptides by B-sheet formation. De Santis et al. had first proposed peptide nanotube formation
from cyclic peptides containing alternate D- and L- amino acids.®? Ghadiri et al. had reported
peptide nanotube formation by acidification of a pH responsive cyclic octapeptide.® Orientation

of the amide bonds run perpendicular to the peptide ring axis which orients the amino acid side
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chains towards the equatorial sites. This helps in further interactions and dimer formation. One of
the drawbacks of this pathway is uncontrolled growth, solutions to this have been found in
polymer conjugated cyclic peptides, ‘layer-by-layer deposition” of alternate D- and L-cyclic
peptides containing a-amino acids on gold surfaces, or through electrostatic interactions of
opposite charges on successive peptides in assembly processes.® Diphenylalanine containing
free amine and acid terminals is also reported to form structurally robust nanotubes.® Bola-
amphiphilic peptides can also form nanotubes with a wide range of dimeters (20 nm to 1 micron)
when kept in water for several days.* This methodology finds a great opportunity to be used as
templates for nanowire fabrication for electronics and sensors. Tubular structures are also formed

by peptide amphiphiles (Figure 1.11).%7
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Figure 1.11 Molecular structure of a representative PA with four rationally designed chemical entities. {B)
Ciagrammatic illustration of an IKYAV-containing PA molecule and its self-assembly into nanofibers. {C) SEM images
of the IKVAV nanofiber network formed by adding cell-culture media (DMEM)] to the PA aqueous solution. (D)
Transmission electron micrograph of the IKYAV nanofibers.

Vesicles are self-assembled compartmentalized structures with solvent-filled internal cavity to
encapsulate substances and release them in a controlled fashion through diffusion processes.
Vesicles have therefore been used as models for prebiotic cells.? Peptide vesicles are potent
candidates for controlled drug delivery applications. Kimura et al. had first reported that PEG
conjugated peptide, gramicidin-A formed vesicles in water. The antiparallel double-stranded
helices packed side by side to formed the wall of the vesicle with PEG chains interacted with the
solvent inside and outside the membrane.®® A series of tryptophan-based linear and dendritic
peptides was designed and synthesized that showed self-assembly to spherical vesicles.® The N-

protected peptides formed spherical vesicles in 1:1 CHCl;/MeQOH, while N-deprotected derivatives
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formed spherical vesicles in 1:1 MeQOH/water. The spherical vesicles were found to encapsulate
dye rhodamine B and showed cell internalization without effective peptide loss. In another design,
Haridas et al. reported vesicle formation of a cysteine-based redox-active dipeptide dimer. Amine
protected molecules formed vesicles in methanol whereas the one with free amines formed
vesicles in water. The vesicles released entrapped drug, doxorubicin in a redox-responsive fashion
in cervical cancer (Hela) and breast cancer cells.'™ Banerjee et al. have attempted to design short
water-soluble dipeptides based vesicular structures. An interesting architecture of vesicles-
within-a-vesicle was obtained. The nano-assemblies were stable within a wide pH range (pH 2-12)
but disassembled in presence of calcium ions. These nanovesicular structures were used as
carriers of adenosine monophosphate keeping its biological activity intact and calcium ion
induced release.’” Amphiphilic peptides are also found to assemble into vesicular
nanoassemblies.’® 9% Cucurbit[8]uril, a macrocyclic host has been used in developing three-
component supramolecular assemblies through host-guest association chemistry. Scherman and
his group has reported a peptide-based vesicular system with a pyrene conjugated peptide and
long alkyl chain containing viologen. Pyrene and viclogen forms a donor-acceptor charge-transfer
complex within the hydrophobic cavity of the host and this drives to the formation of vesicles in
aqueous solution.'® This work was extended by our group to form light-responsive vesicles where
an azobenzene-conjugated peptide acted as the second guest for CB[8] after viclogen moiety.
Trans- form of azobenzene can allow another guest inside the CB[8] cavity, whereas the cis- form
(obtained from UV irradiation} expels the other guest, thereby causing the vesicle disassembly.
This system could be used as light-responsive soft materials.'®

Among other nanostructures achieved by peptides, nanofibers are most commonly accurring
ones since they are generally formed by B-sheet interactions which is the simplest form of
secondary interaction attained by peptides. Some of the instances have been discussed here in
an earlier segment. There has been reports of some pyrene end functionalized pentapeptides
which proved to form a-helical to B-sheet structures and fibres. Aromatic-aromatic interactions
and hydregen bonding were found responsible for the self-assembly mechanisms.'”” Gazit and
co-workers have reported a series of minimalist rigid peptides containing natural non-coded a-
aminoisobutyric acid (Aib) which form cylindrical micelles to superhelical assemblies to nanofibrils
and these are used as bioemulsifiers and thickeners.”® An amphiphilic procollagen | derived
peptide, Cie-KTTKS self-assembled into extended nanotapes in aqueous solution. Addition of

anionic surfactant sodium dodecyl sulphate causes counterion condensation and transforms from
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nanotapes to stripped fibrils.' Guler and his group has reported a series of four histidine-rich
peptide amphiphiles along with their chiral counterparts. It was observed that upon increasing
the pH, peptides transformed from nanosheets to closed nanotubes and in all the cases, the
molecular chirality was transformed to supramolecular chiral nanostructures.”'® Tirrell and his
group had designed a peptide amphiphile which contains a short o-helical peptide (W3K)
sequence connected to a hexadecyl chain. The PA forms spherical micelles in aqueous solution
which prevails for several days, after which spherical micelles get converted to extended wormlike
micelles which is concurrent with the secondary structural transformation from o-helix to -
sheets. Therefore, cylindrical micelles were considered as ramification of thermodynamic pathway
whereas spherical micelles are resultant of kinetic pathway of self-assembly.""" A TPE conjugated

multi-demain peptide amphiphile micelles were used for targeted drug delivery applications.

1.4  Applications of peptide-based soft materials

For quite a few decades now, since peptide self-assembly has become a comprehensive tool
directing to various classes of nanomaterials, peptides have become akin to “clay in a potter’s
hand”. The designing skill narrates the functional efficacy of soft materials to conquer multiple
realms of applications like drug delivery, platform for tissue engineering, biosensors for disease
diagnosis, biocatalysis. Peptide-based materials have always proved to be a step ahead of the
other competent materials because of its inherent chemical diversity, propensity for self-assembly
and facile derivatization techniques. Peptide nanomaterials assure biocompatibility and can be
modulated to reduce drug toxicity and improve directed drug-delivery. A peptidic shell allows
enhanced solubilization of the capsuled hydrophobic drugs.'? Upon injection followed by
application of suitable trigger helps in delivery of the drug at a desired site. Drug-delivery systems
are designed by the modes of ex-situ construction, in-situ morphology transformation, and in-situ
construction of peptide nanomaterials for drug delivery. Both physical and chemical modes of
drug entrapment are used. Single peptide systems (without a true drug molecule) can also act as
a drug system in suitable conditions which is an excellent exploring ground in modern

nanomedicine.

1.4.1 Drug delivery
There are quite a number of reports where peptide-polymer conjugates have been shown to act
as drug-delivery systems. The delivery vehicle was made to accumulate by passive tumor

targeting effect around the tumor cells by EPR effect and thereby the drug is released in the tumor
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cells.”*""> The positive charge of nanoparticles accelerates the rate of its internalization within
cells because of the negative charge of the cell membranes. However, the positive surfaces can
reduce circulation half-time in blood. To counter this effect, blood circulation enduring
nanoparticles were designed such that positively charged peptides are exposed in the tumor
microenvironment, causing their effective internalization into tumor cells. Owing to the change
of surface charge from negative to positive, the nanoparticles exhibit high efficiency of entering
cells."'s 17 Cell-penetrating peptides are a class of peptides rich in positively charged amino acids
which facilitates efficient drug internalization for improved cellular delivery."'*'?° Some peptide
sequences can transform their secondary confarmations upon pH variations. Since pH of the
tumor cells is acidic, the peptides transform to helical structures upon experiencing the acidic
environment and perturbs the cell membrane and facilitates internalization through membrane
binding.”- 12 122 A histidine containing peptide-gquided prodrug was designed where a drug,
doxorubicin was incorporated in a pH-sensitive hydrazone bridge. This peptide-drug conjugate
was developed for targeted ablation of cancer cells with minimal side cytotoxicity.'?® A short
peptide, Nap-GFFYGD derivative-based hydrogel was developed which contained a hydrogen
peroxide (H,0,) responsive thiazolidinone at the C-terminal of the peptide. At the cellular level,
where there is excess H.O,, the thiazolidinones are removed to trigger the gel-sol phase transition
of hydrogels for releasing gemcitabine continuously and controllably.'** A novel self-assembling
peptide-based supramolecular hydrogel was developed by simultaneously conjugating small-
molecule drug chlorambucil {CRB) and peptide drug tyroservatide (YSV) to the self-assembling
peptide. The resulting nanofibers of the hydrogel showed enhanced stability against proteinase
K degradation, improved cellular uptake and exhibited enhanced antitumor efficiency both in
vitro and in vivo compared to the free molecules. Such systems can be used as a reference system
in cancer combination therapy (Figure 1.12).'3

There have been peptides designed which undergo in-situ transformation to construct the
functional drug-delivery vehicles.'” ¥ A multi-functionalized nanometre sized albumin-based
drug-delivery system was designed which was conjugated with tumor-targeting, cell-penetrating,
and endolysosomal pH-responsive properties, cRGD-BSA/KALA/DOX. The nanoparticles were
fabricated by self-assembly through electrostatic interaction between cell-penetrating peptide
KALA and cRGD-BSA. Under acidic conditions of the lysosomal environment, the changes in the
electric charges of cRGD-BSA and KALA led to the disassembly of the nanoparticles to accelerate

intracellular drug release. The nanoparticles also exhibited enhanced inhibitory effect in the
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growth of avf3-integrin-overexpressed tumor cells, indicating promising application in cancer
treatments.'”® Enzyme responsive peptide-drugs can also be designed A review by Stenzel

discusses various other peptides that play an important role in treating various diseases.'”
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Figure 1.12 {A} Chemical structure of the tumor specific peptide prodrug AP2H-hydrazone-DOX. (B) LAPTM4B
guided AP2H-hydrazone-DOX internalization and pH mediated drug release process.

1.4.2 Tissue-engineering scaffolds

Peptide-based supramolecular polymeric scaffolds are often biologically more relevant than
covalent polymeric scaffold materials for tissue engineering applications. Inspite of hundreds-to-
thousands fold greater mechanical strengths and robustness of covalent polymers compared to
supramolecular polymers, the latter is often procured for developing biomimetic tissue scaffolds.
Both, synthetic polymers and peptide-based materials are under the scanner to create such
platform, where peptides are frequently recruited because of wide range of functionality and
inherent biocompatibility.'® 3 35 However, linear peptides provide such surface for cell-
adhesion through hierarchical supramolecular assembly. On the other hand, in a cross-linked
polymer, the network is an integral part of the polymer and attachment of cell-adhesive units on
the network surface provide the desired surface for cell attachment and growth. Moreover, the
size of the cross-linked polymer is also of prime concern for their potential use as ECM or other
biological applications. Some cross-linked peptide based polymeric systems are reported in
literature.>®3° However, controlling the size of the polymer is a difficult task. This is because
supramolecular polymers can regain more than 90 percent of the mechanical strength failed due
to applied strains. However, purely supramolecular polymers can face risk of disintegration in
presence of the strenuous cellular environment as cells can generate significant amount of force
to the surrounding milieu. Therefore, to toughen the scaffold material, covalent polymers are
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conjugated to peptides to form flexible, yet robust biomimetic materials.'*'* Another benefit
appreciated by peptide hydrogels for scaffolds is their self-assembly in presence of ions present
in physiological solutions (or added separately) which assists in-situ construction of tissue
scaffolds. Several reports in this regard have established different polymer- peptide based tissue
engineering scaffolds, where different secondary structural motifs of peptides have been
exploited as the point supramolecular cross-links.'*% Stevens and his group has utilized a {y-
glutamic acid} polymer and grafted it with different amounts of B-sheet forming sequence, D,1.D..
The quantity of B-sheets, strength of the cross-linked hydrogel and intensity of self-healing
activity could be tailored by the percentage of polymer grafting.'* In concern of tackling on spinal
cord injuries, Gao and his group attempted a hyaluronic acid scaffold modified with a cell
adhering peptide sequence, PPFLMLLKGSTR. The peptide-modified hydrogel scaffold facilitates
3D growth of mesenchymal stem cells in-situ. The implantation also effectively prevents post
injury factors.'”” Recently, solely peptide-based supramolecular scaffolds have been proved as
promising tissue engineering scaffolds without the aid of covalent polymeric backbones.' %1% A
coassembled peptide hydrogel containing Fmoc-FF and Fmoc-Arg was constructed which
projected the arginine on the surface of the hydrogels. Hydroxyapatite was allowed to interact
with the coassembled hydrogel to mimic a biomimetic scaffold for bone regeneration.’™® Amoc-
protected dipeptides that were capable of forming injectable and self-healable hydrogels have
been explored for tissue culture. Amoc-dipeptide hydrogels show antibacterial activity,
hemocompatibility and has been applied for effective cell proliferation on cultured bacterial and
human white blood cells.”' Lampe et al. established a unique class of short five-residue peptide
hydrogels which was successfully used for neural tissue engineering. The designed peptides
formed sequence-dependent and pH dependent nanofiber formation with KYFIL sequence
forming twisted ribbon shaped amyloid-like structures. This sequence formed an injectable
hydrogel which could encapsulate oligodendrocyte progenitor cells {(OPCs) and prevent
mechanical membrane disruption and acute loss of viability during syringe injections (Figure

1.13).1%
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Figure 1.13 (A} Chemical structure of the peptide along with picture of a 1.5 wt. % hydrogel. Schematic
representation of ECF-5 molecules that form nanofibers and hydrogels. (B} 3D culture of cardiomyocytes in the ECF-
5 hydrogel. Schematic drawing of the cells that were buried in the ECF-5 hydrogel. Fluorescent images of the
cardiomyocytes in the 3D culture medium containing only cells, only ECF-5 hydrogel and cells in ECF-5 hydrogel,
revealing the cell viability and morphology after being in the culture for 6 h and 3 days.

1.4.3 Artificial biocatalysts

Enzymes are examples of very efficient biocatalysts that carry out biochemical functions under
mild conditions to sustain the cellular functions and metabolic activities of living organisms.
However, working with real enzymes is not an easy task owing to its propensity to denaturation
under ambient conditions. Therefore, deciphering the mechanisms of catalytic action, structure-
function relationships and developing robust artificial biocatalysts that can mimic the functions
of an enzyme has become an immense necessity. Peptides are the most promising building blocks
for designing artificial biocatalysts as they are also the constituents of enzymes."** The concept of
supramolecular catalysis uses simpler building blocks which join up to form complex structures

which concentrates the catalytic sites on the surfaces for comparable or enhanced activity than
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natural enzymes.””* Much like the non-covalent basis of structural construction in enzymes,
smaller peptide fragments are capable of forming various structural constructions by
supramolecular interactions. The self-assembly attained by peptides could provide hydrophobic
surfaces for substrate interaction or hydrogen bonding motifs to drive selective substrate
recognition. In this way, the actual catalytic site can be mimicked without the use of the non-
catalytic bulk portion of the enzyme. Ester hydrolysis is a very common reaction carried out by
enzymes within a biological system. Therefore, many groups have expanded the concept of

supramolecular catalysis to mimic hydrolase/esterase activity (Figure 1.14).15%15¢
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Figure 1.14 {A) Chemical structures of the peptide components of the nanctube. (B} Schematic representation of the
possible mechanism for the cleavage of PNPA catalyzed by PepNTs-His-Argm.sx.

A family of amyloid forming peptides were designed by modifying parent peptide sequence,
Fmoc-LKLKLKL-CONH,. Two hydrophilic lysine were replaced with histidine and the rest with
other hydrophilic amino acids. The modified peptides behaved as efficient metallocatalysts in
presence of Zn** ions, to catalyse the hydrolysis of g-NPA. Further rational structural modifications
led to improved catalytic efficiency (kesv/Kv)mac ©f 19200 M~" min~'. The amyloid-like fibrils were

responsible for the catalytic activity, whereas the monomers were silent towards hydrolase
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activity."” The same group has reported a series of heptapeptides, which are able to bind copper
through self-assembly and activates oxygen for oxidation of 2,6-dimethoxyphenol. > Recently,
Das and his group have analysed covalent catalysis by B-amyloid nanotubes. An interesting
correlation between amino acid choice, sequence specificity and catalytic activity was brought
out. Various experimental analyses proved that an adjacent lysine to a histidine synergistically
assisted and enhanced esterase activity of inactivated keto-ester substrates through dynamic
covalent imine bond formation.' Natural carbonic anhydrase enzyme functions with the
combined redox and hydrogen-bonding interactions of histidine and Zn** ions. Some self-
assembling peptide sequences are found to mimic similar enzymatic activity.'™ A unique single
amino acid assembly based carbonic anhydrase mimic was discovered. In presence of Zn?* ions,
phenylalanine forms rapid coassembly to form coordination complex extending to form fibrillar
structures by cross B-sheet layered organization. This metal induced phenylalanine organized
structure shows carbonic anhydrase like activity.'®' Lysine and proline can catalyse aldol C-C
coupling reaction by forming an enamine intermediate with ketone, where the prolyl-enamine
participates in the nucleophilic addition to the aldehyde. Some groups have expanded the
concept of peptide based supramolecular catalysis for mimicking aldolase and retro aldolase
activities.'s>1%* The basicity of L-Proline at different states of molecular organization can direct the
type of aldol product between nitroalkanes and aldehydes. L-Proline shows higher basicity in
assembled gel state than in solution state.'™ Therefore, different types of condensation products

could be produced at below/above the critical gel temperature.

1.5 Present thesis

Through the four chapters spanning the present thesis, different small peptide based soft
materials were developed using the concepts of peptide self-assembly. All the peptides were
essentially synthesized using solid phase peptide synthesis protocol, unless otherwise mentioned.
Characterizations were done using NMR, HPLC and HRMS. Conformational studies were
performed with the help of CD and IR spectroscopy. Various supramolecular interactions were
determined from ITC, NMR, IR, UV-Vis, fluorescence spectroscopic techniques. Particle sizes of
various assemblies were monitored by DLS whereas morphological analyses were performed
using FESEM, FETEM and AFM microscopic techniqueas. Mechanical properties of hydrogels were
determined from rheological experiments. Information regarding thermal stabilities and pore-size

diameters of functionalized silica nanoparticles were procured from TGA and BET experiments.
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The four chapters of the thesis are as follows:

. A small peptide-based pH responsive hydrogel was developed which showed thixotropic
properties. The gelator was a shorter version of the original MAX1 sequence, and modified
with a C-terminal cysteine residue. A strong supramolecular hydrogel was obtained in basic
condition due to formation of B-sheets. The hydrogel reverted to sol in acidic conditions.
The hydrogel remained intact even after four repetitive cycles of shear-thinning

experiments.

II.  Another short peptide coassembled hydrogel was created which had cell receptor binding
properties. A disease-causing protozoan cell-line is known to contain mannose binding sites
on its surface. A coassembled hydrogel with surface decorated mannose units was utilized
for cellular internalization of the hydrogel for potential therapeutic applications. For this,
Nap-FFGE (gelator) sequence, was mixed with its C-terminal mannose conjugate, Nap-FF-
Man (non-gelator) in desired ratios to obtain a temperature assisted hydrogel. Additionally,
it was shown that different mixing ratios of the two components affected the time of

gelation and mechanistic properties of the hydrogels.

. A multiple cross-linked peptide supramolecular polymer was constituted for potential
application in cell adhesion and proliferation. A novel peptide was designed which
contained amino acid residues that were capable of forming orthogonal cross-links. FGG
motif mediated CB[8] assisted host-guest chemistry, disulfide cross-linking of cysteine and
enzymatic cross-linking of tyrosine were used as various modes of peptide polymerization.
Simultaneous cross-linking of the monomer yielded to water insoluble polymer
nanoparticles with surface decorated RGDS sequence for cell adhesion. This designed

polymer could be used to construct multi stimuli-responsive soft material.

v. A catalytic peptide was systematically designed inspired from natural hydrolases. This
peptide catalyst was immobilized on silica surface to enhance catalyst robustness. This
immobilized catalyst showed higher extents of hydrolysis as compared to the
homogeneous catalysts at similar concentrations. The immobilization of catalysts also
imparted greater stereoselectivity to the reactions and could be used as a reusable artificial

hydrolase for enhanced rates of reactions.
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Chapter-2: pH and Secondary Structure Instructed
Aggregation to a Thixotropic Hydrogel by a Peptide
Amphiphile
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2.1 INTRODUCTION

In recent years, search for supramolecular hydrogels with thixotropic (or injectable) property has
gained attention owing to their possible application in localized drug delivery."*'* In this regard,
supramolecular hydrogels prepared from the peptides can be an effective way to create such kind
of soft materials.®® '7° Peptide-based hydrogels have been meticulously applied for various
applications like, tissue engineering,'’- 7?2 drug delivery,'> "% protein protection,®
nanofabrication,'’> '7¢ sensing'’” '"® and so on. The self-assembly in small-peptide hydrogels is
based on secondary structures are often initiated by the appropriate stimuli like pH, ionic strength,
light, etc. Among the possible secondary conformations, among which p-sheet is the most
explored one towards constructing peptide-based hydrogels.’® 17

Amphiphilic peptides, prepared from alternate hydrophobic and hydrophilic residues is a
common approach to construct b-sheet like assemblies which form hydrogel in a concentration-
dependent manner.'™ In this regard, Schneider'®'® introduced a B-hairpin forming peptide
amphiphile series where Val and Lys residues are placed in an alternate fashion and the two
strands are connected through a type Il B-turn sequence of °Pro-'Pro. We envisioned that a simple
Val-Lys stretch can also adopt B-sheet like secondary structure and that may eventually result in
the formation of hydrogel. Since, Lys is the only hydrophilic residue, the self-assembly can easily
be controlled by changing the pH of the medium.

In this work, we report a small peptide (PA-2.1, Scheme 2.1} where a Cys residue is attached at the
C-terminal to a (VK)s sequence using a spacer {y-Aminobutyric acid, GABA). The presence of Lys
residues can introduce the pH responsive aggregation property, while the alternate Valine- Lysine
arrangement will result in B-sheet like secondary structure formation. Introduction of the C-
terminal residue was made on purpose to find whether the disulfide linkage between two peptide
molecules could affect the aggregation pattern imparted by the -sheet forming (VK)s segment.
Moreover, there might also be a possible competition between the aggregation of PA-2.1 and the
disulfide linkage processes. Cys forms disulfide bonds in basic pH or by oxidation of dissolved
oxygen in solvents.'™ '®8 This chemistry is widely observed in biological systems to stabilize
secondary and tertiary structures of protein. The pH instructed hydrogel was found to be
reversible and the pH induced sol-gel transitions can be achieved for several cycles. Moreover,
under basic medium, the -sheet aggregation was found to be spontaneous and extremely fast,
which does not allow the disulfide bond formation between two Cys residues. As expected, the
hydrogel also showed thixotropic behavior.
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Scheme 2.1 Chemical structure of PA-2.1 highlighting different segments of the same and (B} Graphical
representation of the pH and secondary structure directed hydrogelation by PA-2.1 and photograph of the hydrogel
{1 wt. %, pH 9).

2.2 EXPERIMENTAL SECTION

2.2.1 General

Resin, Fmoc-protected amino acids, coupling agent and DIPEA were purchased from GL Biochem
(China). All other chemicals and solvents were procured from Spectrochem (India} and Fisher
Scientific (India), respectively. For sample preparations, Milli-Q water with a conductivity of less
than 2 pS cm™' was used. ESI-MS was performed with a Q-tof-micro quadrupole mass spectrometer
(Micromass). CD experiments were performed on a Jasco J-1500 spectropolarimeter. HPLC
purifications were carried out on a Dionex Ultimate 3000 HPLC using a Luna 5 pm (C18) column
(Phenomenex). NMR spectra were recorded with a Bruker Ascend 600 MHz (Bruker, Coventry, UK)
spectrometer. FTIR spectra were recarded on a Nicolet is10 spectrometer. FESEM was performed
on Gemini SEM 300 {Sigma Zeiss). Rheology experiments were performed using a rheometer

(Anton-Paar MCR 102).

2.2.2 Synthesis of PA-2.1

PA-2.1 was prepared using Rink amide MBHA resin. Standard Fmoc (9-fluorenylmethoxycarbonyl)
solid phase peptide synthesis (SPPS) method was employed. For a standard coupling, DMF
solutions of protected amino acid (3 equiv.) HBTU (3 equiv.) and DIPEA (6 equiv.} with respect to
the loading of the resin were added to the resin. The resin was shaken for 1 hour before washing
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with DMF several times. Fmoc-deprotection was carried out using 20% piperidine followed by
thorough washing with DMF and DCM. Following the sequence, proper elongation of the peptide
was done at the N-terminal by repeating this procedure. Finally, the peptide was cleaved from the
resin using a mixture of TFA/TES/water (8.5:1:0.5 v/v}. The cleaved peptide was then precipitated
from cold dry ether, washed and lyophilized before purifying on HPLC. Purification was done using
an eluent of acetonitrile and water 100% H,O to 20% ACN/HQ (in 20 minutes) to 40% ACN/HO
(in 30 minutes) to 100 % ACN/H,O (in 35 minutes). The pure peptide eluted at a retention time of
20 minutes. The pure lyophilized peptide was obtained in 70% yield. '"H NMR (600 MHz, D,O, 25
°C) & {ppm): 4.34 {dd, 1H}, 4.28 (dd, 1H), 4.20 - 4.17 {m, 3H}, 4.04 (d, 1H}, 3.96 — 3.90 {m, 5H), 3.65 {d,
1H), 3.09 (t, 3H), 2.86 — 2.79 (m, 13H), .76 — 2.73 (m, 1H), 2.22 {td, 2H}, 2.07 - 2.02 (m, 1H), 1.93 -
1.83 (m, 5H), 1.60 (dp, 28H}, 1.34 - 1.20 (m, 13H}, 0.86 (t, 7H}, 0.79 (td, 32H).

2.2.3 Hydrogel preparation

5 mg of PA-2.1 was dissolved in 450 uL of water and completely solubilized by gentle shaking. To
this freshly prepared solution, 40 pL of 2 M NaOH was added and tapped gently for mixing. The
resultant solution formed a transparent hydrogel within few minutes. The pH of the system was

noted as 9.0.

2.2.4 FTIR spectroscopy

FTIR experiments were performed in solid state and liquid state. For as synthesized PA-2.1, the
solid was mixed with KBr to prepare a palette and the IR spectrum of the palette was recorded.
For liquid state analyses, 2 uL solution or gel was casted in between CaF, windows and analyzed

after subtracting the baseline. Experiments were carried out with 1 wt. % samples.

2.2.5 CDspectroscopy
For CD experiments, 100 uM peptide solutions was prepared in pure water or the desired buffer
solutions. For the gel state, a 24 hours-matured gel was diluted in water to reach the appropriate

concentration of 100 uM and the CD spectra were measured.
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2.2.6 FESEM
10 plL of the respective sample solutions/gels were incubated at room temperature for 24 hours
and casted on silicon wafers and air-dried for at least 1 day. Images were taken on a GEMINI SEM

300 (Sigma Zeiss) instrument.

2.2.7 Rheology experiments

The rheological measurements of the hydrogel were performed on a MCR 102 rheometer
(AntonPaar) with a 20 mm parallel plate at 25 °C. The linear viscoelastic region (LVR) was identified
first by a strain sweep test over a range from 0.01 to 100 % strain at a fixed oscillatory frequency

of 1 rad/s. Next the oscillatory test (frequency sweep) was carried out under a strain (y) = 0.1 %.

2.3  RESULTS AND DISCUSSION

PA-2.1 was synthesized following solid phase peptide synthesis protocol using Rink amide MBHA
resin. The peptide was obtained in 70% vield after HPLC purification. To test the hydrogelation, 5
mg of the peptide was weighed and dissolved in 500 uL pure water by shaking. The solution was
incubated at room temperature for 24 hours to allow disulfide formation. It remained as clear
solution for a long time. At different time interval, the ESI-Mass of this solution was checked and
the mass corresponding to the dimer appeared for the first time after 30 minutes. Within 24 hours,
all PA-2.1 was found to be dimerized as no signal corresponding to PA-2.1 was obtained after
this time. CD spectra of this 24 hours-matured solution of PA-2.1 dimer showed no features for a
particular secondary structure and thus it can be concluded that the system possessed random
coil conformation {Figure 2.1 A)."® Increasing the pH of this solution by addition of base up to pH
11 did not change the conformation as well as no hydrogel was formed (data not shown).
Similarly, addition of acid to lower the pH also could not produce any change. However, when
NaOH solution was added to a freshly prepared aqueous solution of PA-2.1 {where no dimer is
present), the solution turned into a self-supporting hydrogel within a minute (Figure 2.2 A).
Careful measurements showed that the hydrogel could be formed at a pH as low as 9 with a

minimum gelation concentration (MGC) of 0.85 wt. %.
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Figure 2.1 (A) CD spectra of PA-2.1 under various pH and {B) FTIR spectra of as-synthesized PA-2.1, solution of its
dirmer and hydrogel of PA-2.1.

CD spectroscopic analyses of the system in basic medium showed a positive cotton effect at 195
nm followed by a strong negative signal at 218 nm. These are characteristic signals of 3-sheet
formation.'® Further, FTIR analyses of the hydrogel showed two characteristic signals at 1636 and
1676 cm™ (Figure 2.1 B) which correspond to B-sheet.'**'*2 The as-synthesized powdered peptide
or the sample of PA-1 dimer showed two signals at 1628/1627 and 1687/1689 cm (Figure 2.1 B)
which confirms the random coil arrangement as found from CD experiments (Figure 2.1 A}).
Repeated and extensive analyses of the hydrogel by ESI-MS and MALDI-MS could not produce any
trace of the dimer. Interestingly, even a seven days-mature hydrogel sample also did not show the
presence of the dimer. The extremely fast gelation upon increasing the pH and the fact that the
dimer solution at above MGC that failed to form the hydrogel suggest that under basic medium,
the conformational change and aggregation is a much faster process than the disulfide bond
formation. Once the molecules adopt anti-parallel -sheet conformation and self-assemble, the
dynamic nature of the system get restricted and the -SH groups of Cys residues could not come
close to form the disulfide linkage.

After getting these cbservations, behavioral change of the hydrogel under pH variations was
studied. It is worth mentioning here that PA-2.1 failed to form any gel in the entire acidic pH
range. When 5 uL of 12 N HCl solution was placed on top of a 2 wt. % gel (500 pL, pH 9), the gel
started melting immediately and with little shaking, it became sol within 30 seconds. To the same
solution, addition of 40 pL of 2 M NaCH solution and gentle shaking results into the reformation
of the gel state within a minute. This gel-sol-gel transition can be repeated for several cycles as
long as the concentration of PA-2.1 remain above MGC. With higher concentration gel, the

number of cycles can be increased.
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In a separate set of experiment, the CD spectra of the samples were measured after each transition
(Figure 2.2 B). For the acid treated sol state, the CD spectra showed a negative band at ~ 200 nm
and were very similar to that obtained from aqueous solution of PA-2.1. It can be concluded that
the solutions predominantly contained random coil structures. For NaOH treated gel states, a
small portion of the gel was dissolved in deionized water {pH was maintained above 9} and the
CD spectra were recorded. In each case, the characteristic peak for B-sheet at 218 nm were
observed similar to that shown in Figure 2.1 A for pH 9. Though not shown, overall pattern

remained unaltered after every cycle for both sol and gel states.

A) B) 204

B PA-2.1 hydrogel after treatment with
HCl to tranform it into sol.

@ The same sample as above after
treatment with NaOH to return to
gel state.

200 220 240 260
Wavelength (nm)

Figure 2.2 (A} Photographs of rhodamine B-loaded hydrogel and its gel-sol-gel transitions induced by the addition
of acid or base (B) CD spectra of PA-2.1 hydrogel through one cycle of gel-sol-gel transition through change in pH.

Further the morphology of a freshly prepared hydrogel of 1 wt. % PA-2.1 was checked using field
emission scanning electron micrascope {FESEM). As can be seen from Figure 2.3 A, bunches of
needle-like aggregates were obtained which are more than 1 um long and average diameter of
~200 nm. In another test, the hydrogel (1 wt. %) was prepared by dissolving PA-2.1 in 20 mM
phosphate buffer (pH 9) to find any change in the aggregation pattern that may happen owing to
the difference in preparation procedure. Importantly, as can be seen from Figure 2.3 B, similar
bunches of needles were also found in this case as well. Next, samples of the gel-sol transitions
were tested for morphology. As expected, no particular pattern or morphology could be seen in
the acid treated sample (Figure 2.3 C). When the same sample was treated with NaOH to

regenerate the gel state, the original needle like morphology was regenerated {Figure 2.3 D).
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Figure 2.3 FESEM images of PA-2.1 under various conditions. (A} T wt. % hydrogel of PA-2.1 prepared by dissolving
it in water and immediate addition of base, (B] 1 wt. % hydrogel of PA-2.1 prepared by dissolving it in 20 mM
phosphate buffer at pH 9, {C) Solution of PA-2.1 at pH 3 and (D) sample from (A} after one cycle of gel-sol-gel
transition. (A) Photographs of rhodamine B-loaded hydrogel and its gel-sol-gel transitions induced by the addition
of acid or base (B) CD spectra of PA-2.1 hydrogel through one cycle of gel-sol-gel transition through change in pH.

The gelation mechanism can be summarized from the obtained experimental results. Five Lys
residues of the PA-2.1 peptide makes it highly soluble under neutral or acidic condition. At this
sol state, the peptide amphiphile adopts no particular secondary structure and remain in random
coil conformation. This random coil structures thus prevent the molecule toward any kind of self-
assembly. Upon addition of base, when pH of the system exceeds the pK, value of Lys side chain
amines, the amine groups get deprotonated and the solubility decreases drastically. Under this
condition, PA-2.1 molecules immediately arrange themselves in an anti-parallel -sheet
conformation and these -sheets results into the formation of the hydrogel through higher order
aggregation as shown in Scheme 2.1 B. Importantly, the self-aggregation into the -sheet and
hydrogelaticn is found to be an extremely fast process in this particular case. Thus, though a
favorable pH is obtained for disulfide bond formation, the Cys residues could not be connected
to form the dimer of PA-2.1. The -sheet formation presumably restricted the —-SH groups to come
to close proximity and form the disulfide linkages. One interesting observation that needs to

pointed out that the dimer of PA-2.1 failed to show any particular secondary structure even at
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elevated pH. A probable reason for this observation could be the presence of the GABA unit which

restricted the hairpin formation which is a common phenomenon for PPro-'Pro peptides.'®> 18
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Figure 2.4 (A} Frequency sweep and (B} amplitude sweep data for 1 wt. % hydrogel of PA-2.1 {pH 9] at room
temperature.

As the hydrogelation process of PA-2.1 is understood, its material property was explored. The gel-
sol transition temperature (Tg) was measured using dropping ball method The hydrogel could be
heated up to 85 °C, after which the water from the gel started evaporating out leaving behind the
dry xerogel. No clear Tg was found. This is an interesting and rare property found among
supramolecular hydrogels. detailed rheology study was performed. The rheological analyses of a
1 wt. % hydrogel {pH 9} at room temperature showed that the storage modulus (G) was
considerably higher than the loss modulus {G") over a range of applied frequencies {Figure 2.4 A).
The G' value obtained was in the range of 250 Pa and the ratio, G'/G" was ~ 10 which signifies
strong gel character. When the % strain was varied at a particular frequency (1 rad/s}, the G'
remained higher than that of G" upto 5% and then they cross each other signifying melting of the
hydrogel to sol (Figure 2.4 B). Based on these data, we assumed that the hydrogel might have the
thixotropic character."™ ™ Further, the thixotropic behavior was checked for a 1 wt. % hydrogel
of PA-2.1 (pH 9). Cyclic strain time sweep experiment was performed where strain was applied to
break the hydrogel and when the applied strain was released, the hydrogel recovered its initial
mechanical strength and the mechanical strength is sustained even after 4 cyclic strain cycles

(Figure 2.5 A}.
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Figure 2.5 (A} Cyclic strain time sweep data for 1 wt. % hydrogel of PA-2.1 (pH 9} at room temperature. {B-G) Visual
presentation of injectability of the PA-2.1 hydrogel. (B) The hydrogel in a syringe, {C) injecting the hydrogel from (B),
(D} the injected solin {O) and (E} the same sol within 10 s to form hydrogel. Dropping of hydrogel from syringe on a
glass-plate. (F) Drop casting the hydrogel from (B) and (G) the drops turn into hydrogel within 10 s.

The clinical value of a peptide hydrogel is enhanced by its injectable property. The result obtained
in Figure 2.5 A indicated injectable behavior. A Rhodamine B loaded hydrogel was prepared in a
syringe {Figure 2.5 B} and when the plunger was pressed slowly, the hydrogel came out easily as
a liquid (Figure 2.5 C-D). The sol turned into sol within 10 seconds as can be seen from Figure 2.5
E. In another experiment, small drops of the hydrogel were cast from the syringe on a glass plate
and when held vertically, no downward movement could be seen from these drops (Figure 2.5 F-
G). Thus, it can be concluded that the presented hydrogel is thixotropic in nature and has

injectable property.

2.4 CONCLUSION

To summarize, a peptide amphiphile with alternate hydrophobic-hydrophilic amino acid residues
is reported. Under neutral or acidic condition, the peptide remain in random coil conformation
and self-assemble quickly to form anti-parallel B-sheet when the pH of the system is adjusted
above 9. The B-sheet arrangement further leads to hydrogelation through hierarchical self-
assembly process. The pH and secondary structure instructed hydrogelation is found to be a
reversible process with no loss/change in aggregation pattern even after several cycles. The
hydrogel showed strong rheological behavior and is found to have thixotropic nature. The
hydrogel thus can be further explored as an injectable smart soft material for drug delivery

purposes.
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Chapter-3: Mannose-Decorated Composite Peptide
Hydrogel with Thixotropic and Syneresis Properties and its
Application in Treatment of Leishmaniasis
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3.1 INTRODUCTION

Over the last couple of decades, supramolecular self-assembled soft materials such as hydrogels
have gained tremendous attention due to their potential biomedical and therapeutic
applications.*®* In this regard, peptide-based hydrogels have come to the forefront due to the
remarkable combination of properties such as biodegradability, biocompatibility, tunability of
hydrophilic-lipophilic balance (HLB), the introduction of stimuli responsiveness, adjustable
mechanical properties, etc.'® '®71%2%2 Peptide hydrogels are often used in biomedical applications
such as cell-proliferation, tissue-culture scaffolds, drug entrapment, localized drug delivery, and

as antimicrobial agents, to name a few.” 2932

Targeted drug delivery is a demanding area of research, as it minimizes side effects and provides
better results with a lesser dose of drugs. To this end, Leishmaniasis is a critical but relatively
neglected vector-borne disease.?” The disease, caused by the protozoan parasite Leishmania
donovani (L. d}, if untreated becomes fatal. Leishmania invades the reticuloendothelial system of
the mammalian host and replicates within the macrophages. The parasites usually enter
macrophages through phagocytosis, and this process is facilitated by various ligand-receptor
interactions between L. donovani and macrophages. ® #° QOne such receptor is mannose
receptors present at the surface of macrophages. 21922 Therefore, anti-Leishmanial drugs can be
delivered to infected macrophages using mannose functionalized carriers. 214?17 Peptide-based
hydrogels have recently entered the avenue for potential drug-delivery systems.?’® 2'* However,
to the best of our knowledge, no such effort has been made to create peptide-based drug delivery
vehicles to tackle Leishmaniasis. Systems that can target and deliver the therapeutics to the
macrophages need to fulfil the following criteria, a} the hydrogel must be decorated with
mannose to target the mannose receptors; b) must possess injectability (shear thinning) as the
drug loaded hydrogels should be administered locally. Fulfilling both the criteria in a single

peptide-based hydrogel is a challenging task.

In this regard, single component hydrogels sometimes lack the required functionality or essential
properties for a particular application. The solution lies in the coassembly of two or more
components.”> 2¢ Coassembled peptide hydrogels allow the incorporation of functional
complexities without hampering the self-assembly behavior® 74 221 Composite hydrogels are
generally prepared by combining one self-aggregating molecule with a non-aggregating

molecule. In this process, the self-assembling unit leads to hydrogel formation, while the non-
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assembling component brings the desired functionality required for a particular application.
Therefore, with simple designs, systems with practical applications can be achieved with peptide
coassembly®® 75 222 Racently, the development of peptide hydrogels with the coassembly
technigue has proved to be an efficient breakthrough in medical sciences to design better

therapeutic agents.?> 22

Composite Hydrogel
Formation

~

-
. Mannose

Mannose receptor
on macrophage

@ Macrophage

‘. L. donovani

Anit-Leishmaniasis
drug

\_ _J

Hydrogen bonding
n—x stacking
anti-parallel 3-sheet

Drug delivery
Killing the parasite
Macrophages proliferation

Scheme 3.1 (A} Chemical structures of the designed peptides, schematic representation of peptide coassembly. (B)
Pictorial representation of hydrogel scaffold mediated intracellular drug delivery for Leishmania treatment.

In the present work, we have devised a mannose-decorated peptide coassembled hydrogel. Nap-
FF is a known peptide hydrogelator forming nanofibrous structures.”?® Taking advantage of the
self-assembling ability of Nap-FF, here, we prepared the hydrogelator, Nap-FFGE-NH, (Pep-A,
Scheme 3.1). The introduction of Gly-Glu (GE) segment to the Nap-FF peptide was purposefully

done to make the peptide anionic in nature and soluble in the basic buffer. Pep-A is coassembled
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with a nongelator peptide, Nap-FF-mannosyl (Pep-B). As Nap-FF is common in both sequences,
the gelator peptide helps sequestration of the mannosyl containing non-gelator peptide during
the aggregation process, resulting in a mannosyl-decorated hydrogel scaffold. The composite
hydrogel provides an excellent three-dimensional (3D) matrix for macrophage growth and
survival. As anticipated, the composite hydrogel was found to deliver the anti-Leishmaniasis drug

to the macrophages to kill the parasite effectively.

3.2 EXPERIMENTAL SECTION

3.2.1 General

Rink amide MBHA resin, Fmoc-protected amino acids, HBTU and HOBT were procured from GL
Biochem, China. All other fine chemicals were procured from Sigma Aldrich, USA. To prepare
samples, Milli-Q water with a conductivity of less than 2 mScm™ was used. Chromatographic
purifications were performed on a Luna 5 pm (C18, 250x13 mm) column {Phenomenex) and
analytical HPLC were performed on a Luna 5 pm {C18, 250 X 4.6 mm) calumn (Phenomenex} using
a Dionex Ultimate 3000 HPLC. UV-Visible spectra were recorded on a PerkinElmer Lambda 750
spectrometer, while fluorescence measurements were performed on a Fluoromax 4 {Horiba)
spectrophotometer. Standard 10 mm-path quartz cuvettes were used for all spectroscopic
measurements. '"H NMR, *C NMR were recorded with a Bruker Ascend 400 MHz (Bruker, Coventry,
UK) spectrometer and referenced to deuterated solvents. ESI-MS were performed with a Q-Tof
Micro Quadrupole mass spectrophotometer (Micromass). FESEM images were taken using Zeiss,
Sigma microscope. Atomic Force Microscope images were taken on Nanosurf Flex-Axiom

(Nanosurf, Switzerland). CD experiments were performed on a Jasco J-1500 spectropolarimeter.

3.2.2 Synthetic protocols

Synthesis of Nap-FFGE-NH, (Pep-A)

The peptide was synthesized using solid phase peptide synthesis technique employing Rink-
amide MBHA resin as the solid support. Sequence elongation at the N-terminus was performed
by coupling the appropriate Fmoc protected amino acids (3 equiv.) under standard conditions
employing HBTU (3 equiv.) and DIPEA (6 equiv.} as coupling reagents in DMF. Fmoc deprotection
was achieved by treating the resin bound peptide with 20% piperidine in DMF. The peptide was
cleaved from the resin using a cocktail of TFA/TES in a ratio of 9.5:0.5. Precipitation from dry ether
followed by purification using semi-prep HPLC {acetonitrile/water system as the eluent) and

lyophilisation provided the pure peptides. '"H NMR {600 MHz, DMSO-ds) 6 {ppm): 12.11 (s, 1H), 8.26

63
TH-2872_166122039



-8.20(m, 2H), 7.90 (d, J= 8.1 Hz, 1H), 7.85 (d, J= 7.8 Hz, 1H), 7.76 {(dd, J = 22.5, 8.1 Hz, 2H), 7.58 (s,
1H), 7.49 - 7.43 (m, 2H), 7.34 (d, J= 2.1 Hz, 1H}, 7.24 - 7.08 (m, 10H), 4.52 (ddd, J= 12.8, 6.6, 3.4 Hz,
2H),4.24-4.19 {m, 1H), 3.81 - 3.68 (m, 2H), 3.58 - 3.46 (m, 2H), 3.01 {ddd, J=35.1,13.9, 4.5 Hz, 2H),
2.83(dd, J=14.0,9.2Hz, 1H), 2.75 - 2,68 (m, TH), 2.23 (ddd, J= 9.3, 6.5, 2.9 Hz, 2H), 1.99 - 1.91 (m,
1H), 1.77 - 1.71 {m, 1H). BC NMR (151 MHz, DMSO-ds}
138.13, 138.00, 134.22, 133.34, 132.17, 129.67,

& (ppm): 174.55, 173.66, 171.83, 17048,
129.62, 128,57, 128.42, 128.01, 127.93, 127.89,
127.81,127.69,126.79, 126.66, 126.47, 125.96, 54.66, 54.23, 52.21,42.62,42.56,37.75, 30.63, 27.68.

1. Fmoc-Glu(tbu)-OH, A
2.B

H2N—o HZNE)LH’O

3, 20% piperidine/DMF

a.c ;lok
— A A0

1. Fmoc-Gly-OH, A

o
H
2.B N
3. 20% piperidine/DMF o =
o
1. Fmoc-Phe-OH, A
2.B
3.20% piperidine/DMF
4.c
1.Fmoc-Phe-OH, A
28 HzN\)LN,\[rN\)LN,O

3. 20% piperidine/DMF

4.C

D Ak

1. Nap-CH,COOH, A
2.B
3.DCM, 5 x (5 ml x 3 mins.)

A: HBTU, DIPEA in DMF

B. DMF, 4 x (5 ml x 2 mins.}
C.DMF, 3 x (5 ml x 2 mins.)
— DCM, 4 x (5 ml X 2 mins.)
—+ DMF, 4 x (5 ml x 2 mins.)

A 8 e
0 Ak

O_ ,OH

OAc
HO Ac 0, HCIO,
Ho H Aco™
OH
D-Man D-Man(OAc)s
(8]
\\/\N
NaN,, DMF AcO E
— o
AcO™ Ac
OACc

D-Man(0Ac),C.H N,

TH-2872_166122039

TFA/TES
_—

S\AN’\WNJN/O
Nap-FFGE-NH, o H

Bromoethnol, BF;-Et,0  AcO

AcO™ Ac
OAc

D-Man(0Ac),C;H,Br

0
Pd/C, H, Aco "NHy
[ v
AcO™ Ac
OAc
D-Man(0Ac),C;H,NH,
64



Synthesis of Man{OAc)s

15 ml of acetic anhydride was taken in a round bottomed flask and stirred in ice bath for some
time under argon atmosphere. Another separate mixture of 4.5 ml of acetic anhydride and 100 |
perchloric acid (HCIQ.) (665 moles) was prepared and maintained in ice bath. This mixture was
dropwise added in cold condition to the previous acetic acid solution. Then, mannose (5 g, 0.02
moles) was added in small portions over a duration of 1 hour under cold and argon atmosphere
for complete solubilization. Completion of reaction was confirmed with TLC in 4:6 ethyl
acetate/hexane. The TLC was visualized by charring method. Solvent was reduced in a rotary
evaporator and the obtained material was dissolved in ethyl acetate and washed twice with water
and once with brine. The organic portions were collected, dried over anhydrous sodium sulphate
and concentrated to obtain a pale-yellow oil. 'H NMR (600 MHz, CDCls} & (ppm): 6.07 {d, J= 2.0 Hz,
1H),5.33{d, J= 6.3 Hz, 2H}, 5.24 (s, 1H), 4.27 {dd, J=12.4, 4.8 Hz, 1H), 4.10 - 4.01 (m, 2H)}, 2.16 (d, J
= 5.0 Hz, 6H), 2.08 (s, 3H), 2.04 (s, 3H), 1.99 (5, 3H). BCNMR (151 MHz, CDCl3) & (ppm): 170.70, 170.04,
169.79, 169.57, 168.11, 90.58, 70.58, 68.72, 68.31, 65.48, 62.08, 20.89, 20.66.

Synthesis of Man{OAc),C,H.Br

Man(OAc)s(1 g, 2.56 mmol) was dissolved in dry DCM at stirred in ice bath. Then bromoethanol
(5.12 mmol} was added under ice cold condition. Then to this sclution, BFs-Et,O (12.8 mmol) was
added under argon atmosphere in dark and ice-cold condition. Reaction mixture was stirred
under cold condition for 1 h and then in room temperature for 12 hours. After completion, the
reaction was dropped in cold water, aqueous portion was extracted with DCM. Organic portions
were washed with saturated sodium bicarbonate, water and brine, then dried over anhydrous
sodium sulphate and concentrated to obtain a white solid. 'TH NMR {600 MHz, CDCl3} & (ppm): 5.34
(dd, J=10.1, 3.4 Hz, 1H), 5.31 - 5.25 {m, 2H), 4.87 (s, 1H}, 4.27 {dd, J=12.8,6.0Hz, 1H),4.12(d, J=
10.2 Hz, 2H), 3.97 (dt, J=11.2, 6.3 Hz, 1H), 3.88 {(dt, J=11.2, 5.7 Hz, 1H)}, 3.51 (t, J= 6.0 Hz, 2H}, 2.15
(s, 3H), 2.10 (s, 3H}, 2.05 (s, 3H), 1.99 {s, 3H}, 1.65 (s, TH).*C NMR {151 MHz, CDCl5) & (ppm}: 170.68,
170.08, 169.91, 169.81, 97.75, 69.42, 69.01, 68.95, 68.49, 6598, 6241, 29.67, 20.92, 20.79, 20.75,
20.72.

Synthesis of Man{OAc),C;HsN:
Man(OAc)CGHLBr (600 mg, 1.3 mmol) and sodium azide (10.5 mmol) was weighed in a round
bottomed flask and sealed. The reaction set-up was purged with argon for 30 minutes and then

dry DMF was added and stirred at 60 °C for 14 hours. Thereafter, the reaction was cooled to room
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temperature and extracted with ethyl acetate and washed several times with cold water to
remove DMF. The organic portion was concentrated to obtain a yellow oil. '"H NMR (600 MHz,
CDCls) & (ppm): 5.36(dd, J=10.0, 3.4 Hz, 1H), 533 - 5.26 {m, 2H), 4.87 {5, 1H), 4.29 (dd, J=12.3,5.3
Hz, 1H), 412 (dd, J= 12.3, 2.4 Hz, 1H), 4.05 (ddd, J=10.0, 5.3, 2.4 Hz, TH), 3.87 {ddd, J=10.6, 7.1,
3.6 Hz, 1H), 3.67 (ddd, J=10.6, 6.0, 3.5 Hz, TH), 3.47 {ddd, J= 20.1, 6.5, 3.5 Hz, ZH), 2.16 (s, 3H), 2.11
(s, 3H), 2.05 (s, 3H), 1.99 (s, 3H), 1.60 (s, 2H}. *C NMR (151 MHz, CDCL;} & {(ppm): 170.68, 170.07,
169.86, 169.80, 97.75, 69.39, 68.85, 67.08, 65.98, 62.46, 50.36, 20.92, 20.78, 20.75, 20.70.

Synthesis of Man{OAc),C;H:NH:

Man{OAc),(GHAN; (0.5 g) was dissolved in dry THF. Then palladium/charcoal was added and the
reaction was sealed. Hydrogen gas was constantly purged into the reaction until completion of
reduction. The reaction was then filtered through sintered glass funnel and washed with THF. The
collective organic portion was concentrated to obtain a yellow oil. 'H NMR (600 MHz, CDCl3) &
(ppm): 5.27 {d, J= 1.4 Hz, 2H), 4.85 (dd, /= 18.4,1.8 Hz, 1H), 4.27 (d, J=12.1 Hz, TH), 414 (dd, J =
12.1, 2.8 Hz, 1H), 4.04 - 3.98 (m, 1H}, 3.79 (dq, J= 9.8, 3.7, 3.0 Hz, 2H), 3.56 (d, J= 3.1 Hz, TH}, 3.43
(d, J=5.0Hz, 1H), 2.20 - 1.99 {m, 12H)."*C NMR {151 MHz, CDCls} & {(ppm): 170.71, 170.42, 170.19,
169.72,97.67,69.36, 69.02, 68.73, 67.51, 66.15, 62.53, 39.10, 23.21, 20.87, 20.71, 15.26.
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The peptide was synthesized using solid phase peptide synthesis technique employing trityl

Synthesis of Nap-FF-OH

chloride resin as the solid support. To the dried resin, dry DCM was added for swelling. Then a
DCM mixture of Fmoc-Phenylalanine {2 equivalents} and DIPEA (4 equivalents) was added and
stirred overnight. Sequence elongation at the N-terminus was performed by coupling the

appropriate Fmoc protected amino acids (3 equiv.) under standard conditions employing HBTU
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(3 equiv.) and DIPEA {6 equiv.} as coupling reagents in DMF. Fmoc deprotection was achieved by
treating the resin bound peptide with 20% piperidine in DMF. The peptide was cleaved from the
resin using a cocktail of TFA/TES in a ratio of 9.5:0.5. Precipitation from dry ether followed by
lyophilisation provided the crude peptide which was used for further coupling reaction with
compound 4. 'TH NMR (600 MHz, CDCls) & (ppm): 7.85 (s, 1H), 7.77 (t, J= 9.3 Hz, 2H), 7.57 {s, TH},
7.52(s,2H), 7.21 (d, J=7.4 Hz, 4H}), 7.10 (s, 1H), 7.01 (s, 2H}, 6.91 (d, J= 17.9 Hz, 4H), 6.36 (s, 1H}, 5.85
(s, TH), 4.73 (s, 1H), 4.61 (s, 1H), 3.69 {s, 3H), 3.65 (d, J= 10.6 Hz, 1H}, 3.04 (s, 1H), 2.97 (s, 2H), 2.91 {5,
TH). PC NMR {151 MHz, CDCLs} & {(ppm): 173.40, 170.95, 135.89, 133.47, 132.53, 129.46, 129.39,
129.23, 129.17, 128.73, 128.52, 128.49, 128.36, 128.27, 127.75, 127.70, 127.09, 126.98, 126.50,
126.34, 126.05, 54.06, 53.22, 43.52,43.42, 38.33, 37.58.

Synthesis of Nap-FF-Mannosyl (Peptide B)

Nap-FF-OH (0.8 g, 1.72 mmol) and HBTU (0.8 g, 2.1 mmol) were weighed in a round bottomed flask
and purged sufficiently with argon. Dry DCM and DIPEA (0.8 ml, 5.2 mmol) was added under argon
atmosphere and the mixture was stirred in ice bath for 30 minutes. Then a separately prepared
solution of Man(OAc)(GHNH, in dry DCM was added slowly with the help of a syringe to the
previous solution. The reaction was stirred at room temperature under argon atmosphere for 12
hours. After that, DCM was reduced in a rotary evaporator and the crude mixture was purified with
column chromatography using 1:4 ethyl acetate/hexane to obtain a white solid. This solid
compound was redissolved in dry methanol and treated with NaOMe (4 equiv.} and stirred at room
temperature for 12 hours. Then the solvent was removed and a white sticky solid was obtained
which was washed several times with ether to obtain a white powder. The crude material was
purified with semi-prep HPLC {acetonitrile/water system as the eluent) and lyophilized to obtain
the pure product. '"H NMR (600 MHz, DMSO-dq} & 8.27 {(d, J= 22.6 Hz, TH), 8.14 {d, J = 8.0 Hz, 1H),
7.84 (s, TH), 7.75 (d, J= 8.4 Hz, 2H), 7.60 (s, 1H), 7.47 (d, J= 2.1 Hz, 2H}, 7.29 - 7.08 (m, 10H), 6.98 {s,
1H), 6.76 — 6.48 {m, 2H), 4.86 — 4.42 (m, 7H), 3.05 - 2.90 (m, 2H)}, 2.87 - 2.67 {m, 2H), 2.57 - 2.48 (m,
3H), 1.91 (s, TH}, 1.37 = 1.19 {m, 4H). *C NMR {150 MHz, DMS0-d,) 6 177.71,171.93,132.16, 129.53,
129.46, 128.68, 128.58, 128.15, 127.81, 127.66, 126.62, 126.20, 99.93, 73.59, 70.97, 7046, 67.07,
65.66,61.27, 53.90,42.27, 24.67,22.66, 17.64,12.79.
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3.2.3 Preparation of Hydrogel

A) Gel A: 5 mg of Pep-A (HFIP treated) was added into 250 L of sodium phosphate buffer (pH 11,
20 mM) and dissolved by sonication for 1 min followed by heating and gentle shaking for 5 mins
at 50 °C. The solution was allowed to cool down to room temperature. To this solution, solid GDL
was added and tapped gently for homogenization followed by incubation at room temperature

to get self-supporting hydrogel. Final concentration of Pep-A was 30 mM.

B) Gel B: 4 mg of Pep-A (HFIP treated} was mixed with 1 mg of Pep-B {from DMSO stock, 4 ulL, i.e.,
4 mL/mg). 250 uL sodium phosphate buffer (pH 11} was added to the peptide mixture and
dissolved by sonication for 1 min followed by heating and gentle shaking for 5 mins at 50 °C. The
solution was allowed to cool down to room temperature. To this solution, solid GDL was added
and tapped gently for homogenization followed by incubation at room temperature to get self-

supporting hydrogel. Final concentrations of Pep-A and Pep-B were 24 and 6 mM respectively.

3.2.4 NMR Studies

'H NMR spectra of pure peptides were recorded in DMSO-ds. For determination of hydrogen
bonding interactions, 5 mM peptide solutions were prepared in DMSO-ds containing different
amounts of water. For studying the pH and temperature dependent aggregation, 7.5 mM peptide
solution was prepared in NaOD/D,O. Then GDL was added and the solution immediately
transferred to NMR tube. NMR spectra was recorded immediately and after every 5 minutes for 35
minutes. After 24 hours, spectra of the same samples were recorded at desired temperatures. 2D-

NMR spectra of Gel-A and Gel-B (5 mM) were recorded in 30% D,0/ DMSO-ds.
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3.2.5 UV-VisSpectroscopy

A series of peptide solutions were prepared with increasing concentrations in 20 mM pH 7 buffer.
All solutions were incubated in room temperature for 24 hours before recording the spectra.
Absorbance values obtained at 270 nm were plotted against the corresponding concentrations

to obtain the minimum aggregation concentration of the peptide.

3.2.6 Fluorescence Spectroscopy

Gelation kinetics of Gel-A and Gel-B was demonstrated by decrease in the fluorescence intensity
at 337 nm. 1 wt.% hydrogels were prepared in 1 ml fluorescence cuvettes and fluorescence
kinetics were performed at excitation wavelength: 275 nm. Gelation time of the hydrogels were

determined from the tangents drawn to the two different slopes of the curve.

3.2.7 FT-IR Spectroscopy
For FT-IR analyses, small pinch of lyophilized gels was mixed with KBr to form a thin pellet. The
pellets were mounted in the IR sample holder and scanned from 800-4000 cm™. The results were

subtracted from the background spectra of dried KBr pellet.

3.2.8 X-Ray Diffraction

X-ray diffraction (PXRD) studies on samples were carried out using a high-resolution Rigaku
Micromax-007HF diffractometer with a Cu-Ka monochromated beam (A= 15406 A) produced at
40 kV and 40 mA. Lyophilized gel samples were scanned from 2-theta angle range of 3-40° at a

step size of 0.021 and a count time of 1.6 s per step.

3.2.9 Rheology

The viscoelastic properties of the hydrogel were characterized using rheometer (AntonPaar MCR
102) equipped with a 20 mm parallel plate {(with 0.3 mm zero gap) measuring system at 25 °C. A
strain sweep test was performed first to identify the linear viscoelastic region {LVR)} over a range
from 0.01 to 100 % strain at a fixed oscillatory frequency of 1 rad/s. The LVR can be defined as,
where strain has no impact upon G’ and G”. Further, the mechanical strength of the gel was
determined from oscillatory test ie., frequency sweep, which was carried out under an
appropriate strain (y = 0.1 %) selected from the LVR with the frequency ranging from 0.1 to 1000
rad/s at 25 °C. For time dependent gelation studies, the experiment was set up at constant strain
of 0.5% and constant frequency of 5 Hz. The whole experiment was done at 25 °C and measured

for 2 hours. Solutions of 1 wt.% gelator concentration were prepared and samples were taken from
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the hydrogel at different time interval. Each sample analysed for one hour. The plot was obtained

by combining the G" and G” values with time.

3.2.10 FESEM and AFM

A minute amount of 1 wt.% hydrogel samples were extracted with a pointed spatula and spread
uniformly on silicon wafers. Samples were air dried for several days before taking the FESEM
images. For AFM analyses, 5 uL of 1 mM gelator solutions were cast on silicon wafers and

thoroughly air dried for several days before analyses.

3.2.11 Enzymatic Degradation Study

0.4 mqg of Pep-A and Pep-B were separately dissolved in pH 7.4 phosphate buffer containing
Proteinase K at a concentration of 2 U/mL. Solutions were incubated at 37 °C for 24 hours. 10
microliters of the solutions were removed at different time intervals and the reduced volume was
adjusted with pH 7 buffer. The removed samples were diluted with acetonitrile and analysed

through HPLC.

3.2.12 Stability in Cell Culture Media

500 microliters of Gel-A and Gel-B were prepared in separate vials, and to each vial, 600 microlitres
of culture media (DMEM supplemented with10% heat-inactivated fetal bovine serum,100 U/mL
penicillin, and 100 pg/mL streptomycin) was added and incubated at 37 °C for 24 hours. The

internalization of media and stability of hydrogels were monitored through visual photographs.

3.2.13 Cell Culture and Infection

The murine macrophage cell line RAW264.7 was cultured at 37°C with 5% CO, in DMEM
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated FBS, 100 ug/ml
streptomycin and 100 U/ml penicillin. L. donovani (MHOM/IN/1983/AG83) parasites were cultured
in medium M199 (Invitrogen) with Hanks salt containing HEPES {12 mM), L-glutamine {Z0 mM),
10% heat-inactivated fetal bovine serum (FBS), 50 U/ml penicillin and 50 pg/ml streptomycin
(Invitrogen) as promastigotes. For in vitro infection, macrophages were infected with L. donovani
promastigotes at a parasite: cell ratio of 10:1. For 2 D system of cell culture, gelation mixture was
prepared and plated onto coverslips and allowed to get solidified. After 24 hours, macrophage
cells were resuspended in DMEM medium and plated onto the solidified gel on coverslips. After 4
hours, when cells adhered then cells were infected and further analysis was conducted. For 3D
system of cell culture, macrophage cells were dissolved in gelation mixture and cell culture

medium DMEM was added to it. The mixture was then overlayered on coverslips and left for 24
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hours to solidify. Later, these were processed for microscopy experiments. For gel internalisation
studies, Gel-A or Gel-B was allowed to solidify and then it was stripped with sterilised needle into
small pieces and gel pieces were dissolved in DMEM medium and incubated with cells plated onto

cell culture dishes, allowing them to get internalised.

3.2.14 MTT Assay
MTT assay for estimating cellular toxicities or cell viability or cell proliferation was conducted with

MTT kit according to manufacturers’ instructions following protocol guidelines from Sigma.

3.2.15 Fluorescence Microscopy

Macrophages were plated onto 18 mm? coverslips and cultured overnight. The cells were cultured
in 2D or 3D system as mentioned before and infected with L. donovani promastigotes. Either
Rhodamine dye or Drug Amphotericin conjugated to rhodamine was added in gelation mixture,
Cells washed twice in PBS, and fixed with methanol for 10 min at room temperature. After
washing, the cells were stained with DAPI (1 pg/ml) in PBS plus 10 pg/ml RNase A to label the
nucleus, mounted on slides and visualized under fluorescence microscope. The images thus

captured were analysed using Adobe Photoshop software.

3.3 RESULTS AND DISCUSSION

3.3.1 Formation and characterization of composite hydrogel

All studies were performed with HFIP treated peptides to ensure no pre-existing aggregation. The
hydrogel of Pep-A (Gel-A) was prepared by dissolving it in phosphate buffer {pH 11, 20 mM}inthe
presence of gluconolactone (GDL). The basic pH allows the peptide to get dissolved as the side
chain carboxylic acid of Glutamic acid gets deprotonated and thereby enhances the solubility.
However, with this increased solubility, the peptides do not tend to aggregate at this pH. The slow
hydrolysis of GDL to gluconic acid?® ?? decreases the pH of the system to a point where the
solubility of the peptide is optimum. Therefore, they self-assemble to form the hydrogel. In
addition, as reported onh many previous occasions, the slow pH control allows the formation of
homogeneous assembly.?”® After 24 hours of incubation, the final pH of the hydrogel was
measured as 6.8 with no further change in the value, suggesting complete consumption of GDL.
The minimum gelation concentration of the hydrogel of Pep-A was recorded as 0.5 wt.% (7.5 mM).
Below this concentration, though a highly viscous material was obtained, it could not have
sustained the inverted vial test as an instant downward flow of the liquid was observed upon

inversion.
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In order to understand the self-assembly process, the presence of different supramolecular
interactions was extensively investigated with the help of NMR analysis. DMSO was found to be a
non-gelling solvent for Pep-A. No shift in the peak positions as well as peak patterns were
observed in the '"H NMR spectra with varying concentrations of Pep-A (data not shown). To
evaluate the role of hydrogen bonding in the self-aggregation of Pep-A, '"H NMR spectra were
recorded for solutions of the peptide in different compositions of DMSO-ds and H,0.2% 2%° As the
peptide failed to self-assemble in DMSQ, the peaks in DMSO-ds were considered as the reference
for this study. With the increase in water content, the aromatic protons {from the Phe and
Naphthalene units} show an apparent up-field shift (blue box in Figure 3.1 A). Along with peak
shifting, the spectra also become disfigured due to self-assembly.?® It is worth mentioning that it
was difficult to get a clear spectrum beyond 40% water as the peak corresponding to H,O masked
most of the spectrum. However, the clear up-field shift of the aromatic protons suggests the
presence of stacked aromatic groups as the molecules self-aggregate. On the other hand, amide
protons undergo down-field shifts due to hydrogen bonding interactions {green lines). The C-
terminal amide at 7.35 ppm undergoes a significant down-field shift.?' This shift happened
possibly because the amide is most exposed to the surrounding water and involved in maximum
hydrogen-bonding interactions. The amide peaks at 8.3 ppm split upon increasing water content
due to differential hydrogen-bonding interactions which are attributed to differential exposure of
the amides to the added water. These peaks correspond to the diphenylalanine amides that lose
exposure to external water and shift up-field upon increasing water content. This observation is

attributed to  —  interactions prevalent in phenylalanine groups in aqueous medium.

Next, the pH-dependent self-assembly behavior was also monitored by NMR analysis. A 5 mM
Pep-A solution was prepared in DO containing 2 mM NaOD. After recording the spectrum, GDL
was added, mixed quickly, and the spectra were recorded at different time intervals. To monitor
the pH changes in the system during the NMR measurements, another sample with similar
concentrations were prepared following a similar process, and the pH of this sample was recorded
as a function of time. The pH changes of this sample were considered as the approximate pH of
the sample under NMR experiment. From these two parallel experiments, it was observed that pH
decreased from 11 {initial) to 7.2 (within 15 minutes) and down to 6.8 in 35 minutes. The recorded
spectra and the corresponding pH values at different times are shown in Figure 3.1 B. As can be
seen, apparent up-field shifts are visible for the aromatic protons for up to 40 minutes, and after

that, no such changes were observed. However, due to the very broad nature of the spectra, it was
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challenging to identify the amide protons. At pH 11, all the side chain residues of glutamic acid
are deprotonated, and due to electrostatic repulsions, the peptide remains completely water-
soluble. With GDL-assisted gradual decrease in pH, there is partial protonation of the carboxylates
and the protons get trapped near the acid moieties and undergoes hydrogen-bonding. Due to

partial neutralization of the negative charges, self-association takes place.

A) 500 water ,‘ I : Ih B) e ' pi’l
A — MO R Y I‘; . - _,iowmi”j”......fwwf“"“‘ S ieraticpsigrpanes 6.8
N I||l|l o ;'.I'.l:'l l." ;‘L‘ ,-,'-l. .r'r[lll ,I.L:gl % '“’vw”MM'*ww 5
’ - - I A I "\'\
MY _ \ iRt _ _.-'I| ,,"}'!.-Ii.-, ).-.-r-,-ll_.-"lll.‘,ﬁ'v: -,..WM-HO s ‘fWMJMM \“r\"“*\'*"*""*w 75
J \ B ' ;. . A .-#‘Aj\u\ n
{ 2omins fe, AN ooy
" ST o ) N
II l 10mins ¢ o \._.,.-;v’; T 8.4
] A
o Mo M M £ A-H Ve ____,_O min A "“‘-..____,.-"V"\h.ﬁ__w‘*"-l ¥ '\u‘:\h 92
L |J. I— GDL e
DMSO-ds |y T . _.'I'.__ AW '..’J'x_'.__, o B+NaOD) i~ A VA 40
80 75 70 85 80 75 70 65
3 (ppm) 3 (ppm)

Figure 3.1 (A} Partial '"H NMR spectra of Pep-A in DM30-ds with varying water content. {B) Partial '"H NMR spectra of
Pep-A in NaOD/D,0 in presence of 2 mM GDL at different time interval along with the corresponding pH values. All
experiments wete carried out at RT.

As mentioned before, we aimed to create a mannose functionalized hydrogel. For that purpose,
we designed another non-gelling peptide, Pep-B {Scheme 3.1). The peptide is designed by
keeping the self-assembling unit, Nap-FF, and attaching a mannose unit at the C-terminal. The
idea was to coassemble these two peptides where Pep-A will form the hydrogel network and Pep-
B, due to the presence of Nap-FF unit will allow the smooth coassembly and thereby incorporate
the mannose units within the hydrogel network. We anticipated that the coassembled hydrogel
system would portray differential chemical and material properties. As expected, due to the
presence of mannose unit, Pep-B showed higher and pH-independent solubility and was unable
to form any hydrogel even at a very high concentration (30 mM). Next, the effect of Pep-B on the
gelation process of Pep-A was investigated. Four different gelation sets {1 wt.%, pH 6.8) were
prepared where mole percent of Pep-B was varied from 0% to 50%. All these solutions formed
gels (Figure. 3.2 A). From rheclogy experiments, it was found that gel strengths decreased upon
increasing the percentage of Pep-B. It was expected that the presence of Pep-B would weaken
the hydrogels. Gel-A {made of only Pep-A) was found to be the strongest in the series. However,

among the composite gels, Gel-B showed the highest strength (Figure 3.2 B and C}. The strength
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of the hydrogels weakened with a further increase in the Pep-B content. From the above

observations, Gel-B was selected as the model system for our work.
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Figure 3.2 (A} Photographs of 1 wt.% hydrogels with varying Pep-A: Pep-B ratios. (B} Amplitude-sweep and (C}
frequency sweep curves of hydrogels preparad in {A). All experiments were performed at RT.

In order to get some insight into the molecular interactions between Pep-A and Pep-B during
self-assembly, we have performed NOESY NMR spectra of single and composite peptide solutions.
Due to extensive aggregations in water, we could not detect any peak in D,O system. Therefore,
we attempted to carry out the experiment in 30% DMSO-ds/H.O which allows partial aggregation.
In Gel-A, aromatic protons of naphthalene (7.70 ppm) interacted with aromatic protons of
phenylalanine (7.12 ppm). The glycine protons (4.11 ppm) also interacted with the ethylene
groups of glutamic acid residues (1.75, 1.95, 2.23 ppm). This is attributed to intermolecular
hydrogen bonding of the glutamic acid residues (Figure 3.3 A). In the composite hydrogel {Gel-B}
system, hydroxyl groups of mannose unit {4.59 ppm} interacted with the methylene linker of the
naphthalene moiety (3.50, 3.62 ppm). Additionally, benzyl protons of phenylalanine (2.90 ppm)
also interacted with the ethylene linker of the mannose group {3.29 ppm). These interactions
suggest that Pep-B was incorporated within the assembled network of the Pep-A during self-
assembly (Figure 3.3 B). Cross-peaks of mannasyl chiral protons {1.22, 1.49 ppm) and glutamate
ethylene groups (1.75, 1.95, 2.23 ppm) could also be detected, which indicated possible

intermolecular hydrogen bonding interactions of glutamic acid and mannose groups (Figure 3.3
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Q). Similarly, cross-peaks at (3.76, 3.25) and (3.73, 3.25) were also observed, which correspond to
weak interactions between mannosyl moiety and glycine residues (Figure 3.3 D). These results
indicate the proximity of two peptides which assisted the assembly of the non-gelator in forming
the cooperative self-assembly.
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Figure 3.3 (A} NOESY NMR spectra of ‘Solution A’ in 30% DMSO-ds/H,0. (B} NOESY NMR spectra of 'Solution B in 30%
DMSO-ds/H,0.{C) and (D) magnified NOESY NMR spectra of ‘Solution B’ showing weak interactions of Pep-A and Pep-
B.

Thereafter, we moved on to optimize the gelation kinetics of Gel-A and Gel-B. The gelation kinetics
of 1 wt.% (15 mM) pre-gelation solutions of Gel-A {Sol-A) and Gel-B (Sol-B) was monitored through
time-dependent quenching of naphthalene fluorescence detected at 337 nm.?? From the
obtained curve, it is deciphered that 'Sol-A’ forms hydrogel within 5 minutes. ‘Sol-B’ followed a
slower path and formed gel after 10 minutes (Figure 3.4 A}. In the rheology experiment, G"and G”
were scanned for 1 hour. For Sol-A, G’ crassed G” within 3-5 minutes. For "Sol-B', G’ and G” remains
essentially merged for 10 minutes. After 10 minutes, the separation between G’ and G" gradually
increases, which signifies the commencement of the gelation procass (Figure 3.4 B}). These

observations corroborate with the fluorescence data.
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Figure 3.4 A) Fluorescence kinetics of 1 wt.% hydrogels monitored at 337 nim {Lec 275 nm). B} Gelation kinetics of 1
wt.% hydrogels.

Figure 3.5 (A) FESEM and {B) AFM images of 1 wt.% Gel-A. {C} FESEM and {D) AFM images and photograph of 1 wt.%
Gel-B.

Next, the morphologies of the hydrogels were analysed. As can be seen from the FESEM and AFM
images {Figure 3.5), both hydrogels formed a tightly knitted network of fibres. The fibres are
several micrometres long. However, for Gel-A, the fibres are thinner (~100nm} and less dense than

Gel-B (~ 250 nm as obtained from FESEM images).
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Figure 3.6 (A) IR spectra and (B} PXRD of lycphilized 1 wt.% Gel-A and Gel-B samples.

Both hydrogels acquired B-sheet-like aggregation, which was supported by the FTIR spectra of
the xerogels (Figure 3.6 A). The HFIP treated peptides showed very similar FTIR spectra with a
band at ~1644 cm™, while the hydrogel samples showed peaks at 1635 cm™' (amide I) and 1616
cm™' (amide Il}. The presence of these bands supports the formation of antiparallel B-sheet like
arrangements in both hydrogels. #*2* Peaks at 1733 and 1676 cm” correspond to the C=C

stretching bands for protonated carboxylic acids and residual carboxylate anions respectively.*

—— Solution of Pep-A

—— Solution of
Pep-A + Pep-B (4:1)

190 210 220 230 240
Wavelength (nm)

Figure 3.7 CD spectra of 0.05 wt% solutions of Pep-A and mixture of Pep-A and Pep-B measured at room
temperature.

The formation of B-sheet in both cases was confirmed by Circular Dichroism (CD) spectra (Figure
3.7). Both solutions (Pep-A and a 1:4 mixture of Pep-A and Pep-B in pH 6.5 buffer) showed a
characteristic negative cotton effect at 220 nm. Powder XRD analyses (Figure 3.6 B) of the

lyophilized hydrogels showed signals at 3.9 A (20 = 22.9°, a signature of phenylalanine
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interactions. 4.4 A (20 = 20.27%and 4.8 A (20 = 18.43°) are the intra-strand distances, whereas 10

A (20 =8.8% and 11.6 A (20 = 7.6°) are due to inter-sheet distances.?’

From all these analyses, it can be concluded that Pep-A self-assemble through an antiparallel
orientation. The molecular arrangement is achieved by hydrogen bonding between the peptide
molecules and water molecules. The aggregation is also strongly supported by the n-nt interaction
between the aromatic groups. The presence of Pep-B in Gel-B, though decreased the strength of

the hydrogel, the overall assembly process of Pep-A presumably remained unaltered.

To check the melting temperature, both the hydrogels (400 microlitres, 1 wt. %) were gradually
heated from 23 to 75 °C at 1°/min. Both the hydrogels were found to release some portions of the
entrapped water instead of the usual melting phenomena. Such release of the trapped solvent by
a gel is called syneresis.?® 3% The amount of water released while heating the gel samples at 60
°C were then measured at different time intervals until a time was reached when no further water
was released. It was interesting to find that Gel-A released 275 microlitres (68.75%) of entrapped
water while 195 microlitres (48.75%) of the trapped water was released from Gel-B (Figure 3.8 A).
Further, we investigated the temperature-dependent changes in the '"H NMR spectra of both the
hydrogels. As can be seen from Figure 3.8 B, the aromatic protons undergo down-field shifts with
an increase in temperature. This can presumably be attributed to the disassembly process, which
occurs at higher temperatures. With the temperature rise, as the weak supramolecular
interactions break, sharp peaks generally appear at the higher temperature.?*® However, in the
present cases, spectra do not regain the original pattern and remain disfigured. At temperatures
above 60 °C, the gel shrinks and expels water to form a more compact gel (Figure 3.9). Amplitude
sweep experiments were performed on the shrunken gels (obtained after removing the
discharged water). As expected, there was an overall enhancement of the gel strength noticed for

both cases (Figure 3.8 B).
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Figure 3.8 (A) Time-dependent water-telease experiment of 1 wt.% Gel-A and Gel-B at 60 °C. (B) Amplitude sweep
experiment of synerised 1 wt.% Gel-A and Gel-B. {C) FESEM images and photographs of synerised 1 wt.% Gel-A and
Gel-B. {D} Cyclic strain time sweep data for 1 wt.% Gel-A and Gel-B {pH 6.8) at room temperature.

W
e
e

| I I | I

9.0 8.5 8.0 7.5 7.0
& (ppm)

Figure 3.9 Temperature-dependent partial '"H NMR spectra of 1 wt.% Gel-A and Gel-B.
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When subjected to morphology analyses, though the pattern did not change, the shrunken gels

showed much denser packing of the fibres compared to that of the original hydrogels (Figure 3.9).

3.3.2 Shear-thinning, biodegradability, stability and in-vitro drug release

As the composite hydrogel was prepared to use for the treatment of Leishmaniasis, it could be
beneficial if it shows shear-thinning or thixotropic properties. A shear-thinning hydrogel shows a
fall in viscosity and displays fluid-like properties once a shear of large amplitude is applied. On
removing the shear, the fluid recovers back to the original hydrogel form in a time-dependent
manner (Self-healing).?*' To check the shear-thinning property of the present hydrogels, detailed
rheological analyses were performed. We noticed from the initial amplitude sweep experiments
that when the % strain was varied at a particular frequency (1 rad/s}, the G’ remained higher than
that of G” up to 2%, and then they crossed each other, signifying melting of the hydrogel to sol
(Figure 3.2 B) in both hydrogels. We assumed that the hydrogels might have the shear-thinning
character. Further, the thixotropic behaviour was checked for the 1 wt.% hydrogels {pH 6.8}. Cyclic
strain time sweep experiments were performed where strain was applied to break the hydrogels
and when the applied strain was released, the hydrogels recovered their initial mechanical
strength. This process was repeated four times without any noticeable change (Figure 3.8 D).
These results confirm the shear-thinning and thixotropic behaviour of both gels which are

important for drug delivery applications.?

Gaining knowledge about the material and thixotropic properties of the designed composite
hydrogel {Gel-B}, we wanted to move on to the biological applications. Before analysing the
biological applications, it was essential to determine their biodegradability. For that purpose, we
have performed the Proteinase K biodegradation assay of both the components. Pep-A or Pep-B
were dissolved in pH 7.4 phosphate buffer containing Proteinase K at a concentration of 2 U/mL.
Solutions were incubated at 37 °C for 24 hours, and the amount of peptide that remained
unaltered was monitored through HPLC. From Figure 3.10 A, it can be seen that both peptides
were almost completely biodegradable within 24 hours. Therefore, the hydrogel prepared by
combining these two peptides can be used for biological applications without any accumulation
of peptides inside the body. A similar study with Gel-B was then performed. In this case, the total
amount of intact peptides (Pep-A and Pep-B} was calculated. Similar to individual peptides, Gel-
B also showed complete degradation within 24 hours. The stability of the hydrogels was

monitored for 24 hours in the presence of culture media {DMEM supplemented with10% heat-
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inactivated fetal bovine serum,100 U/mL penicillin, and 100 pg/mL streptomycin). 500 pl of Gel-A
and Gel-B were prepared in separate vials, and to each vial, 600 microlitres of culture media were
added and incubated at room temperature for 24 hours. Both the gels remained intact without

any dissolution in the desired culture media (Figure 3.10 B).
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Figure 3.10 (A) % of peptide retained with time during Proteinase K assay as obtained from HPLC analyses. (B)
Photographs of gel stabilities in presence of culture media (DMEM supplemented with10% heat-inactivated fetal
bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin) at room temperature. (C) In-vitre drug release profile
for Gel-B encapsulated AmpB-Rho studied in different buffers at room temperature.

3.3.3 Effect of composite hydrogel on cell viability and proliferation

The mannose content in the composite hydrogel {(Gel-B) makes it a good target for mannose
binding receptors on macrophages. It is imperative to determine whether the gel supports cell
proliferation or not. For this purpose, control (healthy} and infected macrophages (with
Leishmania} were either left alone or incubated with Gel-B. Cells were incubated for 3 days with
serum-supplemented fresh cell culture medium (DMEM), and then MTT assays were performed to
assess cell proliferation {Figure 3.11 A}. No significant change in percentage of cell proliferation
was noticed in cells incubated with Gel-B compared to control cells without the hydrogel. {Figure
3.11 A). These results suggest that mannosylated composite gel did not alter cell growth or
proliferation, implying that Gel-B could be utilized as a drug-delivery vehicle without

compromising cellular proliferation.
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Figure 3.11 Impact of composite gel on cell growth and viability. (A} Macrophages {10° cells/mL} were seeded in
tissue culture plates and were either infected with {. donovaniparasites or left alone and incubated with Gel-B for
internalization. Cells were further incubated for 3 days with a serum-supplemented medium at 37 °C. After that, cells
were subjected to MTT assay to determine viability. (B-C) Cell growth analysis in 2D and 3D systems. (B) Gelation
mixture of either Gel-A or Gel-B was plated onto coverslips, kept in tissue culture dishes, and allowed to solidify for
24 hours. Macrophages (10° cells/mL) were seeded onto the surfaces of these gels and were then either infected with
L. donovani (10:1 parasite: cells) or left alone. Cells were washed, and 10 pl of MTT labelling reagent was added and
incubated for 4 hours in a humidified atmosphere. The solubilizing agent was then added and kept overnight in a
humidified atmosphere and absorbance of formed formazan was spectrophotometrically measured in ELISA reader
at 595 nm with reference wavelength > 650 nm. {) Macrophages were resuspended with the gelation mixture of
either Gel-A or Gel-B, containing Rhodamine (Rho), and plated onto coverslips. Cells were allowed to grow, incubating
at 37 °C. Cells were washed, fixed with methanol, and then further stained with DAPI (4" 6-diamidino-2-phenylindole, 1
pg/mL} and analysed under a flucrescence microscope.

Gel-A

3.3.4 Gel-B as a 2D matrix for cell growth and proliferation

After finding out that gel B shows no apparent cytotoxicity, we next wanted to explore their
potential as a matrix for cell growth. Both the gels {Gel-A and Gel-B) were allowed to form on the
surface of coverslips and used as solid support. Macrophage cells were plated onto the surface of
these gels. To check the effect of hydrogel attachment on cell growth, both control macrophages
and infected macrophages were used for the study. Cells plated onto hydrogel bearing coverslips

were further incubated for 3 days with serum-supplemented fresh cell culture medium (DMEM),
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and then MTT assay was performed to assess cell growth or proliferation (Figure 3.11 B). Cells
growing on surface of Gel-B showed increase in percentage of cell survival as compared to
untreated cells that are growing on no-gel support. In contrast, cells growing on Gel-A showed a
significant decrease in the percentage of cell survival compared to untreated cells without the
hydrogel support {Figure 3.11 B). This might be because of the lack of cell adhesion in the case of
Gel A. However, the infected cells on the surface of Gel-A showed a relatively higher percentage
of cell growth than uninfected controls, suggesting that Leishmania perhaps is modulating the
inhibitory potential of Gel-A to facilitate its survival. Collectively, these results indicate that cell

growth is more feasible on Gel-B than on Gel-A.

3.3.5 Cell growth analysis in 3D system

Since, MTT assay demonstrated that cells growing on the surface of the composite hydrogel (Gel-
B) had increased survival. In contrast, cells on Gel-A showed decreased survival, and we wanted to
check the extent of cell growth in 3D systems. RAW cells were resuspended with the gelation
mixture of either Gel-A or Gel-B, containing Rhodamine (Rho), and plated onto coverslips.
Rhodamine was used as a model dye to find out the feasibility of drug delivery in 3D system. Cells
were allowed to grow after incubating at 37 °C. Cells were then further stained with DAPI for
visualization of cell nuclei and analysed under fluorescence microscope. The microscopic studies
demonstrated that substantial cell growth occurred in Gel-B compared to Gel-A. As revealed from
merged images (Figure 3.11 C}, itis clear that Rho entered the cells and also the cell nuclei to some
extent. The observations indicate that Gel-B can support better cell growth than Gel-A, and drugs

can also be delivered by the system.

3.3.6 Drug delivery through 3D system

Having proved that Gel-B facilitates better cell growth in the 3D system, we next wanted to check
the delivery of a drug into macrophage cells in the 3D system of cell culture. An anti-leishmanial
drug, Amphotericin B (AmpB)?*>2* conjugated with Rho (AmpB-Rho), was used for the study. RAW
macrophages were resuspended with the gelation mixture of either Gel-A or Gel-B, containing
AmpB-Rho and plated onto coverslips. Cells were allowed to grow incubating them at 37 °C.
Additionally, another similar experiment was set up which were subjected to Leishmania
donovaniinfection (at the multiplicity of infection 10:1). Cells of all sets were then further stained
with DAPI for visualisation of cell nuclei and analysed under fluorescence microscope (Figure

3.12). The microscopic studies demonstrated that substantial cell-growth occurs in 3D Gel-B
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compared to the cell-growth in Gel-A as shown in Figure 3.11 B. Notably, it was also observed that
AmpB-Rho entered into most of the cells, as revealed from merged images as shown in Figure
3.11. Onthe contrary, only very few cells showed drug entry in case of Gel-A trapped cells. Infected
Gel-A or Gel-B also mitigated similar findings, thus indicating that both control or infected
macrophages grows substantially in Gel-B and drug delivery in either case is considerably higher
than in the case of Gel-A (Figure 3.11}. This probably indicates that mannose binding receptor on

macrophages helps in better cell adhesion in case of the composite system (Gel-B) which possibly
helps in better cell-growth and drug-delivery.
DAPI AmpB-Rho

Merged
- . . -
Gel-B
+ L.d.
Gel-A
+L.d.

Figure 3.12 Drug delivery in 3D system. Macrophages were resuspended with the gelation mixture of either Gel-A or
Gel-B, containing the drug amphotericin B conjugated to Rhodamine {AmpB-Rho) and plated onto coverslips. Cells
were allowed to grow, incubating at 37 °C. Cells were washed, fixed with methanol, and then further stained with
DAPI (1 pg/mL) and analysed under a fluorescence microscope.

3.3.7 Effect of Gel-B mediated drug delivery on parasite survival
Having demonstrated that Gel-B can support better cell growth or enhanced drug delivery in 3D
system of cell culture, we next wanted to check its effect on parasite survival. To this end, infected

macrophages were either allowed to grow in Gel-B (3D system} with AmpB-Rho or left alone
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untreated with the drug, and intracellular parasite burden was estimated. Compared to infected
untreated macrophages (264 + 17 Amastigotes/100 macrophages}, drug-treated infected cells
showed a significant reduction in parasite burden (75 + 10.8 Amastigotes/100 macrophages)}
(Figure 3.13). The reduced parasite burden in the case of AmpB-Rho-loaded Gel-B clearly shows
effective targeted drug delivery. The results are promising and indeed indicate that Gel-B can be

used for targeted drug delivery to treat Leishmaniasis.
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Figure 3.13 Effect of drug delivery upon parasite survival. The parasite burden after the treatment of AmpB-Rho-
loaded Gel-B.

3.4 CONCLUSION

In summary, we have successfully prepared a mannose decorated composite hydrogel to combat
Leishmaniasis. The combination of a hydrogel forming peptide and a mannose functionalized
non-gelling peptide leads to the formation of an injectable hydrogel which also showed heat
induced syneresis property. The peptides self-organize in an antiparallel b-sheet like arrangement
through n—= stacking and hydrogen bonding interactions. The compaosite hydrogel was found to
be non-toxic to Raw 264.7 macrophage cells. Moreover, both, healthy and Leishmania infected
macrophages can grow efficiently on the surface as well as inside the hydrogel scaffold (3D}
showing no effect on their proliferation from the composite hydrogel. The internalization of the
hydrogel into the macrophages were found to be an effective way to fight against Leishmaniasis.

The mannose receptors of the macrophages allowed effective adhesion of the mannose

85
TH-2872_166122039



functionalized composite hydrogel which essentially leads to the delivery of anti-Leishmaniasis
drug and reduce the parasite load significantly. The injectability and the syneresis property of the

composite hydrogel along with this effective cellular delivery of the drug makes the hydrogel a

potential candidate for combating Leishmaniasis.
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Chapter-4: Preparation of a Short Peptide-Based
Biopolymer with Efficient Cell Adhesion and Proliferation
Property using Multiple Cross-Linking Strategy
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4.1 INTRODUCTION

The progress of synthetic biomaterials with applications in tissue engineering and regenerative
medicine is a major area of academic and commercial importance.™® 22 A new and promising
approach is to produce artificial ECM that can be used as templates for cell-adhesion and
proliferation to regenerate the tissue.?* 27 Peptide-based polymers are frequently recruited
because of wide range of functionality and inherent biocompatibility.' 33 134135 Some cross-linked
peptide based polymeric systems are reported in literature. "> However, controlling the size of
the polymer is a difficult task. A cross-linking strategy to prepare peptide-based polymer particles
with efficient cell adhesion and proliferation ability and where the size of the particles can be
easily tuned is thus highly desirable.

The host-guest chemistry of macrocyclic host, Cucurbit[8]uril (CB[8]) has been utilized successfully
to construct supramolecular soft-materials with bioclogical applications.?*2>  This ternary
complexation of CB[8] is used extensively to construct supramolecular amphiphiles,'?* 1
polymers,*2** and various other conjugates. %2 Disulfide linkages are ubiguitous in hature and
many proteins utilize this particular covalent linkage to attain the native tertiary or quaternary
structure and hence the activity. Another covalent cross-linking strategy that can be applied to
peptide/proteins is the bio-catalytic dimerization of Tyrosine residues. Construction of soft-
materials using these two covalent cross-linking approaches are reported in literature 2522
Based on these reports, we have come up with a novel strategy, with the aid of two covalent
strategy in combination with the ternary complexation of CB[8], to develop a multiple cross-linked
polymer with controllable size and shape. Herein, we present, a new strategy to create a peptide
based cross-linked polymer. Three different cross-linking pathways were applied to a rationally
designed small peptide (4.1, Scheme 4.1). Covalent linkage by S-S5 (disulfide) bonds,
supramaolecular conjugation using ternary complexation by CB[8] and enzymatic cross-linking via
horseradish peroxidase (HRP} mediated dimerization of Tyr lead to the formation of highly cross-
linked bio-polymers {P1 and P2, Scheme 4.1}. We have shown that by varying the cross-linking
order, polymer particles with different sizes can be prepared easily. The surface of the cross-linked
polymer is covered with the well-known cell-adhesive sequence, RGDS,??* 2% which served as an

efficient cell adhesion and proliferation platform.
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Scheme 4.1 Chemical structure of the peptide monomer 4.1 and CB[8] and schematic presentation of the cross-
linking strategies.

4.2 EXPERIMENTAL SECTION

4.2.1 General

Fmoc-rink amide resin, protected amino acids, HBTU and DIPEA were purchased from GL Biochem
(China). TFA and TES were purchased from Spectrochem (India}. Horseradish Peroxidase {HRP) was
procured from Sigma Aldrich (USA). HPLC-grade DMF and ACN were procured from Spectrochem
(India) and Fisher Scientific (India), respectively. All sample preparations were done with Milli-Q
water with a conductivity of less than 2 pS/cm. ESI-MS was performed with a Q-tof-micro
gquadrupole mass spectrophotometer (Micromass). MALDI-TOF measurements were performed
on AUTOFLEX SPEED (Bruker) instrument using sinapic acid and DHB as the matrix. UV-Vis data
was recorded with a PerkinElmer Lambda 35 spectrometer. Fluorescence measurements were
performed with a Carry Eclipse spectrophotometer (Agilent). Circular dichroism {CD) experiments

were performed on a Jasco J-1500 spectropolarimeter. Dynamic light scattering and zeta
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potentials were measured using Zetasizer Nano-Z590 (Malvern). Confocal laser scanning

microscopic (CLSM) images were recorded on a TCS SP8 microscope from Leica, Germany.

4.2.2 Synthesis of monomer 4.1

Peptide 4.1 was synthesized on Rink amide MBHA resin using standard Fmoc (9-
fluorenylmethoxycarbonyl) solid phase peptide synthesis (SPPS) method. In a standard coupling,
3 equiv. of protected amino acid (with respect to the loading of the resin), 3 equiv. of HBTU, and 6
equiv. of DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect to the resin loading)
and stirred for 5 minutes prior to addition of the mixture to the resin. The reaction mixture was
shaken for 1 hour and the resin was washed several times with DMF. The Fmoc-deprotection was
achieved by treatment of the resin with 20% piperidine/DMF (5 mL, 5 minutes, three times)
followed by thorough washing of the resin with DMF. The Fmoc-deprotection and coupling steps
were repeated until the designed peptide sequence was obtained. After the final Fmoc-
deprotection, the peptide loaded resin was washed several times with DMF followed by DCM and
dried under reduced pressure. The dried resin was then treated with freshly prepared mixture of
TFA/TES/p-cresol/water (75:15:5:5 v/v) and stirred for 1 hour. The resin was finally washed with
DCM. The cleavage cocktail and the washings combined and concentrated to a minimum volume
on a rotary evaporator. The cleaved peptide was then precipitated from cold dry ether,
centrifuged and lyophilized to get the crude peptide. Purification was done in a semi-preparative
HPLC using a Luna 5 um {C18) column {Phenomenex) and an eluent of acetonitrile and water
starting at 5% ACN/H,O reaching at 100% ACN in 18 minutes to complete the chromatogram in
22 minutes. The pure lyophilized peptide was obtained in 70% yield. '"H NMR {600 MHz, DG, 25
°C) 8 (ppm): 7.26 (s, 3H), 7.15 (s, 2H), 6.98 (s, 4H), 6.73 - 6.57 {m, 4H), 4.68 — 4.60 (m, 6H), 4.57 (s, 2H),
4.43 (s, 2H),4.25 (s, 2H), 4.18 - 4.06 {m, 3H), 3.78 (dd, 6H), 3.04 (d, 4H), 2.83 (d, 6H), 2.67 (d, 4H), 1.68
(s, 2H), 1.47 (s, 8H), 1.14 (s, 4H}; *C NMR {125 MHz, 1,0, 25 °C) d (ppmy): 35.97, 36.74, 39.09, 42.16,
42.33,42.45, 54.46, 54.78, 115.37, 115.42, 128.02, 128.51, 129.16, 129.39, 130.59, 133.71, 154.37,
169.81,170.71,171.42,171.71,171.95, 175.51; ESI-MS calcd. for [M + H]*: 1354.52; found: 1354.56
[M + HJ*.

4.2.3 Synthesis of Cucurbit[8]uril (CB[8])

CB[8] was synthesized following previously published protocol.?® 'H NMR (600 MHz,
D,O/CF;CO,D/D.504 (1:1:0.15), 25 °C) 8 (ppm): 4.25 (d, 16H), 5.55 (s, 16H), 5.86 {d, 16H) ppm; MS
(ESI): m/z1461.41 (CB[8] + Cs)*.
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4.2.4 Cross-linking of monomer 4.1

Order A. Monomer 4.1 was dissolved in water to achieve a concentration of 1 mM and to it 30%
H,O, solution was added (> 1% v/v}. The solution was shaken slowly under ambient condition for
24 hours. After 24 hours, CB[8] was added to maintain 1:2 ratio with 4.1. The solution was
sonicated for 30 minutes and then incubated at room temperature for 24 hours. To this solution,
H.O, (30 %) and HRP solutions were added to maintain their respective concentrations (9.7 mM
and 2 X 10* mM respectively). The solution was gently mixed by micro tip mixing. Within 20
minutes, the solution became turbid and after 45 minutes, white precipitate appeared. After 1.5
hours, no further precipitation was observed and the solution was incubated at 4 °C for 24 hours
and then the precipitate was collected by centrifugation and freeze dried.

Order B. Manomer 1 was dissolved in water to achieve a concentration of 1 mM and to it 30%
H,O, solution was added (>1% v/v}. The solution was shaken slowly under ambient condition for
24 hours. H>O, (30 %) and HRP solutions were added to maintain their respective concentrations
(9.7 mM and 2 x 10* mM respectively). The solution was gently mixed by micro-tip mixing and
incubated at 4 °C for 24 hours. After 24 hours, CB[8] was added to maintain 1:2 ratio with 1. The
solution was sonicated for 30 minutes and then incubated at room temperature for 24 hours.
Finally, the precipitate was collected by centrifugation and freeze dried.

Cross-linked polymer sample preparation. Many of the experiments were performed during
the cross-linking processes using the solutions directly. However, some experiments including the
cytotoxicity and cell adhesion studies were carried out with the separated P1and P2. The polymer
was found to be soluble in 10 mM PBS buffer pH 7.4 and the experiments were performed using
a stock solution of P1 in this buffer and diluting it according to the requirement. As both, the
peptide (MW. = 1353) and CB[8] (M.W. = 1329) are having similar molecular weights, the
concentrations for P1 solutions were calculated using the molecular weight of 1 and denoted as

[1inP1].

4.2.5 ITC experiments

Peptide 4.1 at 25 °Cin 10 mM sodium phosphate (pH 7.0) was treated with 3 equiv. of DTT in order
to prevent and disulphide bond formation and this solution was titrated at 1 mM into a 0.05 mM
solution of CB[8]. The raw data for power versus time, and the integrated enthalpy values versus
the molar ratio of peptide:CB[8] was generated from the instrument. These data were fit to the

“sequential binding model” using Origin 7.0 software.
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4.2.6 HPLC analysis

The chromatographic analysis of the polymer formation was performed on an analytical HPLC
(Ultimate 3000, Dionex) and a C-18 Luna 5-micron analytical column from Phenomenex. The same
solvent gradient was used as in the HPLC purification of the peptide. After 24 hours incubation of
the aqueous solution of the peptide 4.1, the solution was analyzed to see the appearance of the

polymer peak.

4.2.7 NMR studies

'"H NMR spectra were recorded during the cross-linking process at every step. Peptide 4.1 (1 mM)
was dissolved in D,O and incubated for 72 hours at room temperature before recording the NMR
spectra. To this solution, CB[8] was added, sonicated for 30 minutes and incubated at room
temperature for 24 hours prior to recording the NMR spectrum of CB[8] cross-linked polymer. To
this solution, HRP and H,O, were added and after 15 minutes, the NMR spectrum was recorded in
order to avoeid any precipitation. All the measurements were water suppressed to get proper

signals in the aromatic region.

4.2.8 CD spectroscopy

Circular dichroism measurements of the aqueous sample solutions were taken in a quartz cuvette
of 0.5 mm path length and measured taking band width 1 nm and scanning wavelength 200 to
600 nm at a rate of 100 nm/min. Measurements were done using the same solution at different

stages of the cross-linking process at 25 °C.

4.2.9 DLS studies
Similar to the NMR experiment, the cross-linking was monitored at different stages of a 1 mM

solution of 4.1. For P1 and P2, solutions of the freeze-dried polymer were used.

4.2.10 Cytotoxicity

MTT assay was performed to see the effect of the polymer on cell viability. P1 and P2 was initially
dissolved in deionized water and then diluted to prepare working concentrations of 10 uM, 20
KM, 40 UM, 80puM, 160 puM, 320 v, 640 UM, 1280 pM. A 96 well plate was U.V. cross-linked with
different concentrations of P1 and P2 overnight. Then, 10* cells were grown in P1 and P2 coated
96 well plate and incubated for 24 hours. Thereafter MTT (5mg/ml) was added to the plates and
incubated at 37 °C for 4 hours. Finally, formazan crystals were solubilized in solubilization buffer
and absorbance was measured at 570 nm. All assays were performed in triplicates. The extent of

cell viability was measured as the percent decrease in viability with respect to untreated cells.
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4.2.11 Cell adhesion assay

Cell adhesion property of P1 and P2 was assessed according to the method described in Yeo et
al,®> which is a slight modification of the cell count assay by crystal violet described by Kueng et
al.?*¢ A 96 well ELISA plate was first UV cross-linked overnight with P1 and P2 of different working
concentrations. Then the wells were blocked with 100 pl of 3% BSA in DMEM for 1 hour. Then the
wells were washed twice with DMEM containing 0.1% BSA. Next RAW 264.7 macrophage cells
were re-suspended in DMEM containing 0.1% BSA. 100 pl of the cell suspension containing 10
cells were added to each well and incubated at 37 °C for 1 hour in 5% CO,. Finally, the cells were
stained with 0.5% Crystal Violet aqueous solution in 20% methanol for 10 minutes. The
unattached cells were washed 3 times with deionized waters and visualized under Nikon Ts2R-FL
micrascope equipped with 40X objective. The images thus captured were processed by Image J
program downloaded from National Institute of Health {//rsb.info.nih.gov) and mounted using
Adobe Photoshop Software. To measure quantitatively, 200 pl of 0.1% SDS were added to each
well to solubilize the stain and absorbance was measured at 570 nm. All assays were performed
in triplicates. The cell adhesion was measured as the fold change in cell number (which is

proportional to measured 0.D.) with respect to control untreated cells.

4.2.12 Cell proliferation assay

Raw 264.7 macrophage cells were plated at a density of 10* cells/well in a 96 well P1 and P2 (10-
1280 pM) coated microplates (Tarsons). After 24-, 48-, and 72-hours incubation in medium, cell
proliferation was determined by using CyQUANT Direct Cell Proliferation Assay Kit (Thermo Fisher
Scientific). Briefly, after incubation of cells, medium was removed and cells were incubated with
CyQUANT reagent for 1 hour at 37 °C according to manufacturer's instructions. Plates were

analyzed by using a microplate reader (Excitation 508 nm, Emission 527 nmj.

4.3 RESULTS AND DISCUSSION

4.3.1 Design of the peptide monomer

In order to create the planned cross-linked peptide polymer, a twelve amino acid long peptide
was designed {monomer 4.1, Scheme 4.1). The peptide monomer 4.1 contains four different
regions, two Cysteines for cross-linking through disulfide bridges, two Tyr units for enzyme
catalyzed cross-linking, N-terminal FGG unit for complexation with CB[8], and C-terminal RGDS
sequence as cell adhesive unit. The formation of ternary complex by FGG (Phe-Gly-Gly) motif

inside CB[8] cavity is well established in literature.?® %7 The binding constant for this ternary-
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complexes fall in the range of 10'°-10'2 M2 which is substantially high to construct stable
supramolecular conjugates. The incorporation of one Lys unit is to provide sufficient solubility in

water.

4.3.2 Cross-linking of peptide monomer 4.1

Three different cross-linking strategies were used to create the planned cross-linked polymer. The
Cys residues were used for the disulfide linkage while Tyr moieties were conjugated using HRP.
For supramolecular cross-linking, the FGG units at the N-terminus was utilized for ternary
complexation by CB[8]. However, the order of these cross-linking processes was a matter of
concern as there are two possible orders (Order A and B} to construct the polymer as shown in
Scheme 4.1. Since, disulfide linkage cannot be controlled in aqueous medium, it remains as the
first step in both cases. The order of cross-linking by CB[8] and Tyr conjugation thus can be altered.
To see any difference, the order of cross-linking may cause, we have performed the cross-linking

following both orders.

4.3.3 Disulfide linkage

The covalent cross-linking via disulfide bridges was established by slow shaking of a 1 mM
solution of 4.1 in water in presence of H,O; for 24 hours under ambient condition. In absence of
H,O,, the reaction was found to be slow and takes more than 48 hours to reach saturation. MALDI-
MS analysis showed a polymeric mass ~16,200 suggesting cross-linking of the monomers. Atime
dependent MALDI experiment showed no further change in the MS pattern after 4 hours
indicating the completion of the reaction. HPLC analysis confirmed the appearance of a new peak
and disappearance of the monomer peak in the chromatogram (Figure 4.1 A). The dynamic light
scattering {DLS) experiment showed a distribution of particles centered at ~230 nm {Figure 4.1 B).
To further confirm the formation of cross-links, a well-known disulfide bond breaker, DTT was
added to a portion of the solution and analyzed using chromatography, MALDI-MS as well as DLS.
Interestingly, the DTT treated solution showed complete disappearance of the new
chromatographic peak and reappearance of the monomer peak in the chromatogram. Moreover,
no measurable distribution in the DLS measurement was obtained for this solution. Additionally,
the polymeric mass disappeared from the MALDI-MS spectrum. All these observations
unequivocally confirm the cross-linking of the peptide via disulfide linkages and analysis of the
mass of the polymer suggested that average number of monomers present in the cross-linked

polymer was 13.
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Figure 4.1 (A} Chrematograms of 4.1 before and after disulfide cross-linking. (B} Intensity weighed DLS profiles of
solutions at different stages of cross-linking processes of 4.1.

4.3.4 Cross-linking Order A

Before conducting the supramolecular cross-linking, the ternary complexation efficiency was
measured for peptide 1 and CB[8]. The calorimetric changes of a DTT treated {in order to avoid
any disulfide linkage induced contribution} solution of 4.1 upon titration with CB[8]. A 2:1
association between 4.1 and CB[8] was recorded {Figure 4.2 A} with a binding constant of 10" M-
2 which is within the range of previously reported ternary complexation between FGG units and
CB[8].%** %7 The ITC experiment thus confirmed the possibility of conjugating the peptide N-
terminals via ternary complexation.

MALDI-MS was employed to detect the mass of the cross-linked polymer. However, it was
unsuccessful after repeated attempts to find any enhancement in the mass owing to the ternary
complexation. It is worth mentioning that our previous experiences of detecting ternary
complexes using MALDI-MS also never provided any satisfactory result probably because of the
ionization technique utilized in MALDI-MS. To further confirm the formation of the inclusion
complex, the solution was treated with DTT to break all disulfide linkages and the ESI-MS was
recorded. 2:1 complex formation is confirmed by the appearance of the respective mass to charge
ratio signals of the complex (Figure 4.2 B}. A sharp increase in the particle size was observed which
enhanced to ~ 720 nm from 230 nm which suggests probable cross-linking between 2-3 particles

of the disulfide linked polymer (Figure 4.1 B).
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Figure 4.2 (A} Binding constant determination for supramolecular cross-inking of DTT treated monomer 4.1 and
CB[8]. {B) ESI-MS of CB[8] cross-linked 4.1 after DTT treatment to show the formation of 2:1 complex between 4.1 and
CB[8].

Next, the supramolecular cross-linking was established. CB[8] was added to the disulfide cross-
linked polymer solution to maintain a concentration of 0.5 mM (0.5 equivalent with respect to the
monomer). The initial suspension became clear after 30 minutes of sonication indicating the
complexation. The solution was incubated at room temperature for 24 hours before carrying out
further experiments. As UV-visible or fluorescence spectroscopy did not provide much
information about the ternary complexation apart from prominent decrease in the absorption as
well as emission intensity (Figures 4.3). The complexation was confirmed by monitoring the 'H
NMR signals arising from phenylalanine (Phe). As can be seen in Figure 4.4 A, addition of CB[8]
results in a significant up-field shift of the “Phe” protons whereas the signals from Tyr remained at
their original positions. As expected, only a small portion of the un-complexed Phe units could be
seen. As the monomers are already cross-linked via disulfide linkages, it is comprehensible that all
the FGG groups are not accessible for cross-linking through CB[8]. The 'H NMR were recorded at

different time interval to find the saturation time and after 6 hours, no further change in the

proton signals were observed which can be considered as the time of completion for the

complexation process.
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Figure 4.3 (A) UV-visible absorption and (B} emission spectra at different stages of the cross-linking process
of 4.1 (Crder A}. For B, A = 275 nm. All experiments were carried out under ambient condition. [4.1] = 0.01 mM. All
experiments were carried out at 25 °C during the cross-linking processes in water.

The enzymatic cross-linking was achieved by addition of H O, and HRP to the above solution. HRP
is a well-studied enzyme which dimerizes Tyr moieties catalytically via C-O or C-C bond formation
as shown in Scheme 4.1.28 22 Addition of HRP {2 x 10*mM} and H.O, (9.7 mM) to above soluticn
quickly produced the third cross-linking. The reaction was extremely fast and within 20 minutes,
the solution became turbid {Scheme 4.1).25° This solution was incubated at 4 °C for 24 hours,
centrifuged and the obtained sclid was freeze-dried to get the cross-linked polymer (P1). The
polymer was found to be soluble in 10 mM PBS buffer pH 7.4 and all the experiments were
performed using a stock solution of P1 in this buffer and diluting it as required.

'"H NMR spectra {(Figure 4.4 A) of the HRP treated solution confirmed the bio-catalytic formation of
cross-links at the Tyr sites. The signals corresponding to Tyr protons showed a downfield shift and
appeared as a broad peak which is characteristic of Tyr dimerization (Figure. 4.4 A). Further proofs
of enzymatic cross-linking were obtained from UV-visible and emission spectroscopy (Figure 4.3).
Though no further change in the absorbance was noted at Amax, a broad new band centered at
~296 nm generated in the enzyme treated sample which indicates the dimerization of Tyr units.?®
2% When excited at 275 nm, the sample showed a new broad emission band at 408 nm (Figure 4.3
B). This new band was arising from the dimerized Tyr units as reported previously.?® The
appearance of the emission peak at 408 nm was used to monitor the reaction rate but due to the
precipitation of the polymer, the study resulted in irreproducible data. Particle size analysis
showed an increment from ~ 720 nm in the average diameter to 1020 nm (Figure 4.1 B). It is worth

mentioning here that the stepwise cross-linking of the monomer 4.1 was also monitored through
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Circular Dichroism (CD). Though no proper secondary structure was observed at any stage, every

cross-linking step resulted in significant change in the CD profile (Figure 4.4 B).
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Figure 4.4 (A) Partial '"H NMR spectra at different stages of the cross-linking process of 4.1 (Order A). (B) CD spectra at
different stages of the cross-linking of monomer 4.1 {initial concentration of 4.1 for this experiment = 0.01 mM) during
the preparation of P1 following Grder A. All experiments were performed using the same solution at different stages
of the cross-linking in water at 25 °C.

4.3.5 Cross-linking Order B

In this case, supramolecular cross-linking by CB[8] was performed after the enzymatic cross-
linking by HRP. Interestingly, this process led to a much smaller particle size for P2 than in the
previous case of P1. The average particle size as obtained from DLS measurement was ~ 500 nm
for P2 compared to ~1 um of P1. A stepwise particle size analysis showed that the disulfide cross
linked polymer after treatment with HRP and H,O, resulted in a particle size of ~350 nm (Figure
4.1 B). The particle size further enhanced to ~ 500 nm after CB[8] assisted cross-linking. Similar
changes in the NMR, absorbance and emission behavior were observed as in case of "Order A"

confirming the tyrosine cross-linking as well as ternary complexation in this case.

4.3.6 Morphology and stability of P1 and P2

Further confirmation about sizes of the particles were obtained from FESEM, FETEM, AFM and
CLSM images of the polymers. Interestingly, after disulfide linkage, crystalline particles were
obtained while the second cross-liking in both cases lead to spherical particles as can be seen from
Figure 4.5. The final products of cross-linking processes i.e, P1 and P2 were both spherical as well.
The particle sizes obtained from FESEM images at any stage of the cross-linking processes match
closely with that obtained from DLS measurements. Notably, the particle size of the cross-linked
polymer can be controlled through the order of cross-linking and a varied range of polymer

particles (200-1000 nm) can thus be prepared.
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A)

Order A

Figure 4.5 (A} FESEM images of solutions at different stages of cross-linking processes of 4.1. (B) FETEM (top), AFM
{middle), CLSM (bottom) images of P1 and P2 respectively.

Interesting results obtained from zeta potential ({) measurements at different stages of
polymerization. The { value obtained for disulfide linked polymer was 17 + 0.2 mV. In case of Order
A, the introduction of CB[8] to the solution enhanced the { value to 38.5 + 0.2 mV and it remained
the similar (38 + 0.1 mV) even after Tyr cross-linking. Cn the other hand, for Order B, Tyr cross-
linking leads to a decrease in the { value from 17 = 0.2 mV to 10.2 + 0.5mV. Further cross-linking
by CB[8] leads to an enhancement to 37 + 0.5mV which is very similar to that of P1. Notably, the
positive { value in all cases is a result of the surface charges of the polymer and the main
contributors to that are the Lys and Arg residues. The presence of CB[8] is certainly stabilizing the
polymer particles as well as presumably exposing the RGDS residues at the surfaces of both the
polymers.

The stability of P1 was investigated by varying the temperature (up to 75 °C) of the polymer
solution. Over this temperature range, the particle size remained constant {data not shown)
confirming that the cross-linked polymer is stable within this temperature range and no change
in the absarption and emission behavior was monitored. The stability was also monitored at
different pH. Solution of the cross-linked polymer {10% v/v) was mixed with buffers of different

pH (1-11) and incubated for 24 hours at room temperature before measuring the particle size as

100

TH-2872_166122039



well as the absorption and emission. The absorption and emission behavior remained almost
unaffected throughout the pH range. In case of the particle size, apart from a little (~50 nm)
enhancement of size in the acidic pH, no other changes were monitored in the entire pH range.
Notably, the results from these studies clearly demonstrate the stability of the P1 at elevated

temperature and wide range of pH.

4.3.7 Cytotoxicity

The cross-linked polymers have surfaces decorated with RGDS sequence which is well-known for
its cell-binding properties. Cytotoxicity assay was done with both the polymers, P1 and P2.
Different concentrations of P1 and P2 (10-1280 pM) were tested for cytotoxicity against RAW264.7
murine macrophage cell line (Figure 4.6 A and B). No significant changes were observed in cell
viability when cells were incubated with up to 1280 pM of P1 and P2 (p>0.03) as ascertained by
MTT assay. These results suggest that both the polymers P1 and P2 had no significant toxic effect
on RAW264.7 macrophage cells up to 1280 pM concentration. The result is representative of

means + SD of three independent experiments.
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Figure 4.6 Cytotoxic activity of (A) P1 and (B) P2 against RAW264.7 macrophage cells.

4.3.8 Cell adhesion

Eight working concentrations of P1and P2 were prepared with deionized water such as 10 pM,
20uM, 40 uM, 80 uM, 160 pM, 320 pM, 640 uM and 1280 uM and cell adhesion assay was performed
(Figure 4.7 A, B). The fold changes were calculated with respect to the control cells. Up to 160 uM
concentration of P1, a little hike in cell adhesion property of the polymer was observed. At 320
and 640 pM, 3-fold changes were recorded {with respect to the control). Dose dependent gradual
increase in cell adhesion property was also observed when RAW cells were incubated with P2.
However, at 1280 uM concentration, Polymer P1 showed greater cell adhesion property (9.38-fold
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as compared to control, p<0.0001} than polymer P2 (6.4-fold over control, p<0.0001). The result is
representative of means + SD of three independent experiments. These results suggest that both
P1 and P2 at this concentration range, can bind cells significantly. Microscopic images of the

growth of RAW264.7 macrophage cells with different concentrations of P1 and P2 are shown in

Figure 4.7 C, D.
A) 121 p<o0001  B) 8] p<0.0001
;_7‘10~ ~
=
5 = 61
5 5
€ 67 =4
o @
o o
5 41 £
= <
(w) : 24
)
- 2 =
£ 2
$ ¥ O O O O
S ¢ K S R U S S
~
- [4.1in P2] (uM)
c) ’ ,‘ L &t‘-. r * Y
‘ v ‘ o
> ‘\:.. Yo ¥ ".’w o Sl
,.)'.:. .,.o..‘ ~‘,‘”0. :%
£ ooty o e L elaly Ve

| ¢ .
2 \".—n*i‘q'm!%f'b‘.f; 1 5

10uM

. S = s k s AL L8 P 3
160 1M 320 M 640 1M 1280 uM 160um 320uM 640 1M 1280 uM

Figure 4.7 (A, B) RAW 264.7 macrophage cells seeded on culture plates for 24 hours-pretreated with different
concentrations of (A) P1 and (B} P2 for overnight. The result is representative of means + SD of three independent
experiments. {C, D) Microscopic images of RAW 264.7 macrophage cells adhering to {C) P1 and (D} P2 of different
concentration. Bar = 10 pm.

4.3.9 Effect of P1 and P2 on cell proliferation

Cells were incubated with different concentrations of P1 and P2 and cell proliferation was
measured after 24, 48 and 72 hours using CyQUANT cell proliferation assay kit and measuring
fluorescence intensity on a microplate reader (Figure 4.8 A, B). Values were calculated as the
percentage of proliferating cells. After 24 hours of incubation, no significant change in cell
proliferation was observed when cells were incubated with up to 1280 uM peptide (p>0.02). After
48 hours, cellular proliferation increased by 36.81 £ 6% (for P1} and 40.15£5% (for P2} on an
average with respect to 24 hours incubated cells, whereas 72 hours incubation increased cellular

proliferation by 52.4 + 5% (for P1) and 33.5+4% (for P2) on an average compared with 48 hours
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incubated cells. The result is representative of means + SD of three independent experiments.
Different dosage of peptide was unable to make any significant changes in cell proliferation at a
specific incubation time point. This result suggests that cells can proliferate in these polymers

coated microplates. However, P1 was found to be marginally better than P2 in this respect.

Al . ns ns Bl - ns p=0.0023 ns
p =0.000017
100 o [_ T 100 4 T T T ’_ T I
LA L 1] T 117
0.0008
80 I 80 4
g [ W24h g W 24h
§ 601 Wash  § 60 Wasgh
£ 40 4 72h g 40 1 72h
3 S
o a
20 - 20 4
o 0
10 20 40 80 160 320 640 1280 10 20 20 80 160 320 640 1280
[4.7in P11 (L) [8.1 in P21 {uh)

Figure 4.8 Microscopic images of RAW264.7 macrophage cells adhering to (A)P1and (B)P2of different
concentration. Bar = 10 pm.

4.4  CONCLUSION

In summary, a new and simple approach is developed to create peptide based cross-linked
polymer. The cross-linking of a small peptide is achieved through covalent disulfide bonds,
supramolecular ternary complexes of CB[8] and HRP catalyzed Tyr dimerization. The size of the
polymer can be tuned by changing the sequence of cross-linking. A pendent RGDS sequence at
the surfaces of these polymers allowed to utilize the non-cytotoxic cross-linked polymers for
efficient adhesion and proliferation of RAW264.7 murine macrophages. The effective cell adhesion
and proliferation at these polymer surfaces promises further application of this strategy to prepare
artificial ECM. Animal model-based therapeutics do not always reflect similar scenario in humans.
Therefore, synthesizing ECM from cell adhesive sequence containing artificial scaffolds is a crying

need. Similar approach can also be taken for use in other applications by modifying the sequence.
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Chapter-5: Development of a Hydrolase Mimicking
Peptide Amphiphile and its Immobilization on Silica
Surface for Enhanced and Stereoselective Catalysis
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5.1 INTRODUCTION

Enzymes are a class of proteins that act as efficient biocatalysts and attract numerous research
efforts for endless industrial applications.?”1?7, Biocatalysts for industrial applications are
generated by immobilization of enzymes on solid surfaces for enhancement of catalytic sites.?*
25 In recent years, several efforts have been put-in for production of solid surface-supported
biocatalysts to make a breakthrough in developing cost-effective and enhanced chemical
reactions. ?’*?%* However, some major challenges toward using enzymes in industrial processes
are, a) lack of availability in bulk quantity; b) possible denaturation due to subtle changes in the
environment like rise in temperature or pH; ¢) problems associated with the development of
heterogeneous catalysts using enzymes.?®

To this end, artificial enzymes or enzyme mimicking molecules appeared to be an attractive
alternative.?®>?®! The three-dimensional arrangement of the catalytic pocket is extremely
challenging to mimic precisely. However, incorporating the amino acids present in the catalytic
pocket in a synthetic molecule/system can lead to artificial enzyme that can be used for specific
and stereoselective organic transformations.'?” #2391 A plethora of effort have so far been made to
construct artificial enzymes with similar or superior activity than the enzymes,??> 302 303

Inthis regard, peptide-based systems come to forefront as suitable design of peptides can provide
the required amino acid functionalities to create the catalytic activity. Peptide self-assembled
superstructures have proven to be efficient artificial biocatalysts in aqueous media, % 525
peroxidases,®® and histidine-based esterases,'?* 157:3%.3 to name a few. Hydrolytic enzymes like,
lipase, a-chymotrypsin etc. have received significant interest owing to their abundance in living
organisms and ever-increasing industrial importance.'®” 3%3% Various research groups have
developed artificial esterases with properly oriented catalytic groups by recreating a hydrophobic
core for substrate-binding, as observed in natural enzymes.3*7:3%

In this work, a short-branched peptide amphiphile (PA) based artificial esterase has been
developed through systematic screening of a library of PAs. The design of the PAs was inspired
from well-documented catalytic triad His-Ser-Asp, where cooperative assistance of histidine,
serine and aspartic acid stabilizes the transition state of the resultant hydrolysis product from a
particular substrate.’®3"" The identified PA has been immobilized on silica nanoparticle surface
using simple covalent functionalization to create a heterogeneous catalyst. The catalyst not only

showed much superior activity compared to a natural esterase but also demonstrated high
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stereoselectivity. Moreover, the catalyst was found to be highly robust and recyclable without

losing activity for several cycles.
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Scheme 5.1 5chematic presentation of the synthesis of 5.16-functionalized silica nancparticles.

5.2 EXPRIMENTAL SECTION

5.2.1 General

Rink amide MBHA resin, Fmoc-Arg(PbfiOH, Fmoc-Asp(Otbu)-OH, Fmoc-Ser{tbu}-OH, Fmoc-
His{Trt)-OH, Fmoc-L-Asp(OAll)-OH, Boc-L/D-Phe-OH, HBTU and were procured from GL Biochem,
China. TEQS, APTES, 5Acl, phenylsilane, Pd{PPhs), catalyst, caproic acid, butyric acid, caprylic acid,
acetyl chloride, allyl alcohol, CV Lipase and TES were purchased from Sigma Aldrich. 6-
Aminocaproic acid, p-Nitrophenol, Fmoc-Cl, DCC, Ac,0 and (Boc),O was purchased from
Spectrochem. Dioxane, TFA, phenol, HPLC-grade solvents, like DMF, ACN, hexane and IPA were
procured from Merck. To prepare samples, Milli-Q water with a conductivity of less than 2 mScm™”
was used. Chromatographic purifications were performed on a Luna 5 pm (C18, 250 X 10 mm)
column {(Phenomenex) whereas, analytical HPLC were performed on aLuna 5 pm {(C18, 250 x 4.6
mmj column {Phenomenex) using a Dionex Ultimate 3000 HPLC. Identification of L/D Boc-Phe-
OH, L/D Boc-Phe-PNP were performed on a Diacel {CHIRALPAK-AD-H) 5 mm, 150 x 4.6 mm

analytical column. UV-Visible spectra were recorded on a PerkinElmer Lambda 750 spectrometer.
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Standard 10 mm-path quartz cuvettes were used for all spectroscopic measurements. '"H NMR, *C
NMR were recorded with a Bruker Ascend 600 MHz (Bruker, Coventry, UK) spectrometer and
referenced to deuterated solvents. ESI-MS were performed with a Q-Tof Micro Quadrupole mass
spectrophotometer (Micromass). FETEM images were taken using JEOL JEM-2100F microscope.
TGA analysis were performed on a Netzsch instrument, whereas BET experiments were performed

oh a Quantachreme Autosorb-1Q MP instrument.

5.2.2 Synthetic protocols

Hol ) J( HCIO,, 0°C *
+ >
H,oN” N COOH )L 0 12 hours HzNj}rO\I/

(¢

L/D-Serine
A

Synthesis of Compound A

Compound A was synthesized according to a previously reported procedure.”'? Briefly, perchloric
acid (20.8 mmol) was added slowly to a suspension of L/D-serine (1 g, 9.6 mmol) and tert-butyl
acetate {26 mL, 190.3 mmol} maintained at 0 °C. The reaction mixture was allowed to come to
room temperature and stirred for 12 hours. After that, 60 ml water was added followed by 1 M HCI
to attain pH 3. The pH of the mixture was further raised to 9 with 10% K,COs solution, and the
reaction mixture was extracted with DCM three times. The organic portions were dried over
anhydrous Na,S0O, and concentrated to obtain a yellow oil. The crude material was purified with
column chromategraphy using 2% Methanol/DCM. Yield: 95%. '"H NMR {600 MHz, CDCL;) 8 (ppm}:
3.69 (m, 1H), 3.66 (m, 1H), 3.45 (m, TH), 1.42 (s, 9H), 1.11 (s, 9H). ESI-MS, calculated for C;1Hx;NOs:
218.17 [M+ HJ*, obtained, 218.19.

o]
OH o o0 dioxane/water
HzN/Mr - k}L J-L J< + NaOH : )((}JJ\N/\/\/\'r(JH
o 0 o

0°c — RT H
o]

6-Aminocaproic acid B

Synthesis of Compound B

Compound B was synthesized according to a previously reported procedure.” 6-aminocaproic
acid (1 g, 6.8 mmol} and sodium hydroxide (0.27 g, 6.8 mmol) were dissolved in dioxane/water
(2:1, 21 mL) and the reaction flask was flushed with argon. The temperature was adjusted to 0 °C.
Then (Boc),O (2.4 g, 10.8 mmol) solution in dioxane/water was added dropwise under ice-cold

condition and the reaction was stirred at room temperature overnight. Dioxane was removed
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under reduced pressure and 20 mL water was added and washed three times with equal volumes
of ethyl acetate. The aqueous portion was neutralized with 1 M HCl to attain complete
precipitation. The reaction mixture was then extracted with ethyl acetate three times, organic
portion was dried over anhydrous Na,S0, and concentrated to obtain a colourless oil which was
dried under high vacuum to obtain a white solid. Yield: 90%. '"H NMR (600 MHz, CDCL;) 6 (ppmi}:
3.18 (t, 2H}, 2.23 {t, 2H), 1.58 (m, 4H}, 1.42 {s, 9H},1.35 (m, 2H). ESI-MS, calculated for Ci1H»NO4:
23215 [M+ HJ*, obtained, 232.11.

oH I,
R
0 N ethyl acetate
v, ¢t < >
R” “OH N R.T.. 12 hours

NO3

NO,

PNP R= — CH,CH, DCC
— (CH,).CH, R= —CH,CH, (PNP-PA) :C
— (CH,),CH, — (CH,),CH, (PNP-BA) :D

— (CH,),CH, (PNP-HA) :E
Synthesis of Compounds C, D, E
The PNP-esters were synthesized according to a reported procedure.’'* Alkanoic acids (3.25 mmol}
and DCC (1.38 g, 6.53 mmol) were mixed together and dissolved in distilled ethyl acetate. Then
0.5 g PNP (0.5 g, 3.59 mmol) was added and stirred at room temperature for 12 hours. After that,
ethyl acetate was removed under reduced pressure and the crude material was purified with
column chromatoegraphy using 5% ethyl acetate/hexane. PNP-propanoate ester was obtained as

a white solid. PNP-butanoate and PNP-hexanocate esters were obtained as yellow liquids.

Compound C: Yield: 72%. '"H NMR (600 MHz, CDCL;) 6 (ppm): 8.27 {d, J=9.2 Hz, 2H}, 7.28 (d, /= 9.1
Hz, 2H), 2.64 (q, J= 7.5 Hz, 2H), 1.28 {t, J = 7.6 Hz, 3H). ESI-MS, calculated for CoHoNO4: 196.05 [M+
H]*, obtained, 196.08.

Compound D: Yield: 68%. '"H NMR {600 MHz, CDCLs) 6 (ppm}: 8.29{(d, J=9.1 Hz, 2H), 7.30 (d, J=9.2
Hz, 2H), 2.61 (t, J=7.4 Hz, 2H), 1.82{q, J= 7.4 Hz, 2H), 1.08 {t, J = 7.4 Hz, 3H). ESI-MS, calculated for
CioH11NO4: 210.07 [M+ H]*, obtained, 210.08.

Compound D: Yield: 65%. "H NMR (600 MHz, CDCLs) 6 (ppm}: 8.32{(d, J=9.1 Hz, 2H), 7.53 (d, J=9.2
Hz, 2H), 2.59 (t, J= 7.4 Hz, 2H), 1.71 (m, 6H), 1.08 (t, J = 7.4 Hz, 3H). ESI-MS, calculated for Ci,HsNOa:
238.26 [M+ HJ", obtained, 238.29.
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R.T., 12 hours

OH H o]
O_ N_ COOH H ,©/
\n’ O\ N ethyl acetate \I,O\rr N
+ + .C* >
2 N* O 0
NO»

PNP Boc-L/D-Phe-OH DCC Boc-L-Phe-PNP :F
Boc-D-Phe-PNP :G

Synthesis of CompoundsF and G

Boc-L/D-Phe-CH {0.85 g, 3.23 mmol} and DCC {1.12g, 5.4 mmol) were dissolved in distilled ethyl
acetate and to it PNP (0.5 g, 3.6 mmol} was added and the reaction was stirred at room
temperature for 12 hours. After this, the reaction mixture was kept in cold condition to get
precipitate of DCU which was filtered and the organic portion was washed twice with saturated
NaHCO; solution, dried over anhydrous Na,S0, and concentrated to obtain a yellow liquid. This
yellow liquid was recrystallized from hot ethanol to obtain the white compound.

Compound F: Yield: 58%.'H NMR (600 MHz, CDCL;) d (ppm): 8.27 — 8.22 {m, 2H), 7.37 - 7.30 {m,
3H), 7.25-7.21(m, 2H), 7.14 (d, J= 9.1 Hz, 2H), 5.04 (s, 1H}, 4.80 (d, J=7.2Hz, 1H}, 3.22 {dd, J=10.2,
6.7 Hz, 2H), 1.45 (s, 9H). ESI-MS, calculated for CaoH2:N2Oe: 387.15 [M+ H]T, obtained, 387.18.

Compound G: 60%. 'H NMR (600 MHz, CDCL;) 6 (ppm): 8.25 (d, J= 8.9 Hz, 2H), 7.38 - 7.30 (m, 3H),
7.25-7.22(m, 2H}, 7.14(d, J=9.1 Hz, 2H), 5.04 (d, J= 7.9Hz, 1H), 4.80 {(d, J= 7.6 Hz, 1H), 3.22 {dd,
J=10.5,6.7 Hz, 2H), 1.57 (s, 9H). ESI-MS, calculated for C;oH::N.Q6: 387.15 [M+ HI', obtained, 387.16.

HaN_ _COOH Cl.H3N___COOH
(0]
OH + + OH _— (o)
\g.r )LCI f\/ \/‘\\&
o) o
D-Aspartic acid H

Cl.H3N__COOH @ Q

K,CO,, dioxane/water

H
o + . > . o_ _N__COOH
>Ry O om/c' 0°C, 12 hours @ Ir
0o

o

H I
Synthesis of Fmoc-D-Asp(OAll)}-OH
Compound H and | were synthesized by a pre-established procedure.’’ Acetyl chloride {1.06 mL,
15 mmol) was added dropwise to 8.42 mL of allyl alcohol under ice-cold condition and argon
atmosphere. The resulting solution was stirred at 0 °C for 15 minutes and then at room

temperature for 1 hour. D-Aspartic acid (0.5 g, 3.76 mmol) was added in a single portion and the
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suspension stirred for 18 hours and then poured into ice-cold diethyl ether (50 mL). After stirring
at 0 °C for 1 hour the precipitate was collected by filtration and was washed on the pad with
diethyl ether to give the hydrochloride as a white powder. To an ice-cold stirred aqueous
suspension (20 mL) of g-allyl-D-aspartate hydrochloride {0.35 g, 2 mmol), K2CO; (0.45 g, 3.2 mmol)
was added. A pre-stirred solution of Fmoc-Cl (0.57 g, 2.2 mmol) in 15 mL dioxane was added. The
reaction mixture was allowed to stir for 12 hours. The aqueous solution was washed with diethyl
ether and acidified to pH 2 at 0 °C with 6 M HCl. The aqueous portion was extracted three times
with diethyl ether. The organic portions were combined, dried over anhydrous Na,5S0s and
concentrated to obtain a white solid. under cold condition After this, dioxane was removed under
reduced pressure to obtain a white solid. Yield: 54% after two steps. '"H NMR {600 MHz, CDCL;)
S (ppm) 8.02 (t, J= 7.0 Hz, 3H), 7.91 - 7.81 (m, 3H), 7.65 (d, J= 7.5 Hz, 2H), 7.59 - 7.55 (m, 2H), 6.15
(td, J=10.7,5.2 Hz, 1H), 5.54 (dd, J= 44.9,13.8 Hz, 2H), 5.09 - 5.01 (m, 2H}, 4.95 (s, 1H), 4.73 - 4.58
(m, 2H), 4.52 - 4.28 (m, 2H), 3.35 (dd, J = 17.4, 48 Hz, 1H}, 3.19 (dd, J= 17.3, 4.7 Hz, 1H}. *C NMR
(151 MHz, CDCL;) 3 (ppm)173.97, 170.90, 144.34, 143.68, 141.53, 141.32, 131.56, 127.62, 127.13,
127.10,125.18,124.79, 120.07, 120.03, 118.86, 65.91, 64.97, 50.22, 47.09, 36.45. ESI-MS, calculated
for C5iH10NQs: 382.12 [M+ H]*, obtained, 382.16.

Synthesis of PAs

PAs 5.1-5.15 were synthesized on Rink amide MBHA resin using standard Fmoc (9-
fluorenylmethoxycarbonyl) solid phase peptide synthesis {SPPS) method. In a standard coupling,
3 equiv. of protected amino acid (with respect to the loading of the resin), 3 equiv. of HBTU, and 6
equiv. of DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect to the resin loading)
and stirred for 5 min prior to addition of the mixture to the resin. The reaction mixture was shaken
for 60 min and the resin was washed several times with DMF. The Fmoc-deprotection was
achieved by treatment of the resin with 20% piperidine (5 mL, 5 min, three times) followed by
thorough washing of the resin with DMF. The Fmoc-deprotection and coupling steps were
repeated until the designed peptide sequence was obtained. The peptide loaded resin was
washed several times with DMF followed by DCM and dried under reduced pressure. The dried
resin was then treated with freshly prepared mixture of TFA/TES/phenol/water (85: 5:5:5 v/v} and
stirred for 4 hours. The resin was finally washed with DCM. The cleavage cocktail and the washings
combined and concentrated to a minimum volume on a rotary evaporator. The cleaved peptide
was then precipitated from cold dry ether, centrifuged and lyophilized to get the crude peptide.

Purification was done in a semipreparative HPLC using a Luna 5 pm C18{2) column (Phenomenex)
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and an eluent of acetonitrile and water starting at 10% ACN/H,O reaching to 30 % ACN/H.O in 15
minutes and finally to 100% ACN in 18 minutes to complete the chromatogram in 22 minutes. The

pure lyophilized peptides were obtained in 65-70% vield.

1. Fmoc-His(Trt)-OH, A 1. Fmoc-Ser(Othu)-OH, A *

L Tt O HZNLW“\)OLHIO

3. 20% piperidine/DMF \r,\ 3. 20% piperidine/DMF z
a.c ~N-Trt  4.C 0 3
N/ \ﬁ\N
N
1.Fmoc-Asp(Otbu)-OH, A
2.B
3. 20% piperidine/DMF
ﬂ NH 4,C
Pbf~

ﬂ‘ﬂ

. X Y
H (o] H o 1. Fmoc-Arg(Pbf)-OH, A
— ~\)LNL§~YLL Q 2 an LR
Lo} H z 3. 20% piperidine/DMF (o]
o>=0 N S ‘>'=0 N
)L

\

1. C -COOH, A A: HBTU, DIPEA in DMF
2. B B. DMF, 4 x (5 ml x 2 mins.)
3.DCM, 5 x {5 ml x 3 mins.) C. DMF, 3 x (5 ml x 2 mins.)
L 4 — DCM, 4 x (5 ml x 2 mins.)
H —» DMF, 4 x (5 ml x 2 mins.)

POy BEN Sy N\)LN,Q e P | EENJLNJ:B/ J\NHZ
nm

Amino acids were changed according to the synthesized sequences: *n=1:CRDSH: 5.2
3:CRDSH: 5.3
5:CRDSH: 5.4
7:CRDSH: 5.5
9:C, RDSH: 5.6

C,RDSH

5.7: CRDHS  5.12: C,RDSG
5.8: CRHDS  5.13: CRDGH
5.9: CRHSD  5.14: CRGSH
5.10: C,RSDH  5.15: C,GDSH
5.11: C,RSHD

PA5.1. Yield: 86%. '"H NMR {600 MHz, D,O) & (ppm}): 8.63 (d, J=1.5Hz, 1H), 7.35-7.31 {m, 1H), 4.74
-4.62{m, 2H),4.41 (d, J=5.2Hz, 1H), 4.06 (d, J= 6.5 Hz, 1H), 3.84 (dd, J= 21.4, 5.2 Hz, 2H), 3.34 (dd,
J=155,55Hz, 1H}, 3.23 (t, J= 7.0 Hz, 3H), 2.99 - 2.94 {m, 1H), 2.88 - 2.82 {m, 1H), 1.99 - 1.91 (m,
2H), 1.69 - 1.60 (m, 2H). PCNMR (151 MHz, D,O) 6 (ppm}: 173.96, 171.50, 169.34, 156.74, 133.42,
128.48, 117.22, 60.82, 55.73, 52.56, 52.35, 50.23, 40.30, 27.93, 26.12, 23.44. ESI-MS, calculated for
CioH33N1007: 513.25 [M+ H]*, obtained, 513.30.

PA5.2. Yield: 84%. "H NMR (600 MHz, D,0) 5 (ppm): 8.62 (s, 1H), 7.33 (s, 1H), 4.74 (d, J= 9.9 Hz, 2H),
438 {t,J=5.2 Hz, 1H), 4.27 - 420 {m, TH), 3.83 (dd, J=22.0, 5.2 Hz, 2H), 3.21 {t, J= 7.3 Hz, 3H]}, 2.99
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(dd, J=17.0, 6.4 Hz, 1H), 2.88 — 2.82 {m, 1H), 2.04 (s, 3H}, 1.86 - 1.73 {m, 2H}, 1.64 (dt, J=18.2, 7.2
Hz, 2H). *C NMR (151 MHz, D,0) 6 (ppm): 174.60, 174.24, 174.03, 173.99, 172.39, 171.62, 156.72,
133.41,128.51, 117.24, 60.81, 55.77, 53.83, 52.26, 49.99, 40.44, 27 .85, 26.06, 24.28, 21.59. ESI-MS,
calculated for CyiH3sN1Qs: 555.26 [M+ H]*, obtained, 555.30.

PA 5.3. Yield: 81%. "H NMR {600 MHz, D,O) 8 (ppm): 8.62 (d, J=1.4 Hz, TH), 7.34-7.31 (m, 1H), 4.74
(d,J=7.4Hz 2H),4.38{(d, J=5.3Hz, 1H),4.28 {d, J= 2.6 Hz, TH}, 3.83 (dd, J= 24.2, 5.2 Hz, 2H), 3.21
(d, J=6.7 Hz, 3H}, 2.99- 291 (m, 1H), 2.87 - 2.78 {m, 1H), 2.28 (t, J= 7.3 Hz, 2H}, 1.86 - 1.72 {m, 2H),
161 (q, J= 7.4 Hz, 4H), 0.90 (t, J = 7.4 Hz, 3H). *C NMR {151 MHz, D,0) é (ppm}): 177.55, 174.37,
173.99, 172.43, 171.63, 156.71, 133.39, 128.52, 117.23, 60.82, 55.77, 53.59, 52.27, 50.02, 4042,
37.19, 35.33, 27.87, 26.06, 24.37, 18.84, 12.74. ESI-MS, calculated for Cz3H3eN10Os: 583.29 [M+ HJY,
obtained, 583.33.

PA 5.4. Yield: 85%. 'H NMR {600 MHz, D,0) 6 (ppm): 8.62 (d, J= 1.5 Hz, 1H), 7.33 (5, TH), 4.77 - 4.71
(m, 2H), 4.38 (t, J= 5.2 Hz, TH}, 4.29 - 4.25 {m, 1H), 3.83 (dd, J= 24.5, 5.3 Hz, 2H), 3.24 - 3.16 {m, 3H),
298 (dd, J=16.8,6.5 Hz, 1H), 2.85 (dd, J=17.0, 7.1 Hz, TH}, 2.30 (td, J= 7.3, 3.5 Hz, 2H}, 1.79 (ddd,
J=43.5,7.5,43Hz 2H),1.59 (t, J= 7.4 Hz, 4H), 1.34 - 1.23 (m, 4H), 0.86 (t, J= 7.0 Hz, 3H).*C NMR
(151 MHz, D;O) 6 (ppm): 177.76, 173.97, 173.94, 172.36, 171.62, 156.69, 133.40, 128.51, 117.23,
60.83, 55.78, 53.56, 52.26,49.95, 40.41, 35.29,30.46, 27.83, 26.07, 24.91, 24,41, 21.64, 13.15. ESI-MS,
calculated for CssHasN10Qs: 611.32 [M+ H], obtained, 611.33.

PA5.5. Yield: 72%. "H NMR {600 MHz, D>O) d (ppm): 8.62 (d, J=1.5Hz, TH), 7.33 - 7.31 {m, 1H), 4.76
- 4.73 (m, 2H), 440 — 4.22 (m, 3H), 3.88 — 3.77 (m, 2H}, 3.21 (t, J= 7.3 Hz, 3H), 2.90 (ddd, J = 78.5,
16.9,6.9 Hz, 2H}, 2.30 (dd, J= 7.4, 3.4 Hz, 2H}, 1.88 - 1.55 {m, 7H}, 1.32 - 1.20 {m, 8H}, 0.88 - 0.82 {m,
3H}. BC NMR {151 MHz, D,0) 6 (ppm): 177.77, 174.36, 173.97, 173.91, 172.41, 171.62, 156.68,
133.39, 128.52, 117.23, 60.82, 55.79, 53.54, 52.27, 50.01, 4042, 35.32, 30.94, 28.12, 28.04, 27.83,
26.06, 25.20, 24.44, 21.91, 13.33. ESI-MS, calculated for CyHiN10Qs: 639.35 [M+ HJ*, obtained,
639.31.

PA 5.6. Yield: 70%. "H NMR (600 MHz, D,O) 6 (ppm): 8.66 - 8.61(m, 1H), 7.33 (s, TH), 4.72(d, J= 2.3
Hz, 2H), 4.42 (t, J= 5.2 Hz, 1H), 4.26 (dd, J= 8.9, 5.5 Hz, 1H), 3.95 - 3.88 {m, 2H), 3.23 {t, J= 7.1 Hz,
3H), 2.86 (dd, J = 23.4, 6.6 Hz, 2H), 2.30 (q, J= 7.4 Hz, 2H), 1.87 - 1.79 (m, TH}, 1.77 - 1.70 (m, 1H),
1.67 - 1.55 {m, 6H), 1.35 - 1.22 {m, 6H}, 0.87 {t, J= 6.9 Hz, 3H). *C NMR (151 MHz, D,O) é (ppm):
177.76, 174,30, 173.91, 172.29, 171.46, 156.70, 133.45, 128.35, 117.29, 61.03, 55.42, 53.40, 52.61,
50.29,40.40, 35.45, 35.32, 3047, 29.82, 29.75, 28.75, 27.98, 27.83, 26.06, 24.94, 2441, 21.64,13.13.
ESI-MS, calculated for CoeHs1N1oQg: 667.38 [M+ H]T, obtained, 667.32.
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PA 5.7. Yield: 84%. "H NMR (600 MHz, D,0O) & (ppmj): 8.65 - 8.62{m, 1H), 7.32 (s, 1H), 4.74 (d, J= 2.3
Hz, 2H), 443 (t, J= 5.2 Hz, 1H), 4.29 (dd, J= 8.9, 5.5 Hz, 1H), 3.91 - 3.83 {m, 2H), 3.21 {t, J= 7.1 Hz,
3H), 2.87 (dd, J= 23.4, 6.6 Hz, 2H), 2.30 (q, J= 7.4 Hz, 2H), 1.87 - 1.79 (m, TH}, 1.77 - 1.70 (m, 1H),
1.67 - 1.55 {m, 4H), 1.33 - 1.22 {m, 4H), 0.86 (t, J = 6.9 Hz, 3H). *C NMR (151 MHz, D,0O) 5 (ppm):
177.72,174.30, 173.91, 172.29, 171.46, 156.70, 133.45, 128.35, 117.29, 61.03, 55.42, 53.40, 52.61,
50.29, 40.40, 35.45, 35.32, 30.47, 27.83, 26.06, 24.94, 24.41, 21.64, 13.13. ESI-MS, calculated for ESI-
MS, calculated for CasHasN10Os: 611.32 [M+ H]', obtained, 611.35.

PA 5.8. Yield: 82%. '"H NMR (600 MHz, D,O) 6 (ppm): 8.64 (d, J=1.4Hz, 1H), 7.31 (5, 1H), 4.77 - 4.70
(m, 2H), 4.42 (t, J= 5.0 Hz, 1H), 4.26 (dd, J= 8.9, 5.6 Hz, 1H}, 3.94 - 3.84 (m, 2H), 3.20 (dd, J= 8.1, 5.4
Hz, 3H), 2.99 - 2.93 (m, 1H), 2.87 (d, J= 7.5 Hz, 1H), 2.27 (td, J= 7.4, 3.3 Hz, 2H), 1.82 - 1.54 (m, 6H),
1.33-1.20{m, 4H), 0.86 {t, J= 7.2 Hz, 3H). *C NMR {151 MHz, D,0) 8 (ppm}: 177.50, 174.05, 174.00,
173.91, 17213, 171.38, 156.69, 133.49, 128.30, 117.26, 61.02, 55.48, 53.21, 52.30, 50.20, 40.39,
35.40, 35.26, 30.42, 27.95, 26.07, 2498, 2447, 21.62, 13.16. ESI-MS, calculated for CysHasN10QOs:
611.32 [M+ HJ*, obtained, 611.39.

PA 5.9. Yield: 70%. '"H NMR (600 MHz, D,O) & (ppm): 8.65 — 8.61 (m, 1H}, 7.32 (s, TH), 4.75 (s, 2H),
445 (t,J=5.7Hz, TH), 4.26 (dd, J= 8.9, 5.7 Hz, 1H}, 3.86 (dd, J=19.0, 5.7 Hz, 2H), 3.19 (t, J=6.9 Hz,
3H), 3.00 - 2.85 (m, 2H), 2.28 (dd, J= 7.4,3.4 Hz, 2H}, 1.81 - 1.52 (m, 6H), 1.33 - 1.20 {m, 4H}, 0.85 {t,
J=7.2 Hz, 3H). *C NMR (151 MHz, D;0) & (ppm}): 177.52, 174.78, 174.10, 173.94, 171.45, 156.69,
133.50, 128.27, 117.32, 60.94, 55.42, 53.26, 52.32, 49.87, 40.38, 35.32, 35.26, 30.41, 27.92, 26.25,
24.97,24.45,21.62, 13.16. ESI-MS, calculated for CssHasN10Og: 611.32 [M+ H]*, obtained, 611.28.

PA 5.10. Yield: 77%. 'H NMR (600 MHz, D,0) 6 (ppm): 8.64 (d, J= 1.4 Hz, 1H), 7.34 - 7.30 (m, 1H),
4,74 - 4.65 (m, 2H), 4.44 (t, J= 5.6 Hz, 1H), 4.33 {dd, J = 8.8, 5.5 Hz, 1H), 3.85 (dd, J = 22.6, 5.6 Hz,
2H), 3.24 — 3.14 (m, 3H), 2.94 - 2.82 (m, 2H), 2.31 {td, J= 7.2, 2.0 Hz, 2H), 1.91 - 1.55 (m, 7H), 1.34 -
1.22(m, 4H),0.86 (t, J= 7.0 Hz, 3H). *CNMR (151 MHz, D,0) 6 (ppm}: 177.78,174.14,174.01,173.88,
17210, 171.65, 133.46, 128.49, 117.19, 60.87, 55.25, 53.42, 52.27, 50.13, 40.44, 35.33, 35.17, 30.46,
28.00, 26.11, 24,95, 24.42, 21.65, 13.14. ESI-MS, calculated for CisHasNioOs: 611.32 [M+ HJ,
obtained, 611.34.

PA 5.11. Yield: 78%. 'H NMR (600 MHz, D;0) 5 (ppm): 8.65-8.61 (m, TH), 7.34 - 7.30 (m, TH), 4.75
- 4.67 (m, 2H), 4.42 - 4.29 (m, 2H), 3.90 - 3.77 {m, 2H), 3.25 - 3.16 (m, 3H), 2.98 — 2.90 (m, TH), 2.83
(dd, J=17.0,8.1 Hz, TH), 2.31 (td, J= 7.3, 4.2 Hz, 2H), 1.90 - 1.54 {m, 6H), 1.33 - 1.21 {m, 4H), 0.85 {(t,
J = 6.9 Hz, 3H). *C NMR {151 MHz, D,O) o (ppm): 177.75, 174.54, 173.89, 171.26, 156.70, 13345,
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128.31, 117.26, 60.87, 55.51, 53.33, 52.59, 49.91, 40.42, 35.34, 30.46, 27.97, 25.93, 24.95, 24.41,

21.65, 13.14. ESI-MS, calculated for CosHasN10Os: 611.32 [M+ H]*, obtained, 611.39.

PA 5.12.Yield: 81%.
PA 5.13.Yield: 88%.
PA 5.14.Yield: 90%.
PA 5.15.Yield: 82%.

Synthesis of 5.16 and H.N-5.16

1 Fmoc-His(Trt]-OH A

HZN—O

3.20% plpendme,"DMF
4.C

S
socmnfl AL (?ﬁgiu,o 2

Of B
N—Trt
j\ N>/
Pbf
Nf
HN H
1.0.25 eq.Pd(PPh3}‘+
15 eq. PhSiHl, DCM
2.H,N-Ser(Otbu)-Otbu, A
3.B
’ 4.DCM, 5 x (5 ml x 3 mins.)

5.16 and H.N-5.16 were synthesized by similar procedures on Rink amide MBHA resin using

standard Fmoc (9-fluorenylmethoxycarbonyl) solid phase peptide synthesis (SPPS) method. In a

TH-2872_166122039

ESI-MS, calculated for Co1H3sNgQOg: 531.28 [M+ HIF,
ESI-MS, calculated for CuHa N1 0Oz 581.30 [M+ HIY,
ESI-MS, calculated for CosHaN1oOe: 553.31 [M+ HIY,
ESI-MS, calculated for Cy1H3aN7Qg: 512.24 [M+ H]*,

"2N\)LN/O ; B
L\N-Trt

. C,-COOH/Boc-HN-C -COOH, A
B

obtained, 531.31.
obtained, 582.36.
obtained, 553.38.
abtained, 511.29.

Fmoc-Asp(OAll)-OH, A

3. 20% piperidine/DMF
4.C "

W

N—Trt

v.

Nz,

1. Fmoc-Arg(Pbf)-OH, A
2.B
3, 20% piperidine/DMF

R

3.DCM, 5 x (5 ml x 3 mins.)

HzNJL

(:U\)L,.,o

HN \-’

HN)\N,PM

A: HBTU, DIPEA in DMF

B. DMF, 4 x (5 ml x 2 mins.)

C.DMF, 3 x (5 ml x 2 mins.)
— DCM, 4 x (5 ml x 2 mins.)
—» DMF, 4 x (5 ml x 2 mins.)

TFA/TES/phenol/H.0 Hof WS
pheno

4 hours

HN“ “NHz

5.16/H;N-5.16
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standard coupling, 3 equiv. of protected aming acids (with respect to the loading of the resin}, 3
equiv. of HBTU, and 6 equiv. of DIPEA were taken in 5 mL of DMF (for 0.1 mmol scale with respect
to the resin loading} and stirred for 5 min prior to addition of the mixture to the resin. The reaction
mixture was shaken for 60 min and the resin was washed several times with DMF. The Fmoc-
deprotection was achieved by treatment of the resin with 20% piperidine (5 mL, 5 min, three
times) followed by thorough washing of the resin with DMF. The Fmoc-deprotection and coupling
steps were repeated until the designed peptide sequence was obtained. After completing the
coupling for the linear sequence, the resin was washed several times with DMF and finally with
DCM and dried under argon. The flask washed then flushed with argon for 30 minutes. In another
dry round-bottomed flask, 0.25 equiv. Pd(PPhs),and dry DCM was taken and degassed with argon
for 30 minutes. This solution was transferred to the peptide flask containing the dried resin, using
a syringe, under argon atmosphere. 15 equiv. PhSiH; was added with a syringe to the reacting
flask. This step was followed twa times, each for 1 hour. After the allyl-ester deprotection of the
aspartic acid residue, the resin was washed with DCM thoroughly. Then, 3 equiv. of HBTU in 5 ml
DMF was added to the resin, followed by addition of 6 equiv. DIPEA and stirred for 5 minutes. A
solution containing 3 equiv. of Compound A in DMF was added to the resin and stirred for an
hour. After the final coupling, the resin was washed with DMF and DCM several times and dried
under reduced pressure. The dried resin was then treated with freshly prepared mixture of
TFA/TES/phenol/water (85: 5:5:5 v/v) and stirred for 4 hours. The resin was finally washed with
DCM. The cleavage cocktail and the washings combined and concentrated to a minimum volume
on a rotary evaporator. The cleaved peptide was then precipitated from cold dry ether,
centrifuged and lyophilized to get the crude peptide. Purification was done in a semipreparative
HPLC using a Luna 5 pm C18(2) column (Phenomenex) and an eluent of acetonitrile and water
starting at 10% ACN/H,O reaching to 30 % ACN/H.,O in 15 minutes and finally to 100% ACN in 18
minutes to complete the chromatogram in 22 minutes. The pure lyophilized peptide was obtained
in 70% vyield.

PA 5.16: Yield: 70%. 'H NMR (600 MHz, D,0) & (ppm): 8.54 (dd, J= 8.9, 1.4 Hz, 1H), 7.27 - 7.21 {m,
1H}, 4.66 — 4.53 (m, 2H}, 4.47 - 4.36 (m, 1H}, 4.20 (dd, J= 9.1, 5.4 Hz, 1H}, 3.89 - 3.75 (m, 2H}, 3.29 -
3.21 (m, 1H), 3.16 - 3.07 {m, 3H), 2.79 (d, J= 6.6 Hz, 1H), 2.21 {d, J= 7.1 Hz, 2H), 1.80 - 1.45 (m, 7H},
1.24-1.13 {m, 4H), 0.77 {t, J= 7.0 Hz, 3H). *CNMR {151 MHz, D,0) § (ppm}: 177.72,173.91, 17214,
156.70, 133.39, 128.54, 117.39, 117.17, 61.07, 53.38, 53.10, 52.41, 52.30, 50.46, 49.02, 40.39, 36.23,
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35.34,35.31, 34.25,30.48,30.42, 27.92, 27.84, 26.13, 24.95, 24.93, 24.41, 23.08, 21.65, 13.15. ESI-MS,
calculated for CssHasN10Qs: 611.32 [M+ H]*, obtained, 611.29.

PA H2N-5.16: Yield: 69%. 'H NMR (600 MHz, D,0) o (ppm): 8.52 (dd, J=8.9, 1.4 Hz, 1H), 7.37 - 7.25
(m, TH}, 4.68 — 453 (m, 2H), 4.44 - 4.36 (m, 1H}, 4.22 (dd, J= 9.1, 5.4 Hz, 1H), 3.89 - 3.75 (m, 2H),
3.29 - 3.21 {m, 1H}, 3.16 - 3.07 {m, 3H), 2.79 (d, J = 6.6 Hz, 1H), 2.21 (d, J= 7.1 Hz, 2H), 1.80 — 1.45
(m, 7H), 1.24-1.13 {m, 6H). *CNMR (151 MHz, D,0) d (ppm}: 177.72,173.91,172.14,156.70, 133.39,
128.54, 117.39, 117.17, 61.07, 53.38, 53.10, 52.41, 52.30, 5046, 49.02, 40.39, 36.23, 35.34, 35.31,
34.25, 30.48, 30.42, 27.92, 27.84, 27.24, 26.13, 24.95, 24.93, 2441, 23.08, 21.65, 13.15, ESI-MS,
calculated for CysHasN11Os: 625.33 [M+ H*, obtained, 625.29.

HO
HO N=
HO N:-:\NH o 4 :\'H y © ?' o] i
fo) 9 5 = N\)L H\)L NH; Csthyy N\)\N N\.)LN NH,
|'|2N\)L n\)'l\ NH, \g/ H E H \p’, P A ;P
f CH K R =CH; i 5.2{C2-RDSH) HN r?H
){\N C3H; @ 5.3 (C4-RDSH) i . -
HN“SNH  CoHypp ¢ 5.4(C6-RDSH) (CMC=66uhy) FHeN7TNH - 5.7 (C6-RDHS) (CMC = 80 uh)

A 5.1 [RDSH)
HaN~SNH CHyst 5.5 (C8-RDSH) (CMC =43 uh)
CgHyg: 5.6 (C10-RDSH) (CMC = 28 1M}

N&\NH
L oH N"\NH 0 o ¢2 o v/
0 0 H
H H CaHyy | L_/N | NH,
CoHyr N N NH; SN TN
i { \/ILH \)Lﬁ’(g Catlyy N\)l\ \)L NH, \g R g 2 B
: n. L0
s o

|'||“vf/I Hi A
y N/gNH 5.8 (C6-RHDS) (CMC =75 uM) 5.9 {C6-RHSD) (CMC =65 uM} HZN)Q"NH 5.10 {C6-RSDOH) {CMC = 78 uM

HO N=
. °o o N
Eshhy N\)\LH, Ha Ot N\,IL \)LN NH, c-"H“‘In\,)LN H\)LN NH,
z H
HN

HN
H
H:NTSNH 5,99 (C6-RSHD) (CMC = 58 pM) HzN’KNH 512 (CE-RDSG) ([CMC=92uM} - (. oy 5-13[C6-HD§HHCMC= 100 uM)
”°‘f
OH
N= e
—._\NH HO N HN

S an i LoV VLY S
HN/l/ i I'II\IJ/ \E"?

5.14 (C6-RGSH) (CMC = 95 U} A5 (C6- MC = 86
HZNANH > ' 2 5.15 {C6-GDSH) (CMC = 86 uM) 5 NANH 5.16 (C6-RD(S)H) (eMC = 305 )
2

Chart 5.1 Chemical structures and the CMC values of all the peptides/PAs used for the study.

5.2.3 Synthesis of functionalized silica nanoparticles

HO
L 1. Isopropanol/H,0 HO OH
/ 2. NH, solution o_ 0 OH _
Sli'o 3 > O'Sl Si: — HO OH
0o 24 hours OH
) n HO OH
OH
TEOS SiNP’
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Bare silica (SiNP)

Silica nanoparticles were synthesized by Stober method.?™® 2.7 ml of Isopropyl alcohol (IPA) was
mixed with 0.54 ml (30 mmol) of water in a round bottom flask and cooled to 5 °C. This mixture
was blended for 10 minutes at 5 °C after adding 0.375 ml {5 mmol) of ammonia solution to it. To
this mixture, 1.38 ml (6.2 mmol) of TEQS was added and stirred for 2 minutes. The mixture was
then kept undisturbed for 5 hours at 5°C. After 5 hours of reaction, the suspension was transferred
into a centrifuge tube and centrifuged at 6300 rpm for 20 minutes. The supernatant was removed

and the solid was washed several times with ethanol before drying it overnight at 150°C in hot air

oven.
HaN HaN
L(I:’('.) 1 na e
0\ _'0 OH i toluene 4] (8] OH —_—
SioPsit . 4 o SO B S
OH reflux, 24 hours
n n Hz NHZ
NH2
NH
SINP’ APTES L :
‘Amine-SiNP’

Synthesis of silica nanoparticles (Amine-SiNP)
360 mg of prepared SiNP was dispersed in 38.3 ml of toluene in a round bottom flask. To this, 11.7
ml {50 mmol) of APTES was added and refluxed for 24 hours. The solid product was separated by

centrifugation at 6000 rpm and washed several times with ethanol. The product was dried at 70°C

for 24 hours.
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Synthesis of silica nanoparticles (Acrylate-SiNP)
10.6 mg of Amine-SiNP was dispersed in 2 ml of dry ethanol. A solution of 7 g of 5-ACI (1.4 gmL™")

in 5 ml dry ethanol was added to the mixture. The reaction mixture was then shaken gently on a
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mechanical shaker for 24 hours at room temperature. The mixture was centrifuged to separate
out the silica nanoparticles. The product was washed for several times with ethanol and dried

overnight at 70 °C.
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Synthesis of silica nanoparticles (5.16-SiNP)

20 mg of Acrylate-SiNP were dispersed in 4 mL of a solution containing 100 mg of NH,-5.16
(prepared in 50% ethanol/H,0) and sonicated for 10 minutes at 18 °C to distribute the silica
nanoparticles uniformly. The mixture was shaken gently at room temperature for 24 hours. The
peptide-functionalized silica nanoparticles were then centrifuged at 6000 rpm, washed

thoroughly with 50% ethanol/H,O followed by ethanol and finally dried overnight at 70 °C.

5.2.4 Determination of CMCs

20 mM stock solutions of all the peptides were prepared in 20 mM phosphate buffer pH 7. A
solution of pyrene was prepared by adding a pinch of pyrene in 100 mL of 20 mM sodium
phosphate buffer pH 7 and sonicating it for 6 h followed by filtration. The concentration of Pyrene
was estimated as 0.1 mM from the absarbance spectra of the solution. The emission spectra of the
solution were recorded and then the solution was titrated with the peptide stock solutions and
after each addition of the stock, the solution was stirred for 2 mins followed by resting for 3 mins.
The emission spectra were recoded after each addition. The value of CMC was determined from
the point of difference of the two slopes obtained, when |,/1; was plotted against concentration
of peptide. |« for pyrene: 337 nm. Emission spectra was collected from 340 to 600 nm. |; for pyrene:

375nm, : 415 nm.
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5.2.5 TGA analysis

Thermogravimetric analyses (TGA/DTG) of various silica nanoparticles were performed under
argon flow (100 ml min'} with a SETSYS Evolution TGA-DTA/DSC thermobalance, heating from 40
to 800 °C at 5 °C min™. The degree of functionalization {DoF) at different stages were calculated

using the data from the DTG profiles following equations 5.1 and 2 as shown below.®"
m(FG) = Amggm — Amy.ef (5.1)

where Am(FG) is the mass loss of the sample in the main mass loss region and Amge, is the mass
loss of the reference sample {previous step of functionalization) in that temperature range. AMmian
represents the mass loss of the concerned sample in the main mass loss region. Subsequently,

DoF can be calculated utilizing equation (5.2}

__ Am (FG)*M
T m#*M(FG)

DoF (5.2)

Where ‘M’ is the molar mass of TEOS (208.33 g/mol), ‘m’ the mass of remaining sample at 800 °C

and M{FG) are the molar masses of the functional groups respectively.

5.2.6 BET experiments

N, physisorption measurements were carried out at 77 K in the relative pressure range from 1 x
10 to 1 P/P, using a Quantachrome Autosorb1MP/TCD instrument. Prior to the analysis, the
samples were degassed at 393 K for 3 hours (residual pressure lower than 10° Torr}. Specific
surface areas were determined using the BET equation, in the relative pressure range from 0.01 to
0.1 P/Po. Pore size distributions were obtained by applying the DFT method and using the

desorption branch of the N, physisorption isotherm.

5.2.7 Determination of hydrodynamic radii of particles

The silica particles were dispersed in buffer as mentioned earlier and the measurements were
performed using these suspensions. The scattering angle of light was fixed at 90° All the
measurements were taken five times, and each reading was in turn a weighted average of 10

5Cans.

5.2.8 Morphology
For the silica nanoparticles, a pinch of the solid was dispersed in ethanol to make a very dilute
solution and sonicated for 10 minutes. These dispersions were cast on silicon wafers air-dried and

analyzed by FESEM.
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5.2.9 Catalysis experiments with PAs

Unless otherwise mentioned, all the catalytic experiments involving PAs were performed in 20
mM sodium phosphate buffer pH 7 at 25 °C. The catalytic cycles were monitored by UV-Vis
spectroscopy for 3 minutes at the isosbestic point for p-Nitrophenol (348 nm) as obtained from
the absorption spectra of PNP. In every case, the catalysts were added in desired volume of buffer
soluticn and incubated for 5 minutes and then substrate {desired volume was added from 12.5
mM stock in ACN, and total measurement solution was 3 mL) solutions were added, mixed and
immediately placed for measurement. In all the cases, the background hydrolyses of the
substrates (without adding catalyst) were separately measured in the desired experimental
conditions and subsequently subtracted from the original catalysis data (with catalyst). The
resultant plot was used as the activity of the catalysts on the substrates. Extinction coefficient of
PNP was determined from the calibration plot, measured in 20 mM sodium phosphate buffer pH

7at25°C; e: 5910 M 'em’.

5.2.10 Measurement of catalytic activity of 5.16-SiNP

Unless otherwise mentioned, for all heterogeneous catalysis, the concentration of 5.16-5iNP was
maintained as 1 mg/mlin 20 mM phosphate buffer pH 7. The salid catalyst was dispersed in buffer,
and vortexed for 1 minute followed by sonicated for 10 minutes at a constant temperature bath
maintained at 25 °C. This cycle of vortexing and sonication was performed three times to get a
homogeneous suspension. 100 mL of this catalyst suspension was placed in two wells of a 96-
well-plate. The initial readings (absorbance at 348 nm} were collected using 96-well plate reader.
PNPP (6 pL of 12.5 mM solution in ACN to reach final concentration of 0.75 mM) was then added
to the sample well and absorbance at 348 nm was recorded every 30 seconds for 5 minutes.
Simultaneously, the absorbance from the reference well (containing only the catalyst) were
recorded and the corresponding values were subtracted from the sample data to avoid any
contribution that may arise from the catalyst only. To eliminate any product formation by self-
hydrolysis of the substrate, in another well, only the substrate was added maintaining all other
parameters {except the presence of the catalyst) and the absorbance at 348 nm was recorded
every 30 seconds for 5 minutes. These values were further subtracted from the sample values to
get the absorbance arising from the catalysis by the catalyst only. From these subtracted values,
using the calibration plot of PNP, the amount of PNFP formation and subsequently the rate of
hydrolysis was determined. CV Lipase was used as a reference to compare the activity of our

catalyst. For this purpose, 100 uL of CV lipase (20 mM phosphate buffer pH 7) containing 70 units
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was used in place of 5.16-SiNP and similar procedure was used for the determination of the rate

of hydrolysis by CV Lipase.

5.2.11 Catalyst reusability test

For the reusability test, as the 96 well plate reader was not suitable, we adopted a different
technique. In this case, the catalysts were dispersed (1 mg/mL) in 940 pL of 20 mM phosphate
buffer pH 7 following similar protocol mentioned earlier. To this suspension, substrate {60 uL of
12.5 mM solution in ACN to reach final concentration of 0.75 mM) was added and the sample was
shaken on a mechanical shaker for 3 minutes. Immediately after that the sample was centrifuged
for 30 seconds and the supernatant was transferred to the cuvette and the absorbance of the
solution at 348 nm was recorded. To eliminate any absorbance that might come from the catalyst
or substrate, the absorbances of only catalyst (exact concentrations used for the samples after
similar treatment without adding substrate} or the substrate (exact concentrations used for the
samples} were recorded at 348 nm and subtracted from the data obtained for the samples. All
steps were performed in triplicate. Using calibration curve of PNP, the amount of PNP formed in
each case were calculated. After every cycle, the catalysts were washed with water (5 times)
followed by ACN (5 times) and dried under vacuum at 90 °C for 12 hours. The dried catalyst was

further used for subsequent cycles using exactly the same process.

5.2.12 Determination of catalyst stereoselectivity

1 mg of 5.16-SiNP or 5.16D-SiNP were dispersed (following the protocol mentioned earlier) in 940
pL of 20 mM phosphate buffer pH 7. 60 plL of pre-mixed solution of Boc-D/L-Phe-PNP (1:1; 12.5
mM in ACN) was then added to the catalyst suspension and shaken on a mechanical shaker for 3
minutes. The sample was immediately centrifuged for 30 seconds and the supernatant was
lyophilized. The lyophilized solid was re-dissolved in 1 mL of 8% lsopropanol/Hexane and
analyzed through chiral HPLC. The % enantioexcess were calculated using the following equation

(5.3),

Area of excess isomer X 100

0, 1 —
enatioexcess = 5.3
% Total Peak area of both isomers ( )

5.3 RESULTS AND DISCUSSION
5.3.1 Rational and systematic design of the hydrolase mimicking PA
The esterase catalytic triad consists of Ser, Asp or Glu, and His. Also, it was shown recently shown

that presence of Arg in the system enhances the catalytic performance significantly. Based on this
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knowledge, initially, a short peptide sequence was designed as, RDSH (5.1, Chart 5.1). The catalytic
activity was studied at 1 mM concentration of 5.1 in 20 mM pH 7 buffer using (PNPA} as the
substrate. The initial velocity (v} was observed to be 0.008 + 0.0001 uM's” (Figure 5.1 A). We
anticipated that the activity of the peptide could be enhanced in its self-assembled form owing
to the cooperative effect of the participating amino acids as well as effective higher local
concentration of the substrate at the surface of the aggregates.®®31? To verify the hypothesis, the
peptide was modified by attaching hydrophaobic tail {C6) at the N-terminal of the sequence and
converted it to the peptide amphiphile 5.4. The critical micellar concentration of the PA was
measured using pyrene emission technique and ohserved to be 66 uM (Figure 5.2 B).’® As the
CMC was observed to be much lower than the concentration {1mM) of the PA used for catalysis,
we continued using 1 mM solution of 5.4 to assess the catalytic efficiency. ~ 4.5-fold (vi= 0.036 +

0.0002 uM's™") increase in the activity was observed compared to 5.1.
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Figure 5.1 {A} Initial velocities observed for different peptides as catalyst for PNP. [PA] = TmM, [PNPA] = 0.75 mM in
20 miM Phosphate buffer pH 7at room temperature. {B) Representative examples of CMC measurements for some of
the PAs measured at room temperature.

The significant enhancement in the rate of hydrolysis prompted us to find the role of chain length
of the tail. The chain length was then varied from C2 to C10 {5.2 to 5.6, Chart 5.1}. The CMC for all
these PAs were measured. However, understandably, for 5.2 and 5.3, no clear values were found
as they do not possess the proper hydrophilic-lipophilic balance to form micelles. The CMC of 5.5
and 5.6 were observed to be 43 and 28 uM respectively and as they are sufficiently lower than 1
mM, we did all further studies at this concentration. Interestingly, the hydrolysis activity showed
a bell-shaped relation with the tail length. PA 5.4, with C6 chain, showed significantly higher

activity compared to all other PAs tested. The results indicate that the packing of the micellar
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aggregates in case of 5.4 is the optimum in the present case that allowed better catalytic activity

onh its surface.

Next, the role of the positions of the respective amino acids have been tested. For this purpose,
five new sequences (5.7 to 5.11, Chart 5.1} were prepared where the positions of the amino acids
are altered. Interestingly, the rates of the catalytic processes were found to be similar to that of PA
5.4 as can be seen from Figure 5.2. The results clearly indicate that the position of the amino acid
sequence does not impart much effect on the catalytic efficiency. The next question that arises at
this point was the effect of each of the amino acids in the sequence. In order to find that out,
another series of five new PAs (5.12 to 5.16) were prepared following the sequence of 5.4 and
replacing one of the amino acids with Gly in each of the new sequences. When subjected to test
the catalytic efficiency of these peptides, all of them showed much lowered activity compared to
that of 5.4. The lowest activity found was in case of 5.12 (v;= 0.001 + 0.0005 uM's"} which is very
much understandable as the peptide does not have any His unit which is essential for the esterase
like activity. In cases of 5.13 (vi=0.01 £ 0.001 uM's'}, and 5.14 (v; = 0.011 + 0.001 uM's"} the rate
of hydrolysis were found to be considerably higher than that of 5.12. Moreover, even higher rate
of conversion was achieved in case of 5.15 (vi= 0.025 + 0.001 uM's"}. These results indicate the
essential role of all the amino acids present in the peptide sequence of 5.4. As reported before,
both, Ser and Asp helps in enhancing the catalytic efficiency by cooperatively binding with the
substrate along with His. As mentioned in previous reports, though the role of Arg is not very clear,

it is certain that the presence of guanidinium unit certainly affect the overall esterase activity.

5.3.2 Branchingin the sequence to enhance activity

It has previously been shown that for such small peptide-based sequence, branched peptides
work more efficiently than the linear ones as branching provides a three-dimensional binding
possibility for the functional groups present in the catalytic site (Imidazole, -OH and -COOH in this
case). To evaluate the possibility of enhancing the catalytic activity through branching in the
sequence, we introduced PA 5.16 (C6-RD(5)H). The derivative had been designed such that the
main functional units, namely imidazolium, hydroxyl and carboxylate groups were alighed in close
proximities to form a pre-organized pocket for improved substrate binding. The Michaelis-Menten
constants (K,)s were derived from Michaelis-Menten plots {(Figure 5.3 A) as 12104.33 uM and
6344.75 uM respectively for 5.4 and 5.16 respectively. The K./Kn. values for these two systems

(0.53 X107 and 1.79 X107 uM’'s” respectively} are shown in Figure 5.3 B. The three-dimensional
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arrangement of the catalytic triad in case of 5.16 presumably helped in the stronger binding of

the substrate and resulted in higher catalytic efficiency.
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Figure 5.2 Initial velocities observed for different peptides as catalyst for PNP. [PA] = TmM, [PNPA] = 0.75 mM in 20
mM phosphate buffer pH 7at room temperature.
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Figure 5.3 (A] Michaelis-Menten plot for 5.4 and 5.16 as catalyst for PNP. [PA]l = TmM, in 20 mM phosphate buffer pH
7at room temperature. (B) Comparison of catalytic efficiencies of 5.4 and 5.16 as catalyst for PNP. [PA] = TmM, in 20
mM phosphate buffer pH 7at room temperature.

5.3.3 Effect of pH, temperature, additives and substrates on the catalytic activity
It is clear from all the above-mentioned studies that the branched peptide, 5.16 has the highest
ability to hydrolyze esters. Based aon this fact, peptide 5.16 was chosen for all further experiments.

The effect of pH, temperature, salt and other additives on the activity of 5.16 were then analyzed.
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As can be seen from Figure 5.4 A, when the pH of the reaction medium was varied from1-11, a
significant difference in the catalytic activity was observed with the highest activity shown at pH
7. The catalytic activity of 5.16 was found to be negligible under acidic conditions. This was due
to the fact that under acidic conditions, imidazole units exist in protonated form and therefore
unable to conduct the proton shuttle which is essential for the hydrolysis reaction. When pH
crosses the pK, of His, there is a sudden increase in the rate of hydrolysis (Figure 5.4 A}. However,
the activity decreases as the pH moves to higher value. It is to be noted that in all cases, the self-
hydrolyses {without the catalytic peptide) were taken care of by subtracting the values obtained
from the same. At higher pH, PNPA undergoes hydrolysis by direct attack of OH ions which is fast
and irreversible process, and takes place without the assistance of any catalyst. The pH profile
closely matches with the reported results for hydrolases like Lipase and the optimum pH for the

catalyst was considered as ~7.
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Figure 5.4 Effect of {A) pH and {B) Temperature on the rate of catalysis of 5.16. [PNPA] = 0.75 mM, [5.16] = 1T mM.

Temperature of the system has been found to impart profound effect on the sensitivity of a
catalyst. Similar to pH, the temperature profile also shows a bell-shaped curve with highest activity
found at 45 °C {Figure 5.4 B). Lower temperature decreases the kinetic energy of the molecules
which leads to slower rate of collisions of substrates with catalyst and therefore diminished rate
of reactions. Increasing the temperature facilitates the rate of reaction through increased number
of collisions within a short time. On the other hand, further higher temperatures cause adverse
effect on the catalyst activity by destabilizing the non-bonding interactions within a catalyst.
Higher temperatures might also destabilize the transitory catalyst-substrate complex 3% 3%
Moreover, as the temperature increases, there is a high possibility that the micellar aggregates of

the PA break down and consequently, the cooperative effect gained by the self-aggregation also
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diminishes. A temperature dependent CMC measurement (Figure 5.5) for 5.16 confirms that the
PA has higher CMCs above 45 °C than the concentration used for the catalysis experiments {1 mM}.

These results clearly explain the decrease in activity above 45 °C.
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Figure 5.5 Variation of CM{ of 5.16 with temperature.

Interestingly, addition of salts, like 150 mM NaCl did not improve the activity (Figure 5.6 A).
Common inhibitors for hydrolases like methanol, ethanol and urea caused distinct decrease in the
catalytic activity but failed to inhibit the catalytic activity completely. These inhibitors are usually
known to break protein and peptide aggregations through disrupting the non-covalent
interactions responsible for the protein folding and thereby inhibits the catalytic process. In the
present case, the self-assembly is mainly driven by the hydrophilic-lipophilic balance {HLB)** of
the PA and the contribution from the interactions like hydrogen bonding at the peptide segment
is understandably lower 3232 Though these hydrogen bonding interactions are weakened in the
presence of these inhibitors, the PAs remain in micellar form and thus complete inhibition could
not be observed.

To find out the effect of substrates on the rate of catalysis, five different esters {p-Nitrophenyl
acetate {PNPA), p-Nitrophenyl propionate (PNPP}, o-Nitrophenyl butanoate (PNPB), p-Nitrophenyl
hexanoate (PNPH) and p-Nitrophenyl-ester of Boc-Phe-OH (Boc-Phe-PNP}) were employed. As can
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be seen from Figure 5.6 B, PNPP underwent maximum hydrolysis, whereas Boc-Phe-PNP
underwent minimum hydrolysis. The propyl chain of PNPP plausibly helped the substrate to bind

to the micellar surface with optimum effect.
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Figure 5.6 Effect of (A) different additives and (B) different substrates on the rate of catalysis by 5.16. [5.16] = 1 mM,
[Substrate] = 0.75 mM in 20 mM Phosphate buffer pH 7 at room temperature.

5.3.4 Immobilization on silica surface

From all the above-mentioned results, it was clear that PA 5.16 shows the highest hydrolase like
activity. As discussed in the introduction, our goal was to create a heterogeneous catalyst using
hydrolase mimicking PA and immobilizing it on silica surface. Immobilization on any solid surface
is expected to enhance the catalytic efficiency further as the dynamic nature of the micellar
aggregates gets restricted. Moreover, congregation of catalytic peptides on a solid-surface leads
to integrated increment of robustness and reusability factors of the designed peptide catalyst
without losing its catalytic efficiency.32533° With this aim, 5.16 was loaded onto silica nanoparticles
following the strateqy shown in Scheme 5.1. In brief, uniform sized (~600 nm) spherical SiNPs were
prepared using well-established Stober method. The surface was of the SiNPs were further amine
functionalized using APTES. The amine functionalized SiNPs were then treated with 5Ac| to get
acrylate functionalized surface. On this surface, terminal amine functionalized 5.16 (NH>-5.16,
Scheme 5.1) were grafted via 1,4 Michael addition reaction to result the desired 5.16-
functionalized SiNPs.

The degree of functionalization at each step of SiNP formulation were determined from the
percentage mass loss observed from thermogravimetric analysis (TGA) experiments, where
Derivative Thermogravimetry (DTG} curves signify the rate of material weight changes upon

heating (Figure 4A). The minima at 100 °C is referred to the loss of adsorbed water molecules. The
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second minima in the DTG curve from 200 - 450 °C is referred to the organic functionalization of
APTES, 5-ACl, or the peptide’'”3* Therefore this region was utilized to determine the percentages
of successive functionalization with APTES/5-ACl/16. The obtained DoF were 8.97, 5.82, and 4.07
respectively for Amine-SiNP, Acrylate-SiNP and 16-SiNPs. From this, the concentration of peptide
16 present in 1 mg/ml of 16-SiNP was found to be 0.45 mM (M.W. of 16: 625.67 g/mol).
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Figure 5.7 Characterization of silica nanoparticles. (A) TG and DTG curves, (B) FTIR spectra.

In the FTIR spectra (Figure 5.7 B), the peak at 3650 cm™’ was observed which was for the free silanol
groups, whereas 2921, 2850 and 1484 cm™ were assigned to C—H stretching and bending
vibrations from the aminopropyl groups. The characteristic N-H bond stretching vibration at 3300
cm” broadened along with the broad peak of O - H stretch of that water molecules, captured
inside the pores of the SiNPs. Acrylate-SiNP yielded two new peaks at 2990 and 2829 cm”', which
were the indication of C - H stretching of - CH; and — CH, groups respectively.’? The peak at 1632
cm was due to the C = C stretch of acrylate groups. A distinct peak at 1673 cm™ was observed in
the 5.16-SiNP due to the amide bonds of the peptide loaded silica (Figure 5.7 B).

The silica particles obtained at different stages were also analyzed for surface area and pore size
measurements using BET method. The obtained BET specific surface areas and pore size
parameters are tabulated in Figure 5.8. The adsorption/desorption isotherms of all samples
displayed type IV behavior with H3 type hysteresis in the relative pressure range 0.1 < P/Po < 1,
which indicates the characteristic mesoporous structures.’ The BET surface area of SiNP was
found to be 42.74 m?/g, which decreases sharply to 547 m?*/g in case of Amine-SiNP. This
significant decrease in the surface area suggests clogging of the pores by the surface

functionalities. However, the surface areas remained almost unchanged in the successive steps.
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indicating clogging of pores by the incoming surface functionalities. The pore sizes increased with

functionalization {5.32 for 5.16-5iNP) when compared to SiNP (1.09 nm).
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Figure 5.8 N, Adscrption/desorption isotherms of silica nanoparticles obtainad from BET.

Stepwise functionalization of silica nanoparticles was also supported by DLS and FESEM analyses.
In both cases, a clear increment in the average diameter of particles was observed. The particle
size increases from 100 nm in case of SiNP to 600 nm for peptide functionalized silica, 5.16-5iNP

(Figure 5.9 A, B).
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Figure 5.9 Characterization of silica nanoparticles. (A} Variation of particle sizes of silica nanoparticles at different
stages of preparation of 5.16-5INP as cbtained from DLS measurements and (B} FESEM images of the silica
nanoparticles at different stages of the preparation of 5.16-5iNP.
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5.3.5 Heterogeneous catalysis on 5.16-SiNP surface

Spherical silica nanoparticles can have multiple catalytic peptides uniformly arranged on its
surface without catalyst crowding which increases the relative surface area of the effective catalyst
without the loss of cooperative effect of aggregated peptide catalysts. This facilitates the
substrate binding process and thereby enhances the extent of product formation. To verify
whether surface immobilization of the catalytic peptide actually helped in enhancing the
efficiency of the catalytic process, hydrolysis of PNPP using 5.16-5iNP was monitored. The
concentration {1 mM) of the catalytic site (5.16 in 5.16-SiNP) was taken similar to that of the
solution-based hydrolysis using 5.16. As can be seen from Figure 5.10 A, there is a two-fold jump

in the activity in case of 5.16-SiNP.
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Figure 5.10 Heterogeneous catalysis using 5.16-5iNP. {A) Rate of hydrolysis of PNPP (0.75 mM} in presence of 1
mg/mL 5.16-5iNP and 70 units of CV lipase in 20 mM phosphate buffer (pH 7). (B} Amount of PNP formed within 5
minutes from different concentrations of PNPP using 1mg/mL 5.16-5INP and 70 units of CV lipase in 20 mM
phosphate buffer {(pH 7).

Next, 5.16-SiNP was compared with Chromobacterium viscosum lipase (CV lipase) for hydrolase
activity. The amount of formation of PNP from PNPF was found to be twice in case of 5.16-SiNP {1
mg/mL) than that of 70 units of CV lipase in 1 mL buffer of pH 7 at room temperature (Figure 5.10
B). Further, the hydrolysis was monitored for varying concentration of PNPP using a fixed amount
of 5.16-SiNP (1 mg/mL) and compared with the same using 70 units of CV lipase. Interestingly, it
is clear from Figure 5.11 that catalyst concentration as less as 1 mg/ml can act on higher range of
substrate concentrations and in every case, the amount of PNP formed was observed to be much
higher (~ twice} than CV lipase (Figure 5.10 B). Finally, the concentration of 5.16-SiNP was varied

for a fixed concentration of PNPP {0.75 mM). As the amount of the catalyst increased from 0.5
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mg/mL to 1 mg/mL, an enhanced activity was noticed {Figure 5.11). However, with further

increase in catalyst, no change was observed.
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Figure 5.11 Rate of hydrolysis of 0.75 mM PNPP using varying amounts of 5.16-5iNP.

Further, the stability, pH profile and effect of additives on the catalyst were evaluated. A
temperature dependent study on the rate of catalysis showed continuous increase in the activity
as we move from room temperature to 75 °C (Figure 5.12 A). However, after 50 °C, the slope of
increase in activity diminished significantly. Unlike 16, as the catalytic peptide is covalently
attached on the surface of the SiNP, the dissociation of the aggregate is not possible in case of
5.16-SiNP and thus, the activity enhances with increase in temperature. However, at higher
temperature, the supramolecular forces get weakened and thus the system loses the cooperative
effect from the neighboring peptides. This presumably leads to the decrease in the slope of
activity increment. The pH profile of 5.16-5iNP shows very similar activity profile to that of 5.16
(Figure 5.12 B). Additionally, the effect of different common denaturing agents was tested on
5.16-SiNP. As can be seen from Figure 5.13, very similar trends were obtained to that of 5.16.
Moreaver, to check the stability of 5.16-SiNP, the catalyst was heated at 30 °C for 12 hours and
brought back to room temperature before testing for the activity and no detectable loss in activity

was observed. Similarly, the catalyst was kept open under ambient condition for three months
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and showed similar activity to that of the freshly prepared catalyst. These results indicate that the

catalyst is extremely robust and stable.
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Figure 5.12 Stability of the heterogeneous catalyst. Effect of (A) temperature (B} pH on the rate of catalysis by 5.16-

SINP. [5.16-5INP] = 1 mg/mL; [PNPP] = 0.75 mM.
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Figure 5.13 Initial activity of 5.16-5iNP against PNPP {0.75 mM} in absence or presence of different additives. The
experiments were performed in 20 mM phosphate buffer pH 7 at room temperature and in triplicate.

For any industrial application, one of the major concerns for a catalyst is its recyclability. To verify
whether 5.16-SiNP can be recycled after every use, we did one batch of catalysis reaction followed
by remaoval of the catalyst by filtration, washing and drying. Once dried, the catalyst was used
again for the next batch. The same process was repeated for five times. As can be seen from Figure
5.14 A, no significant loss in the activity was observed even during the fifth cycle. This confirms
the recyclability of the developed catalyst. Moreover, as depicted in the experimental section, the

recycling process is extremely easy and cost-effective.
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Figure 5.14 (A) Recyclability of 5.16-5INP while using it for hydrolysis of PNPP for several cycles. (B) Chromatograms
of 1:1 mixture of Boc-D/L-Phe-PNP and Boc-D/L-Phe-OH before and after the hydrolysis using 5.16, 5.16-5iNP or
5.16D-5iNP.

5.3.6 Stereoselective Catalysis by 5.16-SiNP

One of the most important features of enzymes is the stereoselective catalysis. Synthesis of
enantiopure molecules is of high importance and extremely challenging for industrial processes.
To verify the stereoselective catalysis of the newly designed catalyst, first, a 1:1 mixture of PNP
ester of Boc-D/L-Phenylalanine {(Boc-D/L-Phe} was subjected to hydrolysis using 5.16-SiNP.
Analytical HPLC analyses shows the formation of Boc-L-Phe with 95% excess (Figure 5.14 B).
Further, we have prepared the D-version of the catalyst, 5.16D-SiNP {Scheme 5.1} where the
peptide is made with D-analogs of the corresponding amino acids. When similar experiment was
performed with 5.16D-SiNP, Boc-D-Phe with 95% excess was obtained. Interestingly, while using
the PA (D or L 5.16) for stereoselective catalysis, only ~ 10% excess of one isomer was obtained
on both occasions. It was previously shown on many occasions that micellar/vesicular surfaces
decorated with amino acids or peptides of one particular enantiomer lead to selective binding of
substrates with specific stereochemistry.33* 34 However, the stereoselective binding could not be
translated to enantioselective product formation to a major extent due to dynamic nature of these
aggregates.®*®* However, in the present case, though the surface is decorated with the peptide of
one particular enantiomer, the dynamicity is frozen due to the immohilization of the catalytic
peptide on the solid surface. As the silica surface is functionalized with L-5.16, Boc- L-Phe-PNP
preferentially bound to the surface and resulted into the formation of Boc-L-Phe-OH in excess.
Similarly, 5.16D-SiNP resulted into the excess formation of Boc-D-Phe-OH. These results clearly
show the applicability of the reported catalyst could be an excellent candidate for stereoselective

hydrolysis of esters.
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5.4 CONCLUSION

In summary, we have systematically developed a peptide amphiphile that can efficiently catalyse
ester hydrolysis. For this purpose, a library was methodically screened and the best PA (5.16) for
this purpose was identified. The PA having a branched peptide sequence consisting of His, Ser
and Arg residues could effectively bind to the surface in its micellar form. The aggregation of the
PA provided the cooperative effect from neighbouring amphiphiles and thus enhances the rate
of hydrolysis. The identified PA was further immobilized on silica nanoparticle surface to prepare
a heterogenous catalyst. The catalyst showed much better activity than lipase and was found to
be extremely robust against various denaturing effects. Additionally, the catalyst allowed
stereoselective hydrolysis of chiral esters with high efficiency and could be reused for several
cycles without any loss of activity. The developed catalyst with all these properties could be of

high interest for future industrial applications.
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Figure 7.1 '"H NMR spectra of PA-2.1 in D,O.
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Figure 7.2 ESI-MS of PA-2.1.

157
TH-2872_166122039



1500

= 1000+
g
E
=
e
%
=
-
£ 500
(1] ‘—J L‘- S — S
I ] ]
0 10 20 30

Retention time (min)

Figure 7.3 Analytical HPLC chromatogram of PA-2.1.

158
TH-2872_166122039



Chapter 3:

T T T T T T T T T T T T T T T T T T T T T T T T T T T r T
B6 84 82 BO 78 76 74 72 70 68 66 64 62 6.0 5.8 5.6 5,4,‘ 5.2 5).:: 48 46 44 42 40 38 36 34 3.2 30 28 26 24 2.2 20 18
1 (ppm

Figure 7.4 'H NMR spectrum of Pep-A in DMSO-db.
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Figure 7.5 *C NMR spectrum of Pep-A in DMSO-ds.

159
TH-2872_166122039



1200

900

Height (mAU)
o
=)
T

300
0 _——\,\_)\_J'\J\_.J o r 4
| I | | | |
0 5 10 15 20 25 30
Retention time (mins)
Figure 7.6 Analytical HPLC chromatogram of Pep-A.
B‘D ’ ?5 ?.-0 5:5 “'.Ué.lﬂ I STSII-'- Sjll N 4:5 ﬂfl;ﬁm}_ 3:5 N 3.rO 1:5 " 0:5 ’ uro

Figure 7.7 'H NMR spectrum of Man(OAc)s in CDCls.
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Figure 7.8 *C NMR spectrum of Man{OAc)s in CDCL.
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Figure 7.9 'H NMR spectrum of Man{OAc)s C;HaBr in CDCls.
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Figure 7.15 'H NMR spectrum of Nap-FF-OH in CDCls.
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Figure 7.18 *C NMR spectrum of Pep-B in DM50-ds.
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Figure 7.19 Analytical HPLC chromatogram of Pep-B.
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Figure 7.25 'H NMR spectra of PA 5.2 in D,O.
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Figure 7.26 '*C NMR spectra of PA 5.2 in D,O.
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Figure 7.27 Analytical HPLC chromatogram of PA 5.2,
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Figure 7.30 Analytical HPLC chromatogram of PA 5.3.
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Figure 7.31 'H NMR spectra of PA 5.4 in D,0.
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Figure 7.32 '3C NMR spectra of PA 5.4 in D,O.
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Figure 7.33 Analytical HPLC chromatogram of PA 5.4.
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Figure 7.36 Analytical HPLC chromatogram of PA 5.5.
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Figure 7.37 '"H NMR spectra of PA 5.7 in D,0.
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Figure 7.39 Analytical HPLC chromatogram of PA 5.7,
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Figure 7.41 *C NMR spectra of PA 5.8 in D,O.
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Figure 7.42 Analytical HPLC chromatogram of PA 5.8.
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Figure 7.43 '"H NMR spectra of PA 5.9 in D,0.
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Figure 7.44 3C NMR spectra of PA 5.9 in D,O.
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Figure 7.45 Analytical HPLC chromatogram of PA 5.9,
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Figure 7.46 'H NMR spectra of PA 5.10 in D,O.
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Figure 7.47 *C NMR spectra of PA 5.10 in D,O.
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Figure 7.48 Analytical HPLC chromatogram of PA 5.10.
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Figure 7.49 '"H NMR spectra of PA 5.11 in D,O.
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Figure 7.50 *C NMR spectra of PA 5.11 in D,O.
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Figure 7.51 Analytical HPLC chromatogram of PA 5.11.
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Figure 7.52 Analytical HPLC chromatogram of PA 5.12.

TH-2872_166122039

| T 1
5 10 15 20

Retention time (mins)

Figure 7.53 Analytical HPLC chromatogram of PA 5.13.
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Figure 7.54 Analytical HPLC chromatogram of PA 5.14.
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Figure 7.55 Analytical HPLC chromatogram of PA 5.15.
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Figure 7.56 'H NMR spectra of PA 5.16 in DO.
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Figure 7.57 *C NMR spectra of PA 5.16 in D,O.
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Figure 7.58 Analytical HPLC chromatogram of PA 5.16.
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