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Abstract

The thesis, "Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages" discusses
how dynamic covalent chemistry can be used to create various self-assemblies. These self-assemblies
have been created using biopolymers, peptides containing cysteine, and synthetic polymers and they

have been applied in a variety of biological systems.

Chapter 1 is about the understanding of several self-assembly processes and their applications along

with a review of the literature.

In Chapter 2, a detailed and systematic investigation of the creation of smart thixotropic hydrogels

utilizing cysteine-containing peptides and their uses in 3D cell proliferation is provided.

Chapter 3 is about peptides and biopolymer based composite hydrogels and their application in bone

cell regeneration.

Chapter 4, is a thorough investigation of the design and construction of coacervate using various
peptides and polymers, as well as the compartmentalization of various proteins and dyes inside the
coacervate,

Chapter 5 demonstrated the responsiveness of the coacervates by using a wide range of stimuli and by

utilizing the dual dynamic nature of coacervate we have created transience of coacervatesin a
multimodal manner.
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1.1 Prelude

“Supramolecular chemistry, the designed chemistry of the intermolecular bond, is rapidly expanding at
the frontiers of molecular science with physical and biological phenomena.”-Jean-Marie Lehn.*Self-
assembly is ubiquitous in nature, and it is thought to play a key role in the emergence, maintenance, and
progression of life.> 3Unlike traditional chemistry which deals with the strong irreversible covalent
bonds, Supramolecular chemistry is associated with the self-assembly of molecules, which occurs when
molecules in equilibrium are connected by weak reversible noncovalent interactions to form stable,
structurally well-defined aggregates.“Supramolecular chemistry began in 1894 when Emil Fischer
proposed the famous 'Lock and Key' model to explain the enzyme-substrate mechanism. Since then,
two tenets have emerged:'molecular recognition' and ‘supramolecular function," which have since been
incorporated as a topic of a new subject known as supramolecular chemistry.>Supramolecular chemistry
comprises molecular self-assembly, folding, host-guest chemistry, mechanically interlocked molecular
structures, and, more recently, dynamic covalent chemistry, as well as transient assembly.

Scientists have used molecular self-assembly, a powerful natural phenomenon, to develop smart
supramolecular architectures.® This is mainly governed by weak non-covalent interactions like
electrostatic interactions (ionic bonds), hydrogen bonding, metal coordination, hydrophobic forces, van
der Waals forces, m—m stacking interactions, etc.’Even though these forces are weak, their combined
effects can generate structurally and chemically stable frameworks.Condensates, micelles, vesicles,
gels, and other similar structures are common examples of self-assembly. Natural amino acids are a
great candidate for self-assembly due to the presence of various functional units. Peptides self-
assemble hierarchically, and produce a variety of primary, secondary, and tertiary structures, resulting in
a wide range of structural soft materials with applications in drug delivery, tissue engineering, scaffolds
for cell proliferation, wound healing, nano fabrication, and other fields

The current thesis is concerned with various types of self-assemblies, specifically hydrogels,
coacervates, and transient assemblies, as well as their responsiveness to environmental cues and
applications in diverse biological fields. The following is a summary of the current state of different
assemblies with respect to their preparation, physical significance, mechanistic aspects, and numerus
applications.

1.2 Self-assemblies of peptide amphiphiles

Amphiphiles are molecules that have a hydrophilic "head" group and a hydrophobic "tail”. Polar, lonic, or
hydrogen-bond-forming groups may be present in the head groups, making them water-soluble.
Saturated or unsaturated hydrocarbon chains or aromatic groups make up the tail regions.°Amphiphiles
can achieve an optimal hydrophilic-lipophilic balance (HLB) with the appropriate use of functional

groups, allowing them to further self-organize. Tuning the aggregation of these amphiphilic molecules
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is thus possible by altering their architectures. One important class of amphiphilic molecules is the
peptide amphiphiles (PA)*. Amphiphilic peptides made entirely of amino acids are structured in so-
called amphipathic sequences, which means they have both hydrophobic and hydrophilic domains
when folded properly. To improve their interaction with the environment, the peptides fold into helices
and sheets and self-assemble in a lipid bilayer. Furthermore, the natural amino acids' vast spectrum of
functional groups allows PAs to be designed with the appropriate functionality. By combining peptide
sequences with other functional groups to create novel PAs, new soft materials with hitherto unseen
characteristics and uses can be created.

1.2.1 Hierarchical self-assemblyprocess of peptide

All of the key properties that aid in the
self-assembly process may be found in
natural amino acids. A peptide molecule
with  the appropriate amino acid
sequence could easily self-assemble.

The hierarchical process of peptide self-

assembly that results in hydrogelation

Fiber elongation

can be simplified as shown in Fig. 1.1 In

solution, peptide molecules adopt a N // £
specific ~ secondary  conformation, . \\ : 1 k"

whichself-assembles into nanofibers in

Peptide Self-assembly: Nano-fiber Formation

the presence of appropriatestimuli or '{-_‘ ‘ / 229
- \ R
favourable physical conditions. - \ ‘ // ¥

]

-

Elongation of these fibres in three- . - ottt

p 'y Str

dimensional space results in thicker and %%iy%%‘\

longer fibres, which then join together to

Peptide Primary Sequence

form a fibrillar network. This self-
supporting hydrogel is made up of three- d
dimensional peptide networks that can Amino acid
Fig. 1.1 Hierarchical assembly of peptides.?
trap water molecules. The physical
properties of these hydrogels can be fine-tuned and various functional materials can be generated by
tweaking the amino acid sequences. Several attempts to make and comprehend peptide-based

hydrogels with diverse secondary structural motifs such as a-helix, B-sheet, B-hairpin, and coiled-coil

have been performed in the previous two decades.’

TH-3050_176122040
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1.2.2 Non-Covalent interactions involved in peptide self-assembly

As a result of the cooperative effects of several relatively weak intermolecular interactions, stable and
orderly self-assembled peptide nanostructures are created. Il go over a few distinct sorts of non-
covalentinteractions in the next few paragraphs.

1.2.2.1 Hydrogen bonding interaction

The longitudinal packing of peptide monomers is driven by hydrogen bonding between the backbone
amine group and the carbonyl group of peptide chains, which is a key feature in peptide self-assembly™.
The peptide backbone comprises hydrogen bond donor (amide-NH) and acceptor (amide carbonyl)
groups, which enable the peptide molecule to generate intermolecular hydrogen bonds and assemble
easily via various secondary structures.

In peptides and proteins, the B -sheet is a common secondary structure that consists of two or three
backbone hydrogen bonds joining strands laterally, resulting in antiparallel and parallel structures in this
pleated sheet.™ By inserting a  -turn stabilizing DPro-LPro unit in between two B -strands, a  -hairpin
can be created in a similar method.* ™ Furthermore, hydrogen-bonding interactions between peptide
side chains (between residues at positions i, i+3 and i, i+4), electrostatic interactions between charged
polar residues, and capping interactions between residues adjacent between strands all affect the
stability of a-helical protein conformations formed by winding the polypeptide backbone.*
Moreover, Hydrophobic interactions govern the connections between the helices when favourable
interactions at the a-helix surfaces pull a-helices together to create a coiled-coil shape, which is
stabilized by hydrogen bonding iinteractions.*

1.2.2.27t—m stacking interaction

Aromatic interactions are the most important non-covalent interactions since they not only aid in the
self-assembly and gelation of peptides, but they can also help to balance the hydrophobicity of
peptides.”*® Another strategy is to use aromatic functionalities to impart the amphiphilicity needed to
drive self-assembly, in which case self-assembly will be controlled by the directionality of the resulting
aromatic stacking interactions or m— 7 staking interaction. Appropriate alignments of the aromatic rings
in the peptide sequences of naturally occurring aromatic amino acids, Phenylalanine (Phe), Tyrosine
(Tyr), and Tryptophan (W) lead to peptide self-assembly. Additionally, aromatic moieties, such as Fmoc,
naphthalene, pyrene, anthracene, naphthalene diimide (NDI), and perylene diimide (PDI), are
commonly attached to synthetic peptides to produce self-assembling sequences.®*'Figure 1.2 shows

different types of m— 1 staking between two aromatic rings.

TH-3050_176122040
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o

Sandwich T- shaped Parallel-displaced

Figure 1.2 Different types ofn—m staking of benzene dimer.

1.2.2.3 Hydrophobic interaction

Hydrophobic interactions are one of the most common noncovalent interactions in biological systems,
and they occur when water molecules rearrange as two hydrophobic species approach each other.>*To
induce hydrophobicity into the peptide self-assembly process, we can introduce hydrophobic side
chains (Alanine, Leucine, Isoleucine, aromatic amino acids) to the backbone of the peptide.

1.3 Different types of self-assemblies

Over the last decade, Scientists have developed an elegant and simple library of functional amphiphilic
small moleculeswith remarkable abilities to form supramolecular self-assemblies such as micelles, 2
reverse micelles,?> 2° vesicles,? fibres,® supramolecular gels,?® coacervates®® and so on. Each of the
forms of the self-aggregated structure has its own prominence and has important applications in
chemistry, physics, biology, and other fields. Precise control over the formation of different well-defined
supramolecular self-assemblies can be achieved through the careful design of low-molecular-weight
amphiphiles. Only the functional moieties of the amphiphilic structure can be tuned to produce a wide
range of supramolecular structures with task-specific applications.3*

1.3.1 Hydrogel

Hydrogel is a semisolid material more specifically a cross-linked three-dimensional network structure
that can entrap a considerable amount of water molecule inside its network. Hydrogels are a class of
materials that have already gained significant interest in different biomedical applications over the last
60 years due to their high-water content, which mimics hydrated tissues.The first molecular gelator,
reported by Hoffman in 1921, was dibenzoyl-L-cystine (Figure 1.3A) which was able to form a self-
supportinghydrogel.**The hydrogel was rigid enough to hold its shape, as evidenced by the vial
inversion test.Aromatic moieties are highly effective at enhancing intermolecular interactions in water,
which is one of the most revealing design principles revealed in the study of dibenzoyl-L-cystine.This

principle is largely responsible for the successful use of aromatic-aromatic interactions to design
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hydrogelators of small peptides.”*Various classes of hydrogels have been developed in this regard to
make this class of biomaterial applicable in various spheres of human life.

Types of hydrogels

Hydrogels are classified as either physically (supramolecular) or chemically cross-linked (Polymeric)
based on the nature of the crosslinks in their three-dimensional networks. Cross linking in polymeric
hydrogels is accomplished through the formation of irreversible covalent bonds between monomer
units via an appropriate synthetic route.® 3*In many ways, supramolecular hydrogels differ from
polymeric hydrogels. One significant difference is that, unlike polymeric hydrogels, which form from a
randomly cross-linked network of permanent covalent bonds, supramolecular hydrogels form as a
result of molecular self-assembly driven by weak, reversible non-covalent interactions among
hydrogelators in water.This specific but fundamental difference not only results in more organised
molecular arrangements in supramolecular hydrogels, but it also manifests itself during the
hydrogelation process.While simple swelling typically results in a polymeric hydrogel, a stimulus or
triggering force is required to shift thermodynamic equilibrium and initiate the self-assembly process in
order to achieve a supramolecular hydrogel. As a result, there are several stimuli or triggers (for
example, pH change, chemical or photochemical reactions, redox, and catalysis) that can be used to
modify the weak interactions.

1.3.12.1 Supramolecular hydrogelator

Non-covalent interactions such as hydrogen bonding, electrostatics, hydrophobic forces, metal-ligand
coordination, and host-guest recognition hold supramolecular hydrogels together, making them one of
the most promising soft material platforms that significantly reduce structural flexibility and change
macroscopic performance, resulting in the formation of 3D cross-linked networks in modern biomedical
applications®. Because of the presence of non-covalent interactions, supramolecular hydrogels exhibit
moderate mechanical properties as well as reversible sol-gel transition behaviour in response to a wide
range of biological stimuli (e.g., pH, redox agents, enzymes, bioactive molecules) and processability
intrinsic to supramolecular cross-linking units, which can serve as asmart carrier for delivering
various therapeutic agents.3*Anumerus number of host macrocyclic molecules, including cyclodextrin
(CD) and cucurbituril (CB[n]), have already been reported to form supramolecular hydrogels by host
guest interactions, and the hydrogels are also applicable in many biochemical applications due to their
nontoxic nature.¥ 3® Furthermore, the development of highly strong, opaque materials is frequently the
result of strong, multivalent electrostatic interaction between two oppositely charged polyelectrolytes.®
Shinkai and colleagues have described a variety of stimuli-responsive supramolecular gels. The majority
of these gelators are made from cholesterol found in nature. An n-butanol gel of cholesterol derivatized

with an azobenzyl group (Figure 1.3B) was demonstrated to be photo responsive in one of the earliest
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examples.*® A gel of decyl ammonium salt of anthracene-g-carboxylate (S3, Figure 1.3B), on the other

hand, was demonstrated to be photochemically and thermally responsive in another case.**

A) o) Q) €16 hydrophobic tail
0 OH _
!_?; /\ Gl(gcme spacer
H s-§ HN r T ——
C{}@ GGGGGGGERGDS
HO e
Head Group

NH, NH,
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o @ H = H H = H = |
NH;- -CH N N N N
0 0 3 (CH2)9 3 H2N NJ'I\I/ N NJI\I/ NJJ\CHS
H H o H H

OOO OH NH,

s PEP-1

Fig. 1.3 Chemical structures of different peptide hydrogelators. Figure adapted with permission. 4 44 47. 50

1.3.1.2 Peptide-based gelator:

Because of their inherent biocompatibility, amino acid or peptide hydrogelators are extremely
important in addition to small organic and inorganic hydrogelators. Peptide hydrogels are composed by
using amino acids with some driving forces known as non-covalent or supramolecular interaction such
as hydrogen bonding, hydrophobic interaction, m—n staking to give a very stable structure.** For each
non-covalent interaction there required some specific interactions. For hydrogel bonding, the donor
and acceptor should be properly positioned. Efficient m—m interaction requires proper superimposition
of aromatic rings and being in the order of 3.4 A. For hydrophobic interaction and ionic interactions, the
force is not directional and so specific. These intermolecular interactions result in the formation of
organised supramolecular structures that entrap water when stimulated.Overall, there should be a

proper balance of hydrophobicity and hydrophilicity in the peptide structure.® Paramonov et al.
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reported a peptide amphiphile (Figure 1.3 C) which was an oligo-peptide. These peptides are self-
assembled by forming a hydrophobic core, followed by B-sheets in the region closest to the core .4
1.3.1.3 Stimuli-responsive peptide hydrogel

The nature and amount of non-covalent interactions, as well as the mechanical strength and robustness
of the hydrogels, are determined by factors such as gelation medium temperature, pH, and ionic
strength.The most common method for creating stimuli-responsive hydrogels is to strategically
incorporate destabilizing functionalities in the hydrogel framework that may disrupt the hydrogel's
structural integrity in response to a specific environmental situation such as light, temperature, electric
or magnetic field, pH, chemicals, shear stress, and redox reagents. Stimuli-responsive hydrogels have
recently sparked a lot of interest in the chemistry and material fields.*

1.3.1.4 pH-responsive peptide hydrogel

One of the most prevalent approaches to modulate the gelation propensity of peptide hydrogels has
been pH-driven regulation of charged interactions between pH-sensitive amino acids such as lysine,
arginine, histidine, aspartic acid, and glutamic acid in the peptide gelator backbone “*Schneider et al.
demonstrated the importance of pH in achieving secondary structural conformations that are required
for hydrogelation utilizing their -hairpin peptides. MAXa (Figure 1.3 D) showed that changes in sol-gel
characteristics are influenced by pH.® “Changes in pH influence the gelation of the 21-residue peptide
AFD1g, according to Dexter and co-workers, with highly charged peptide states creating low-viscosity
solutions and thermostable gels at pH 6. Although at high pH, the peptide generates insoluble fibrils.
Switching between the peptide's liquid, gel, and insoluble phases is possible by adding acid or
base.“®Peptide RATEA16 can form stable at neutral pH. However, the hydrogels dissolved at acidic pH*®
Another finding revealed that PEP-1 (Figure 1.3 E, a naturally occurring B-strand peptide fragment of
Galectin-1), a highly biocompatible amphiphilic peptide identified in bovine spleen gels spontaneously
at pH 7.4 .with a high yield stress of 88.0 Pa and a gel-to-sol temperature of 84 °C. The gel network
could entrap water-soluble guest molecules like Calcein, which could be selectively released at acidic
pH.*

1.3.1.5 Redox-responsive peptide hydrogel

The reducing agent can cleave disulphide bonds in a reversible manner. This characteristic can be used
to create redox-responsive hydrogels. Makhlynets and co-workers reported an unnatural nine-residue
peptide Fg 3'PyA (Figure 1.4 A) may produce a hydrogel in the presence of Ag (I), but not in the
presence of Cu(ll), whereas the same peptide, but with the nitrogen in a different place in the pyridyl
ring (Fg 4'PyA, Figure 1.4 B), can form a hydrogel in the presence of Cu(ll), but not in the presence of Ag
(I). When ascorbic acid is introduced as a reducing agent, the Cu (Il) ion is converted to Cu (I) ion, and the

hydrogel dissolves.s*
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Fig. 1.4 This study outlines nine-residue peptides containing non-natural amino acids. A) Fg 3PyA gels with Ag(l) but not with Cu
(I). B) In the presence of Cu (Il), Fg 4PyA forms a gel but not in the presence of Cu(l) or Ag (I). Figure reproduced with
permission.s?

Ferrocene phenylalanine (Figure 1.5 A-B) conjugate is another example, which can form a hydrogel at
physiological pH and disintegrate at higher pH. Due to the presence of the Ferrocene unit, hydrogel
breaks and reforms in the presence of H,O, and ascorbic acid respectively.5’Incorporating Cys residue
into the hydrogel is another strategy to provide it a redox responsive feature. The peptide Ac-
C(FKFE),CG-NH, (Figure 1.5C) is an example of a redox driven gelation. Two Cys residues in this peptide
can undergo intramolecular cyclization via disulphide bond formation. The cyclopeptide that results do
not self-assemble, and the solutions remain stable for months with no discernible alterations. However,
when the disulphide is reduced with tris(2-carboxyethyl) phosphine (TCEP), the resultant linearized

peptide quickly assembles into a fibrous network hydrogels3.
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Figure 1.5 A) Chemical structure of the gelator Fc-F. B) image of the cryo-dried hydrogel. C) Cyclic to Linear Peptide
Conformational Switch Using a Reductive Trigger. Figure reproduced with permissions. 5253

1.3.2 Polymeric hydrogel

Polymeric hydrogels are formed by crossing the polymeric chains to create a stable polymeric network
that can entrap water molecules within the spaces between the polymeric chains. Polymeric hydrogels
(PHG) are viscoelastic materials with a network structure due to the cross-linker and the solvent,
respectively.® They are mainly composed of simple biopolymers or by using synthesised polymers. PHG
materials, such as soap, shampoo, toothpaste, hair gel, and contact lenses, have recently become
commonplace in everyday life in a variety of forms, depending on their intended use. Oil recovery,
medicines, agriculture, textiles, and water treatment are just a few of the advanced industrial
applications for PHGs. As a result, gel materials are now among the most common in our daily lives.>
Researchers have been able to develop and tune hydrogel materials employing a wide range of
polymers (both natural and synthetic) and varied crosslinking between the polymer chains via
irreversible  covalent bonds such as Schiff base formation,s® click reaction,disulphide
linking, *¥photopolymerization of thiol and terminal alkenes® etc.Furthermore, the mechanical strength
of these chemical crosslinks can be fine-tuned to create robust and stable hydrogels. The inclusion of
hydrophilic groups in the polymer chains, such as amino, carboxyl, and hydroxyl groups, contributes to
the hydrogels' water holding ability. The amount of water in a hydrogel, according to Hoffmann, can
range from 10% to thousands of times the weight of the xerogel.®® The greater the number of

hydrophilic groups, the greater the water retaining capacity; however, as the cross-linking density
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increases, the equilibrium swelling decreases due to the reduction in hydrophilic groups. Naturally
available biopolymers like silk, natural rubber, The most common materials utilised in the production
and manufacture of PHG include synthesized monomers or polymers, as well as natural polymers are
Methacrylic acid (MA), Acrylic acis (AA), Acrylamide (AM), Hydroxyethyl methacrylate (HEMA),
Hydroxyethoxyethyl methacrylate (HEEMA), Hydroxydiethoxy- ethylmethacrylate (HDEEMA),
Methoxyethyl methacrylate (MEMA),Gelatin methacrylate (GelMA) etc.®

a. Sidechain-linked hydrogel
g N
+

B~ ~__ B
b. End-linked hydrogel A+B
a B~-B crosslinking
A A *
&
A Crosslinked network

Figure 1.6 Different crosslinking technique in polymeric hydrogelation.Figure reproduced with permission.3**

1.3.3 Polymer—Peptide based composite Hydrogels

The lack of mechanical strength and toughness in hydrogels limits their use in several applications.
Despite having high swelling ratios (10-100), conventionally manufactured peptide hydrogels have low
Young's modulus (1—100 kPa), storage modulus (1—100 kPa), and fracture energy, making them weak in
nature.®? There are numerous literature reports that show how hydrogels can be toughened using
various methods, allowing them to be used in load-bearing applications.

Among the methods available for producing tough hydrogels are slip-link networks, nanocomposite
hydrogels, double network hydrogels, multi-functional crosslinked hydrogels, homogeneous hydrogels,
and hybrid ionic—covalent IPN hydrogels. All of the methods mentioned above have been shown to
improve hydrogel strength as well as hydrogel toughness.®A recent report demonstrated that Fmoc-
RGD peptide can form hydrogels via slow gelation kinetics, but in the presence of Chitosan, the strength
and rate of hydrogelation increase significantly, and the composite hydrogels (Figure 1.1) were used in
both 2D and 3D cell culture. Chitosan's inherent antibacterial properties make the composite hydrogel

an ideal candidate for antibacterial activity.®
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Figure 1.7 Preparation and morphology of the Fmoc-RGD and Fmoc-RGD/chitosan composite hydrogels. A) Chemical
structures of Fmoc-RGD and chitosan, and digital images of the hydrogels. TEM images of B) Fmoc-RGD and C) Fmoc-

RGD/chitosan composite hydrogels (Scale bars are 1 um). Figure reproduced with permission.64

1.4 Gelation driven by Cysteine

Because of their degradability in response to redox stimuli, disulphide-cross-linked hydrogels have been
widely used in biological applications.®s Incorporating L-lysine, which is easily converted into an
amphiphile, not only acts as a hydrogelator, but has also inspired the development of new L-lysine-
based hydrogelators.Cysteine with a free sulfhydryl group, when incorporated into the peptide
backbone, is capable of forming disulphide linkages in the presence of an oxidising agent (H.O,, [Fe
(CN)g] #), and generating the free sulfhydryl group in the presence of a reducing agent (TCEP, DTT,
GSH) to produce redox responsive hydrogel.Peptide-based hydrogels are normally weak as noncovalent
force is the only driving force for hydrogelation. However, by introducing cysteine, we can improve the
mechanical properties of the hydrogel through chemical ligation via the formation of redox responsive
disulphide groups.

Yang et. AL reported a tuneable simple disulphide shuffling technique to generate keratin hydrogels
(Figure 1.8) through the shuffling between intramolecular disulphide bonds to intermolecular disulphide
bonds. To begin, intramolecular disulphide bonds were cleaved by using Cysteine as a reducing agent to
liberate the thiol group, and the free thiol groups can form intermolecular disulphide linkages via thiol
oxidation. Controlling the cysteine level results in tuneable disulphide crosslinking density, altering

network structure, gel degradation, and drug release rate.
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Figure 1.8 Gelation mechanism illustrated schematically using the disulphide shuffling strategy. The density of intermolecular
disulphide crosslinking can be tuned by changing the cysteine levels, resulting in a different microstructure and properties such
as mechanical strength, gel degradation, and drug release. Figure reproduced with permission.®®

In order to create smart responsive materials, our team used a simple design philosophy to create Azo-
KC (Azo-Lys-Cys-CONH,), a tripeptide gelator that generated a robust and water insoluble hydrogel.
AzoKC molecules form dimers in aqueous media through in situ disulphide production, which then self-
assemble in a stepwise manner to create tightly packed fibrillar networks of the hydrogel having light
responsive as well as syneresis property.®’

1.5 Transient self-assembly

Recently, in an attempt to develop biomimetic cycles, there has been an increasing interest to achieve
synthetic chemical systems out of equilibrium % To achieve such interactive, life-like materials, a fuel
source and feedback control are important. The continuous energy supply in the form of chemical fuel
helps to maintain the transient self-assembly” far from thermodynamic equilibrium, to which the
typical synthetic systems spontaneously assemble. The behaviour of such transient systems is driven by
the kinetics of fuel consumption, rather than thermodynamic stability, and so the self-assembly process
and its kinetics”7* need to be acutely understood. So far, mostly biological components like enzymes,

DNA, or proteins have shown such artificial, chemically fuelled, active self-assembling behaviour.
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Figure 1.9 Schematic presentation of transient self-assembly driven by fuel. Figure reproduced with permission.3°*

In this regard, of late short peptide gelators have emerged which in addition to exhibiting exceptional
stimuli responsiveness, lack the complexity of that of natural system. Such hydrogel networks, on
account of their exceptional spatial control have successfully been able to be selectively assembled or
removed.”

However, the temporal control of these materials is yet to be tuned by delicately balancing
theactivation and deactivation kinetics of gelation (Figure 1.9).°%7° Once optimised, such artificial active
materials achieved via a fuel-driven self-assembly process can successfully be used for drug delivery,
active separation, self-healing, and autonomous control of chemical processes.’*

1.6 Coacervates

In the 1930s, Oparin suggested the concept of coacervates in his work on the origins of life, which was
followed by Bungenberg-de Jong's introduction of coacervates in 1929. Coacervate dropletsform
spontaneously as a result of liquid-liquid phase separation, which occurs when a liquid condensed phase
rich in macromolecules separates from an aqueous solution.Due to the differing affinity of molecules
for the coexisting phases, coacervates can easily absorb and concentrate solutes from the environment
because they lack a membrane.Coacervations happens through multiple weak non-covalent
interactions (electrostatic interactions, hydrogen bonding, hydrophobic forces, van der Waals forces,

Cation-m interaction, m—= stacking interaction (Figure 1.10).
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Figure 1.10 (a) Different types of liquid—liquid phase separation and coacervate formation, (b) schematic phase diagrams of
simple or complex coacervation and segregative phase separation, (c) potential interactions involved in the formation of
peptide-based coacervates. Figure reproduced with permission.’®

Changes in solution temperature, pH, ionic strength, or composition can induce phase separation, which
can occur via nucleation and growth of coacervate droplets when an energy barrier must be overcome
to nucleate the coacervate phase. However, these types of equilibrium characterizations do not provide
sufficientinsight into the dynamic behaviour of coacervates. Typical approaches for determining
coacervate phase behaviour include turbidity and light scattering, which take use of the light dispersed
by these small droplets in solution. While an increase in viscosity can be utilised to detect the onset of
complex formation.”> Based on the driving factor for the LLPS, Coacervates’® can be categorized as
complex or simple. Complex coacervate” 7 is of two types, associative and segregative. Associative
LLPs are formed by attractive electrostatic interactions between oppositely charged macromolecules,
whereas segregative LLPs are formed by minimising repulsive interactions such as hydrophobic effects

and contain a single component that is responsible for phase separation.’o®

1.6.1 Simple coacervation
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Simple coacervation® is a liquid-liquid phase separation that results in a condensed droplet of a single

macromolecule.

A)  Complex Coacervation
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D)  Simple Coacervation
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Figure 1.11 A) The complex coacervate phase's composition and temperature responsiveness. Molecular structures of PAA-g-
PNIPAM and PDMAPAA-g-PNIPAM. B) lllustration and schematic of the complex coacervate structure below the LCST. C)
lllustration and schematic representation of the solidification caused by increasing the temperature above the PNIPAM LCST,
D) Structure of FFssFF and schematic illustration of a synthon motif consisting of two dipeptide stickers and a polar spacer.
Figure reproduced with permission. 7993

This is induced by changes in the polymer-solvent interactions as a result of factors including
temperature, pH of the medium and solvent composition.® In simple coacervation process of gelatin,
the liquid liquid phase separation happens through the intermolecular self charge neutralisation of the
side chain amino acids of gelatin ®

Although coacervates derived from polyelectrolytes with the same charge should technically be
categorised as 'simple' coacervates® Kitamoto et al. reported first time facile coacervate production
from a single "natural" glycolipid biosurfactant.® Coacervation is difficult to achieve with a single
peptide molecule and there are very few reports. Most recently, self-coacervation has been achieved
using a short peptide synthon made up of only two dipeptide stickers joined by a disulphide linked
hydrophilic spacer (Figure 1.112.D ).7®

1.6.2 Complex Coacervation

Complex coacervates are water-dispersed condensed droplets formed by the spontaneous liquid—liquid

phase separation of two oppositely charged polyelectrolytes in aqueous solution.¥” Tiebackx initially
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noticed the phenomena when he was studying the mixture of gum arabic (or acacia gum) with gelatin
and discovered insoluble gelatin—qum arabic complexes #The electrostatic interactions of oppositely
charged macro-ions result in the release of tiny, bound counter-ions and the restructuring of water
molecules, which drives the self-assembly of these materials.”> Many studies have shown that oppositely
charged polypeptides,® & °Peptide-Nucleotide,® protein-anionic polysacaride®® can form complex
coacervate through electrostatic attraction. A recent study found that electrostatic interaction between
two oppositely charged polyelcectrolites can generate complex coacervate that is also
thermoresponsive (Figure 1.11a-c).%

1.5.3 Covalently crosslinked coacervate

There are very few reports where along with noncovalent interaction covalent bond formation through
imine bond formation or disulphide linkages also plays a vital role in the coacervate formation. Alsberg
et al. discovered that complex coacervate microdroplets can form as a result of a Schiff base reaction
between the aldehyde groups of oxidised sodium alginate and the amine groups of Gelatin-
Methacrylate (GelMA)%. Miserez and co-workers reported a histidine-responsive beak peptide coupled
with a disulphide link containing self-immolative moieties can generate a coacervate, which is self-
destructive®.

1.6.3 Transient coacervation

The ability of self-assembled structures in biological systems to adapt to changes in external conditions
is one of the most interesting features of these structures. Incorporating similar capabilities into
synthetic self-assembly holds a lot of promise for developing smart systems®. Membrane less
organelles like coacervates are involved in many intracellular processes. However, the exact process of
controlling the dynamic nature of the coacervates remains poorly understood. Boekhoven and co-
workers reported transient coacervation based on complexation of RNA and apeptide molecule (Figure
1.12) where the activation step, EDC molecule converts the negatively charged aspartate to the
corresponding anhydride and the deactivation step driven by spontaneous hydrolysis of the anhydride
molecule¥. Mixtures of Polylysine (PLL), ATP, and polysaccharide have been used to generate transient
multiphase droplet organization.The lifetime of these multiphase coacervate droplets can be altered in
response to GOx's catalytic activity in the presence of various amounts of glucose.®® Chemical reaction
network for reversible polyamine ionisation leading to transient coacervate micelle when polyamine
mixed with polyanion where allyl acetate act as a activator and thiol or amine-functionalized small

molecules act as a deactivator.®®
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Figure 1.12 a) The chemical reaction cycle that converts a chemical fuel (EDC) into waste (EDU) while removing two negative
charges on a peptide (precursor) resulting in a cationic transient anhydride (product). b) A schematic representation of the
chemical reaction cycle combined with complex coacervation with RNA (poly-U). The influx and efflux of droplet materials are
regulated by the chemical reaction cycle. Figure recreated with permission.s

1.7 Applications of Self-assembly

Peptides, which are found all over nature, are made up of a short chain of amino acids and have the
ability to perform specific biological functions due to their highly ordered assembly structures*®. Due to
their tuneable mechanical stability, high biocompatibility, and excellent injectability, peptide-based
hydrogels with a high amount of water inside their three-dimensional network have been used in a
variety of prominent biomedical fields.All of the above characteristics provide extracellular matrix-
mimicking environments for peptide-based hydrogels, opening up opportunities for biomedical
applications in drug delivery™ tissue engineering,°***3 wound healing®**°> and antitumor therapy.’®

108

1.7.1 Hydrogels as an extracellular matrix for tissue engineering
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As short peptide hydrogelators are soft in nature and contain a high amount of water, they can mimic
the extracellular matrix in cell culture applications.Cell culture is a commonly employed in vitro
approach for improving our understanding of cell biology, tissue architecture, and disease causes, as

well as medication action, protein production, and tissue engineering application.
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Figure 1.13 A) Molecular structure of Fmoc—dipeptides. The R groups are the amino acids Gly (a), Ala (b), Leu (c), Phe (d), and
Lys (e). B) Chemical Structure of AclVKC. Figure adapted with permission.*

The majority of cancer biology research is conducted in vitro utilizing two-dimensional (2-D) cell
cultures which have been used since the early 1900s. 2-D cell culture, primarily involves cultures of cells
on flat plastic dishes. 2D cultures, on the other hand, have several drawbacks, including disruption of
interactions between the cellular and extracellular environments, changes in cell shape, polarity, and
division mechanism. These drawbacks prompted the development of models that are better suited to
simulate in vivo situations. Three-dimensional (3-d) culture is one such way where the cells are mixed
with the hydrogel in particular proportion and the cell can proliferate inside the 3-d network of the
hydrogel.* Ulijin et. Al. first report Fmoc protected dipeptide hydro-gelator used as a matrix for 3-D
cell culture.Under physiological conditions, peptides (Figure 1.13A) spontaneously assemble into
fibrous hydrogels. The structural and physical properties of these gels were discovered to be
determined by the sequence of the amino acid present in peptide building blocks. Whereas, Fmoc—
dipeptide combinations were found to produce fibrous hydrogels capable of supporting chondrocyte
cell culture in two and three dimensions.

The RADA16 peptide family is one of the most explored peptide hydrogels for 3-D nanofibrous scaffolds
promoting cell differentiation. These ionic peptides can self-assemble into cross-linked network
structures and create stable B-sheets, which could imitate the ECM of tissue cells.Through C-terminal

functionalization of the RADA16 peptide (Figure 1.13A) with physiologically active peptide sequences,
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three distinct peptide hydrogels were employed to produce a 3D cell environment for human adipose

stemn cells.®
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Figure 1.14 (a) Maleimide-functionalized hyaluronic acid (MaHA) and (b) MaHA functionalization with respect to maleimide to
HA ratio during synthesis determined using 1H NMR (inset; numbered peaks are for 1: pendent acetyl protons on the HA
backbone or 2: maleimide protons). (c) Cell-adhesive MaHA hydrogels were formed through an addition reaction between
maleimides on MaHA and thiols on cysteine groups within cell-adhesive peptides (RGD, pendant) or MMP-sensitive peptides
(VPMS |MRGG, crosslinker). (d) Chemical structure of RADA16 peptide. Figure adapted with permission.*7

Another study found that in the presence of H,O,, Ac-IVKC (Figure 1.13B), a short tetramer peptide,
converted to (Ac-IVKC)2 dimers via disulphide bond formation, resulting in the spontaneous formation
of a hydrogel with ahigh elastic modulus, which has never been seen in peptide-based hydrogels before.
Various cells were seeded onto the hydrogel membrane, including primary human corneal stromal and
epithelial cells, and the viability of the cells was demonstrated.™*

1.7.2 Osteogenesis

Bone-engineered tissues have been developed as an alternative to autografts and allografts for the
repair and reconstruction of bone defects throughout the last decade.Hydrogels offer great application
possibilities as an articular cartilage repair material due to their similarities to the extracellular matrix,

large adjustable range of water content, and good lubricity*. Conventional hydrogels are unsuitable for
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use as biostructural materials due to their poor mechanical properties compared to biological soft
tissues. Polymeric tough and robust hydrogels, on the other hand, appeal as next-generation structural
biomaterials, particularly for the replacement of soft connective tissues like cartilage, tendons, and
ligaments, due to their soft and wet nature and high mechanical strength achieved through toughening
techniques.™ The former technique has been used to create exceedingly homogeneous polymer
networks (e.qg., a tetra-PEG gel)™> and a structure that averages the force by using slide-ring crosslinkers
like a pulley.**The sacrificial bond principle, which is used in the latter technique, is characterized as "a
weak and brittle structure introduced to a soft and flexible structure is preferentially fractured in a wide
area and releases huge amounts of energy when deformed, resulting in toughening material."
Hydrogels containing two interpenetrating polymer networks with differing physical properties, known
as double network (DN) hydrogels, are a good example.™ Numerous studies have shown that naturally
occurring biomaterials such as gelatin, %9 alginate??°, hyaluronic acid?® %222, chitosan3, silk fibroin*2«
125 and combinations*?® of these biomaterials are highly helpful in bone cell regeneration. Holloway et al.
developed a cell-interactive BMP-2 delivery device (Figure 1.14 a-c) with tunable degradation using a
maleimide-hyaluronic acid hydrogel functionalized with both RGD and MMP-cleavable domains**’.It's
attractive to drive osteogenic differentiation only through the scaffold, without the use of exogenous
substances. In another report mineralization and osteogenic differentiation have been demonstrated to
be aided by the inclusion of calcium phosphate or hydroxyapatite particles, or the production of a
composite with these particles.*?®

1.7.3 Drug delivery vehicle

Because of the increased need for targeted controlled drug delivery (TCDD), amazing biomaterials with
higher biocompatibility and biodegradability have been developed. Many drug delivery vehicles have
been developed over the last few decades using a variety of materials, including synthetic polymers,**9
natural polymers,”°and liposomes.”* peptides,’ metalloid nanotubes™3 and metal nanorods.”* Small
molecule drugs, proteins, and nucleic acids have all been successfully delivered using these drug
carriers. 353 Peptides are becoming increasingly significant in the field of drug administration because
of their intrinsic biodegradability, biocompatibility, and ability to self-assemble into nanostructures. In
recent years, "Smart Polymers" have emerged as a possible candidate for controlled drug delivery,
competing with established hydrogel systems.”®*Hydrogels have been widely investigated for the
encapsulation and regulated release of medicinal drugs and proteins due to their highly hydrated and
porous design. Small molecules and macromolecules can be modified with a variety of techniques that
allow them to interact with pharmaceuticals via covalent or non-covalent connections. Using a low
molecular weight gelator, there are three basic drug delivery techniques. The compound can be

physically captured inside an inert gelator and then released from the gel via diffusion or gel
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disintegration. 2) The drug can be covalently attached to a functional group, resulting in a prodrug that
self-assembles and degrades slowly when exposed to enzymes. 3) A functionalized linker can be
covalently attached to a therapeutic, and the amphiphilic prodrug can self-assemble after enzymatic
cleavage of part of the linker.

Vegners®? reported the first peptide-based drug delivery vehicle in 1995, where adamantanamine
derivatives were encapsulated in Fmoc-Leu-Asp hydrogels and administered to rabbits; they were
discovered to impact the rabbit's immune system. In another report Zhang and his colleagues utilized a
long peptide (Acetyl-(Arg-Ala-Asp-Ala),—~CONH,) and conducted a dye release investigation.**° Yang et
al. discovered that glutathione promoted gelation of conjugated Folic acid-Taxol complexes (Figure

1.15) and sustained Taxol release via ester hydrolysis in another study.*

\
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Figure 1.15 Chemical structures of all folic acid (FA)-Taxol conjugates used for GSH-triggered hydrogelations. Figure adapted

with permission.™*

1.8 The present thesis

In this thesis, we used short peptide amphiphiles, natural biopolymers, and synthetic polymers
containing aldehyde to create several smart self-assembling systems. cysteine has been purposefully
included in the peptide backbone to provide redox responsiveness to the self-assembled systems.
Pyrene moiety was employed in two examples to add n—m staking and hydrophobicity into the self-
assembly process. We have demonstrated different tissue engineering applications employing peptide
and peptide-biopolymer based composite hydrogels. In the last two chapters, we used a cysteine-
containing peptide and an aldehyde-functional polymer to make coacervates with multi-responsive
characteristics. Finally, the dual responsive property of the coacervates was utilized to establish dual

transience in the coacervate system.
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Chapter 2

The hydrogelation of short peptides containing "Lys—Cys" (KC) residues at the C-terminus was
investigated in the thisstudy. Two of the 12 peptides we investigatedwere capable of producing
hydrogels, with the Cys residue dimerization controlling the aggregation process. NMR, CD, and
rheological studies were used to investigate peptide aggregation, although the Ac-FFKC-NH, hydrogel
was found to be stronger and more effective. Within the 3D matrix of the noncytotoxic Ac-FFKC-NH,
hydrogel, both differentiated RAW macrophages and undifferentiated THP-1 monocytes were found to
grow significantly.

Chapter3

In this chapter, Pyrene-Lys-Cys (PyKC), a Pyrene-capped dipeptide, was employed as a doping agent
with different biopolymers to generate four composite hydrogels. The addition of a very little amount of
PyKC enhances the hydrogel's strength and provides thixotropic behaviour, according to the
mechanical investigations. The Hyaluronic acid-PyKC composite hydrogels were discovered to be
biocompatible and capable of supporting osteogenesis after MC3 T3-E1 osteoblast progenitor cells
cultured on the materials demonstrated matrix calcification and osteogenic differentiation.

Chapter 4

Utilizing dynamic covalent chemistry, we generated coacervates using an aldehyde-containing polymer
(Poly-CHO) and the PyKC dimer. The formation of imine and disulphide bonds promotes coacervation
to happen. A detailed investigation was carried out to validate the coacervation. The coacervates can
effectively entrap a variety of proteins and enzymes. The coacervates can also entrap the Peroxidase
from horseradish (HRP) enzyme, protecting it from the H,O, present in bulk solution.

Chapterg

We demonstrated the coacervate's multiresponsive characteristic due to the presence of a dual
dynamic bond. We used transient coacervation in a pH-dependent and redox-dependent way because
of the dual responsiveness of the Coacervates. We used urea and urease as activators and Glucono
delta-lactone (GdL) as deactivators for pH-dependent transient coacervation. The combination of H,O,
and TCEP was applied in the redox-responsivesive transient coacervation. The lifetime of the

coacervates can be controlled by altering the activator-to-deactivator ratio.
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Chapter 2: Effective Three-Dimensional Cell Proliferation Using
a Smart Thixotropic Hydrogel Made of Disulphide Linked Short
Peptides
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2.1 Introduction

Short peptide based self-assembled systems are receiving significant interest as biomaterials mainly
because of their biocompatibility, stimuli responsiveness and bio-degradability.***?45 These smart soft-
materials have found applications in various fields including, drug delivery,*® % matrix for cell-
proliferation,® 49 protective storage of proteins*® sensor,* 2 nano-fabrication,*3%5 organic
methodology®® 7 organic electronics®® to name a few. One of the most common outcome of the self-
assembly of these short peptides is the formation of hydrogels.* **° According to the need, with proper
permutation and combination of the constituent amino acids, properties of these hydrogels can be
altered. Moreover, introduction of stimuli-responsiveness can also be achieved easily through
attachment of appropriate functional groups.******Disulphide linkage through Cysteine (Cys) residues of
the sequence is one of the effective ways to incorporate stimuli responsiveness. Reducing agents like,
glutathione (GSH), Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) or Dithiothreitol (DTT) act as
stimuli as they are capable of breaking the disulphide linkages and thereby disrupt the self-assemblies.
Several disulphide-linked peptide hydrogels have been reported in the literature.*®+%% For example,
Nilsson and group reported ani1 amino acid peptide consisting of two Cys residues that cyclizes
thorough intramolecular disulphide linkage and the cyclic form is unable to aggregate.®> The
aggregation and hence the hydrogelation is achieved through a reductive trigger that breaks the
disulphide linkage to create the linear B-sheet forming peptide. Hauser et al. reported several such
disulphide linked peptide hydrogels for various applications like, cell proliferation, tissue engineering,
wound healing etc.”* 7 %8 Recently, our group reported a tripeptide (Pyrene butyric acid functionalized
Lys-Cys, PyKC), which forms disulphide linkage in neutral condition and self-assemble to form a
hydrogel.”° The hydrogel showed some unique properties like, insolubility in water. Additionally, it did
not allow any exchange of solute and solvent to and from the hydrogel. This unique insolubility property
was exploited to entrap and protect protein molecules from extreme conditions. In continuation with
this work, we reported another peptide with the C-terminal "KC” sequence that forms a light sensitive
hydrogel with water insoluble property like PyKC.**® The hydrogel showed light triggered syneresis and
used for efficient removal of organic contaminants from water. Interestingly, Hauser et al. on several
occasions reported peptide hydrogels containing the C-terminal "KC” unit. One such peptide is Ac-
IVKC-NH,, which forms one of the strongest peptide based hydrogel (elastic modulus of ~0.9 MPa)

reported so far.™?

All these reports prompted us to explore the possibility of creating new smart soft-materials from short
peptides containing "KC” sequence at the N-terminal. It is important to note that all these reported "KC”
peptides bear a short hydrophobic sequence/group at the N-terminal. The "KC” unit is hydrophilic in

nature and a hydrophobic group is needed to gain the appropriate hydrophobic-lipophilic balance
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(HLB)7® which allows the self-aggregation. We envisioned that a thorough screening of the N-terminal
sequence with hydrophobic residues could be beneficial to understand the self-assembly behavior of
the "KC” sequences. We have prepared two series of peptides with the general formulas, Ac-XXKC-NH,
and H-XXKC-NH, (Scheme 2.1) where X stands for the hydrophobic amino acid residue (Gly, Ala, Val, Ile,
Leu, Phe). The self-aggregation of these peptides in aqueous medium are thoroughly analyzed to find
the effect of the N-terminal hydrophobic character on the self-assembly process. Among all these

peptides, 11 and 12 could form stable hydrogels.

To this end, cell-based assays have become an essential requirement for drug discovery process
providing simple, fast, and economic alternative to animal testing. The majority of cell-based assays
traditionally use two-dimensional (2D) monolayer cells that are cultured on flat and rigid substrates.”*
However, 2D cell culture cannot effectively take into account the natural 3D environment of cells since
all cells in the in vivo environment are embedded in the extracellular matrix (ECM) in a three-
dimensional (3D) fashion and are surrounded by other cells. Thus, 3D cell culture systems is much
preferred over the 2D culture systems.”* In this context, development of artificial ECM emerged as an
important field of research in recent years.”*7* Various approaches involving synthetic polymers and
peptides have been examined for this purpose.”74*” The three dimensional network created through
self-assembly of peptide based soft-materials offers excellent support for cell proliferation and tissue
growth.”7 In recent years, many such peptide-based soft-materials have been successfully utilized as a
cell-proliferation platform.”%2 However, in order to use these hydrogels as effective surface for cell-
proliferation, the hydrogel needs to provide a network structure, should be non-toxic, and have an
optimum rheological property.”? In the present case, the hydrogel obtained from 12proved to be an

excellent platform for 3D cell-proliferation for RAW macrophages and THP-1 monocytes.
2.2 Results and discussion

As discussed in the introduction, our previous experiences with short peptides having C-terminal "KC”
unit revealed that the presence of hydrophobic residues are essential for these peptides to self-
assemble 5% 39 |n this work, first, we wanted to assess the role of different hydrophobic amino acids
toward the self-assembly of these peptides. Two series of peptides (NH,-XXKC-NH, and Ac-XXKC-NH,,
Scheme 2) are synthesized where X stands for natural hydrophobic amino acids. Both free (1-6) and N-

acylated (7-12) sequences are prepared to compare the role of the N-terminal capping.
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S S

==k}

NH, NH,
Series 1 Series 2
NH,-XXKC-NH, Ac-XXKC-NH,
R=H X=G 1 7
CH3 A 2 8
CH(CH3)CH,CH3 | 3 9
CH,CH(CH3), L 4 10
CH(CH3), Vv 5 11
CH,Ph F 6 12

Scheme 2.1 Chemical structures of the "KC” peptides used in this study.

Once the peptides are ready, their solubility in aqueous medium are tested. Except Ac-IIKC-NH, (g), all
the other peptides are found to be soluble in water (solubility range: 15 mg/mL to hygroscopic, Table
2.1). However, none of them could form hydrogel in plain water even at a very high concentration. To
test the hydrogel formation, all the soluble peptides are dissolved in different buffers (pH 1-11) at
various concentrations. Various techniques like, incubation at room temperature (RT) for 24 h,
sonication followed by incubation at RT or heating to 60 °C followed by incubation at RT are applied to
form the hydrogels. However, only Ac-VVKC-NH, (11) and Ac-FFKC-NH, (12) could form self-supporting
hydrogels when dissolved in buffers at and above pH 8 (Tris, Phosphate, carbonate/bicarbonate) and
incubated at room temperature for several hours. For the present study, we have chosen 20 mM Tris
buffer (pH 8) as the gelation medium. The time required to form hydrogel were 12 h and 2 h
respectively for 11 and 12. Techniques like sonication and heating/cooling resulted in hydrogelation for
these peptides. However, for all further studies we used the RT incubation method to prepare the
hydrogels in Tris buffer (pH 8).

Though the acetylated peptides, 11 and 12 could form hydrogels, their non-acylated counterparts (5 and
6) failed to do so. This clearly shows that capping at the N-terminus of these peptides is necessary
toward formation of the hydrogel. It is well-known that capping the peptide termini has a trivial impact
on the overall charge distribution on the peptides that in turn significantly alter the aggregation
pathway. % |t has been shown previously that neutralization of charged terminals of N- and C-
termini capped peptides enhances the aggregation tendency and alter the morphoplogy.*®> % Notably,
not all the acetylated peptides (7-12) are capable of hydrogelation. As mentioned earlier, in addition to
other factors, peptides forming hydrogels need to have an optimum HLB.** Reports have shown the

importance of the presence of hydrophobic amino acids in order to self-assemble to hydrogels and
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influence of increasing hydrophobicity on the gelation kinetics and rheology.*® *¢ The hydrophobicity
of an amino acid can be described through their hydropathy index (HI) values. The HI of the amino acids
(X'in the sequences) are shown in Table 2.1. It is understandable that the HI of Gly and Ala are too low to
provide sufficient hydrophobic character to the sequences for self-aggregation. On the other extreme,
the HI of lle is too high and makes the sequence extremely hydrophobic and insoluble in water. The
cases of Leu, Val and Phe do not really fall in line with hydrophobic character alone. The HI of Val is
highest among these three and can be considered as the optimum hydrophobicity required for gelation.
However, Leu has a much higher HI than Phe but peptide 10 failed to form hydrogel. This certainly
indicates that though the hydrophobic side chains are important, some other parameters definitely

playing the determining role.

Table 2.1 Various physicochemical parameters of 1-12 and the hydrogels of 11-12

eptide Sequence Hiof  Solubilityin Solubilityin ~ Sol/Gel® MGC® Gelation Ty
(Number) X190 water buffer® (wt%) Time (h)  (°C)
(mg/mL) (mg/mL)
NH,-GGKC-CONH: (2) -0.4 Hygroscopic - Sol - - -
NH.-AAKC-CONH.(2) 1.8 Hygroscopic - Sol - - -
NHa-IIKC-CONH: (3) 4.5 15 0.5 Sol - ' -
NH,-LLKC-CONH- (4) 3.8 150 10 Sol - - -
NH.-VVKC-CONH: (5) 4.2 300 18 Sol - - -
NH,-FFKC-CONH, (6) 2.8 200 14 Sol - - -
Ac-GGKC-CONH. (7) -0.4 Hygroscopic - Sol - - -
Ac-AAKC-CONH, (8) 1.8 100 5 Sol - - -
Ac-IIKC-CONH2 (9) 4.5 Insoluble Insoluble Insoluble - - -
Ac-LLKC-CONH, (20) 3.8 25 1.5 Sol - - -
Ac-VVKC-CONH: (12) 4.2 100 9 Gel 0.5 12 61
Ac-FFKC-CONH: (22) 2.8 125 15 Gel 0.5 2 69

3ln 20 mM Tris buffer at pH 8.2 Minimum gelation concentration in 20 mM Tris buffer at pH 8.

As mentioned in the introduction, we wanted to explore the possibility to utilize the hydrogels as an
effective medium for 3D cell proliferation. For any application, it is extremely important to analyze the
properties of the hydrogel as well as find the mechanistic detail behind the aggregation process. The
hydrogels formed by 11 and 12 are thus investigated in detail. Since these gelators contain free thiol
groups, in line with previous experiences,™ *° %9 it is expected that the gelator molecules form
disulphide linked dimers during the gelation process and these dimers play crucial role in the
aggregation. Hydrogels formed by 11 and 12 are analyzed by analytical HPLC, and only the peak
corresponding to the disulphide-linked dimers are obtained (Figure 2.1). Moreover, when the gelation is
tested for these two peptides in presence of GSH (glutathione, a well-known disulphide bond breaker),
even at high concentrations of the gelators, no gelation is observed. A time dependent analyses of the

gelation process shows that the dimerization completes within 12 h for 11 and 2 h for 12 which are
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similar to the gelation time (Figure 2.1). These confirm the critical role of the dimers behind the

aggregation process. Hydrogelation is also tested in presence of hydrogen peroxide (H,0O,) to facilitate

the dimerization process and indeed the time required to form the hydrogels are much lesser in

presence of H,O,(7and 1 h for 11and 12 respectively).

A) Dimer of 11 ) Dimer of 12
720 min ]\ 120 min
AN 480 min _/\ 100 min
M 240 min /J\ 80 min
_/\/\ 120 min /J\ 60 min
/\,\ 60 min /\\ 40 min
1 _ 12
O min 0 min
T T T 1 T T T 1
5 10 15 20 s 0 i 20
Time (min) Time (min)

Figure 2.1. Time dependent dimerization profile of A)11and B)12 obtained by analytical HPLC at room temperature in 20 mM

Tris buffer.
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Figure 2.2A-B) Concentration dependent CD spectra of A) 11 and B) 12. C-D) Time dependent changes in the CD spectra of C)

11and D) 12 in Tris buffer. All the measurements are performed at room temperature.
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In order to understand the situation, circular dichroism (CD) spectra of 11 and 12 are recorded with
increasing concentrations of the gelators (Figure 2.2 and 2.3). To ensure complete dimerization, the
stock solution is incubated at room temperature for 24 h prior to the experiments.

For 11, the system shows a negative peak at 205 nm suggesting random coil conformation at
concentration below 300 uM. With further increase in concentration, above 300 uM, another negative
peak appears at 235 nm. The CD pattern in this case is unusual as the peaks do not match with any
typical secondary structures. One possibility is a helical structure consisting of turns through the
disulphide linkages. However, detailed investigation is required to identify the exact situation which is
beyond the scope of the present manuscript. On the other hand, peptide 12 shows two negative peaks
at 205 nm and 240-270 nm (broad) along with a prominent positive cotton effect at 220 nm. The
intensity of all these peaks increased with increase in concentration. In case of 12, a B-sheet
arrangement peptide can be concluded from the CD spectra which matches with the previously
reported examples containing FF residue and especially for FF nanotubes.9*%% The broad peak in the
aromatic region is due to the m—m* transitions of the phenyl groups. This near-UV CD signal is

suggestive of a tertiary/higher-order structure around the aromatic groups.
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Figure 2.3 Mean Residual Ellipticity (MRE) plots andHT profiles of the CD spectra presented in Fig. 2.2A and B.
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One interesting observation is the significant difference in the time required for completion of the
dimerization processes in these two systems. Recently, we have shown the effect of molecular
arrangement of two thiol molecules (in the aggregated state) on the disulphide formation possibility.*
It was found that the thiols groups need to be in a very close proximity (~4 A) in order to form the
disulphide bonds. Following our previous report, energy minimized structures for two molecules of the
same peptides are obtained using DFT calculation. It is observed that the distance between the thiol
groups for two 12 molecules is 3.99 A while the same for 11is 7.34 A (Figure 2.4).

734 A 3.99A
\ ~

1 12

Figure 2.4 DFT calculations of compound 11 and 12.

The closer proximity of the thiols in case of 12 explains the faster rate of dimerization. In order to
examine further, a time dependent CD analyses is performed for both gelators. As can be seen from
Figure 2.2 C, for 11, initially, the system remains CD inactive and measurable CD signals appear only
after some time. With increase in time, the peak intensities enhanced and after 12 h no further change is
observed. On the other hand, in case of 12 (Figure 2.2D) prominent CD signals are observed even at o™
minute. However, with further incubation, only the intensity corresponding to 220 nm peak enhanced
while the other peaks remain unchanged. It is obvious from these observations that even in the
monomeric state, at this concentration, 12 remain in lower order self-assembled state. However, as the
molecules dimerize, higher order aggregates are formed leading to more intense peak.

Along with the hydrophobic interaction, hydrogen bonding also plays a crucial role in the self-
aggregation processes. In the present cases, both the systems possess four amide NHs as well as two
NH. groups, which can serve as hydrogen donors. On the other hand, there are four possible hydrogen
bond acceptors (carbonyl oxygens) present in these peptides. To assess the role of hydrogen bonding in

the self-assemblies, "H NMR studies are performed for these two gelators at MGC. The "H NMR spectra

are recorded in DMSO-ds (the peptides do not aggregate in DMSO, see Figure 2.6 and the explanation
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therein) with varying amounts of H,O (Tris buffer (pH 8)). All the samples are incubated at room
temperature for 24 h to ensure complete dimerization. In DMSO, both 11 and 12 failed to form any gel
and thus it is assumed that the molecules are not in aggregated state in this solvent. As can be seen
from Figure 2.5, in both cases, all the NHs and NH.s show significant downfield shifts with increase in
water content, which signifies the involvement of hydrogen bonding in the aggregation process.*?’
Additionally, the aromatic protons from Phe residues of 12 showed moderate up-field shifts (~0.15 ppm)

as the water content reaches 40%.2% The shift of the aromatic

OO0 M AP 40%H0A A A JMUL

30% H»0
N A A oo M_JJ\L
20%H0 W 4 N A 20% HoOp r_n JL_J\_J}KL

H
0% Ho0 NH

0% Hp0
NH NH NH; — NH; NH NHNH  NH, NH, Phe-H
!

5 | | | | [ I |
(PPM) g9 7.5 7.0 84 81 78 75 72
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Figure 2.5 '"H NMR spectra (aromatic region) of A) 11 and B) 12 in DMSO-ds with varying amount of H,O showing the
involvement of hydrogen bonding (11 and 12) andr—m stacking (12) in the aggregated state.

protons indicate possible m—m interactions between phenyl rings which is also observed from the CD
spectra as discussed earlier. Moreover, a similar experiment monitored by the emission of the phenyl
rings of 12 show a decrease in the emission intensity with increase in water content. This result

additionally supports the involvement of the m—m interaction (Figure 2.7).
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Figure 2.6'H NMR spectra of 12,acetonitrile and a 1:1 acetonitrile-12 mixture in DMSO-ds. As the integration for both
acetonitrile protons and protons of 12 maintain the 1:1 ratio, it is concluded that the compound does not form aggregate in

DMSO.
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Figure 2.7Emission spectra of 12 in different compositions of DMSO and 20 mM Tris buffer pH8. All samples are 24 h matured

and the experiments are carried out at RT (Aex= 265 n1m).

The morphologies of the hydrogels formed by 11 and 12 are checked by FETEM and field emission

scanning electron microscope FESEM. Both the hydrogels show network like structures. However, the
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fibers are of different dimensions. Peptide 11 forms fibers of ~20 nm diameters and ~200 nm in length
(Figure 4A, C). On the other hand, hydrogel of 12 consists of network of very long fibers (few pm) with ~
5o nm diameter (Figure 4B, D). The hierarchical aggregation of the dimers of 11 and 12 lead to the
formation of the fibers, which get cross-linked through supramolecular interactions forming the
network structures. The water molecules are entrapped in these networks through cohesive forces.
However, the presence of very long fibers suggests that the aggregation in case of 12 is much stronger
than that in case of 11. It is important to note that the drying of hydrogels during sample preparation
does affect the morphology as demonstrated by Adams et al.?¥% 2°® However, in the present case,
additionally we checked the morphology of freeze-dried xerogels. Irrespective of the sample

preparation method used, similar morphologies are obtained for both hydrogels.

Figure 2.8 A-B) FETEM and C-D) FESEM images of hydrogels formed by 11 (A, C) and 12 (B, D) at MGC.

As mentioned in the introduction, the aim of this work is to explore the possibility of utilizing these

hydrogels for 3D cell proliferation. In order to use a hydrogel for effective cell proliferation, it is
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important to study its rheological behavior. A detailed study on the rheological properties of these
hydrogels is carried out. Frequency and amplitude sweeps of the hydrogels prepared from 11 and 12 (2
wt%) are shown in Figure 2.8 A and B. In both cases, the storage modulus (G') are found to be higher
than that of the loss modulus (G") which confirms the gel state of these two materials. However, the
hydrogel from 12 is found to be much stronger in nature than 11 since both G’ and G” values for 12 are
higher than that of 11.2°* The amplitude sweep experiments also show that much higher strain is

required for the hydrogel of 12 for gel-sol transition.
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Figure 2.9 A) Frequency sweep and B) amplitude sweep profiles of hydrogels prepared by 11 and 12 at MGC in presence and
absence of H,0..

For disulphide linked gelation process, the presence of H,O, not only facilitates the dimerization process
but also produce stronger hydrogels.*** In the present case, presence of H,O, certainly expedites the
dimerization of 11 and 12 as found from the HPLC analyses (Figure 2.1). To verify any effect on the gel-
strength due to the presence of H.O., rheological behavior of the hydrogels (24 h matured samples)
prepared using H,O, are determined. As can be seen from Figure 2.8 A and B, in both cases, no
significant enhancement in the gel-strengths noticed. Please note that the hydrogels are made of
disulphide-linked dimers of the gelators (11 and 12) and no cross-linking is possible. The presence of
H.O. could only make the oxidation process faster but the aggregation processes remain unchanged
leading to similar gel-strength. However, it is also important to note that even though the gel strength
does not change when the gels are prepared in presence of H,0O,, the underlying structure could be
different. To ensure that is not the case here, CD spectra are recorded in presence of H,O, and
compared to that obtained for samples without H.,O, (Figure 2.10). Interestingly, no reportable
difference is observed clarifying that the presence of H.,O, only enhanced the disulphide bond

formation rate without affecting the aggregation process.
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Figure 2.10Time dependent changes in the CD spectra of A) 11 and B) 22 in Tris buffer. All measurements are performed at
room temperature.
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Figure 2.11 A) Time-dependent step-strain rheological data showing the thixotropic nature of hydrogels prepared by 11 and 12
(y = 500 %). B) The gelation kinetics of hydrogels prepared by 11 and 12 as a function of time.

Thixotropy of hydrogels is an important property, which opens up the possibility to use these hydrogels
for various applications including localized drug delivery and cell proliferation. For a reqular gel, when a
shear strain is applied, the G’ decreases and crosses the G” and the gel turns into a sol but the G’ does
not come back to its original value upon removal of the strain and the system remain as sol. However, in
case of a thixotropic gel, as soon as the strain is removed, the system reverts to its initial rheological
characteristics representing the gel state. In the present cases, both the hydrogels showed thixotropic
nature.”** *%Figure 2.8 B shows that both hydrogels display a yield strain and transform to a quasi-
liquid. These are the beginning of deformation of the gels, an essential character for
thixotropic/injectable gels. Time dependent strain sweeps are performed at a fixed angular frequency of

1rad s and alternating the applied strains (Figure 2.12 A).
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At a higher strain (y = 500 % for Figure 2.10A), the gels lose their viscoelastic nature and regain it in
every successive step while coming back to a lower strain. These experiments confirm that both the
hydrogels are thixotropic in nature and can be used as injectable gels. Additionally, a set of experiments
are performed where the hydrogels are prepared in syringes (in presence of RhB to make a colored gel)
and then the pistons are pressed to liquefy the hydrogels. The liquids come out of the needle and
immediately return back to their gel state (Figure 2.12 A-B). These simple experiments confirm the

injectability of the hydrogels.

Figure 2.12A-B) Photographs showing the injectable property of the hydrogels formed by 11 (A) and 12 (B) at MGC. The
hydrogels are prepared in presence of RhB in syringes and then drops of the hydrogel are injected on a glass slide to show that
upon coming out of the needle, the solutions immediately return back to gel states.

Finally, time dependent rheology of the gels are recorded (Figure 2.10B). Initially, the G” values are
found to be much higher indicating the sol state. However, the G’ values continue to increase with time
and at a certain point crosses the corresponding G” values. The crossover points are 422 and 42 minutes
respectively for 11 and 12. The crossover points represent the sol to gel transitions. However, the
equilibrium in the G’ values are reached after 700 and 100 mins respectively. After that, no further
change is observed. It is to be noted that the vial inversion tests to determine the gel formation as well
as the time dependent dimerization studies also resulted similar time frame for self-sustained gel
formation and complete dimerization respectively. These results indicate that the dimerization and the
gel formation are complementary processes here. As the monomers get dimerized, the dimers start
aggregating and after a particular time, the aggregation lead to a higher G’ value than the G” indicating

that the systems are no longer in sol state. However, after this crossover points, the dimerization
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processes continue and so do the aggregation. Once all the monomers are converted to the dimers, the
systems achieve their final self-sustaining gel state.

From the aforementioned studies, it is very clear that both the peptides (11 and 12) are efficient
hydrogelators and in the gel state, they form nano-fribrous networks. Toward using any hydrogel for
biological experiments, especially for cell-proliferation studies, the network structure is an essential
criterion which allows the cells to adhere on the surface of the hydrogel and provide a template like
extracellular matrix. However, the appropriate strength and elastic properties of the hydrogels are also
crucial for this kind of application. An optimum strength of the hydrogel is required for the proper
proliferation of the cells. In the present study, the hydrogel prepared from 12 showed much better
properties than that of the hydrogel of 11 and thus we have chosen the hydrogel of 12 for all further

experiments.

The gel to sol transition in response to a stimulus is an important parameter for any soft-material in
order to find a suitable application. Since the hydrogels formed by these two short peptides are
governed by disulphide-linked dimerization of the peptides, it is likely that these hydrogels can also be
responsive toward disulphide bond breaking agents like GSH, DTT or TCEP. When a small portion of
aqueous solutions of these reagents placed on top of the hydrogel, it transformed into sol. Though the
experiment performed are qualitative in nature, it is very clear that the hydrogels responds strongly to
these disulphide bond breaking agents. Among all these agents, GSH is abundant in biological systems
and thus, we performed a quantitative analysis with GSH. Typically, 200 pL hydrogel of 12 at MGC is
prepared in several glass vials. On top of them, 100 pL of 5 MM GSH solutions are placed. At different
time intervals, one sample from each of the hydrogels are taken out and the hydrogels were dissolved in
water. These aqueous solutions are then analyzed using analytical HPLC to find out the extent of dimer
to monomer conversion. The % monomer are plotted against time and are shown in Figure 2.12 A. Full

conversion takes place in ~ 21 h.

Since the hydrogels are thixotropic and responsive to GSH, we envisioned that the hydrogel of 12
could be a very good candidate for localized drug delivery vehicle. To verify the possibility, a model dye,
RhB, is entrapped in the hydrogel and the gel is dipped into water and aqueous soultions of GSH (0.1-1
mM). The release profiles of RhB is shown in Figure 2.13 B. In water, the dye release is observed to be
extremely slow as only 6 % of the dye is released from the hydrogel in 7 days. On the other hand, the
rate of release increases with increase in the GSH concentration. The % release did not improve much
when 0.01 mM GSH is applied (~11%). However, with increase in concentration of GSH, the release
enhanced significantly. For 0.1 and 1 mM GSH, the overall release after 7 days are observed to be 23 and
57% respectively. As GSH breaks the disulphide bond of the gelator dimers, the self-assembly get

disturbed and the entrapped dye gets released. With increase in concentration of the GSH in the
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surrounding enhances the rate of the disulphide bond breaking and thus higher release rate is observed

with higher GSH concentration. Though very preliminary, these results suggest that the hydrogel holds

promise as localized delivery system where the cargo can be unloaded in response to the local GSH

around the site of injection.
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Figure 2.13A) GSH induced dimer to monomer formation in the hydrogel formed by 12. B) Release profile of RhB from 1wt%
hydrogel of 12 in response to different concentration of GSH. All experiments are performed in triplicate and at RT.

We wanted to investigate the biocompatible nature of the hydrogel by encapsulating the immune

cells within the 3D environment of the peptide hydrogels. We chose two cell types: undifferentiated

human THP-1 monocytes and relatively more differentiated RAW 264.7 mousemacrophages. Different

concentrations of the peptide 12 (1, 2 and 3 wt%) are analyzed for cell cytotoxicity against both RAW

macrophages (A) and THP-1 monocytes (B) after 24 h using MTT reagent. There has been a significant

increase in cell viability when cells are incubated with 3 wt% concentrations of 12 (p < 0.05and p < 0.01

for RAW and THP-1 cells respectively), within 3-D peptide hydrogels compared to 2-D cultured cells

(Figure 2.14).
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Figure 2.14Cytotoxic activity of different concentration of 12 against (A) RAW 264.7 macrophage (B) THP-1 monocytic cells.
Cells are incubated within different concentration of 12 for 24 hrs. The cytotoxic effects are measured by MTT cell viability
assay. 2-D cultured cells without peptide encapsulation served as control. The results are representative of means + SD of three
independent experiments. *p < 0.05, **p < 0.01 versus control, Student t test.

The cytotoxicity of peptide 12 is further assessed by confocal microscopy using Calcein AM and
Propidium iodide (Pl) for imaging of live and dead cells respectively in 3D cell-gel constructs.
Microscopic images corroborated with cell viability results showing similar observations with no
detrimental effect of 12 on overall cell survival rates (Figure 2.15). Taken together, these results suggest
the biocompatible and non-toxic nature of the peptide, as both macrophages and monocytes survived

within the encapsulation of hydrogel matrix.

The peptide hydrogel mimics the structure of ECM and macrophages actively associate with the ECM
facilitating their integration in engineered tissues. The 3-Dimensional cell culture scaffolds play an
important role in affecting cell behavior and proliferation. Therefore, we sought to find out whether the
hydrogel of 12 support proliferation of macrophages and monocytes within the embedded structure.
Cells are incubated with different concentrations of peptide (3, 2 and 3wt%) and cell proliferation was
measured after 24, 48 and 72 hours using CyQUANT cell proliferation assay kit. As observed up to 72
hours, these hydrogels are stable and did not d egrade in cell culture media. After 24 hours of
incubation, significant change in cell proliferation is observed in the hydrogel-encapsulated cells as
compared to 2-D cultured cells (p < 0.05). After 48 hours, cellular proliferation of RAW macrophages
and THP-1 monocytic cells present within encapsulation increased by 27.5 + 4.1% (for 3 wt%) and 40.6 =

6.1% (for 3 wt%) respectively, compared to 2-D cultured cells at 48 hour of incubation (p < 0.01).
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Calcein

Scale = 20 um

Figure 2.15 Microscopic analysis of viability of RAW 264.7 macrophages within different concentration of hydrogel of 12 by Live
and Dead cell staining. Cells are incubated within different concentration of the peptide for 24 hrs. 2-D cultured cells without
peptide encapsulation served as control. Green fluoroscence indicates live cells and red fluoroscence indicates dead cells. Scale
bar: 20um.

After 72 hours of incubation cellular proliferation increased by 47.1 + 6.9% (for 3 wt%) and 43.9 + 6.4%
(for 3 wt%) respectively for RAW macrophages and THP-1 monocytes within peptide hydrogels
compared to 2-D cultured cells after 72 hours (p < 0.001). Different concentrations of peptide did not

hamper cell proliferation but aided the proliferation rates of both macrophages and monocytes (Figure
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2.16 and Table 2.2). This result suggests that cells can proliferate more rapidly within these peptide

matrices as a mode of 3-D cell multiplication compared to 2-D mode of cell proliferation.

RAW 264.7 macophages THP-1 monocytes
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Figure 2.16 Cell Proliferation of macrophages without or within peptide encapsulation. Raw 264.7 macrophage (A) and THP-1
monocytic cells (B) are incubated within different concentration of 12 and proliferation is evaluated after 24, 48 and 72 h of
incubation. 2-D cultured cells without peptide encapsulation served as control. The proliferation is evaluated using CyQUANT
reagent and fluorescence intensity is measured on a microplate reader. Values are calculated as the fold change of
proliferating cells. Mean values + S.D.

Table 2.2 Fluorescence measurements to evaluate cell proliferation without or within hydrogel encapsulation after 24, 48 and
72h of incubation.

Treatments Incubation Period
oh 24 h 48h 72h

Control (RAW cells) 30 323 316 62 66 733 100.6 91.6 81 1253 112 103.6
Control (THP1 cells) 31.6 336 35.3 65.3 746 816 1193 1083 94.6 151 1356 129
1wt (RAW cells) 28 343 326 63 556 533 97.6 1073 89 1433 129 1203
1wt% (THP1 cells) 313 34 27.6 61.6 58.3 51 118 112 101.3 149 143 132.6
2 wt% (RAW cells) 333 36.6 39 97.6 86 836 131.6 1193 112 162 1703 186
2 wt% (THP1 cells) 39 386 35 112.6  100.3 94.6 161 146.6 135 192 212 2263
3 wt% (RAW cells) 32.6 37 33.3 75 856 933 17 1253 1406 169 180.6 1953
3 wt?% (THP1 cells) 356 373 326  96.6 87 806 1403 159.6 1646 2233 207 1943

2.3 Conclusion

In summary, a detailed and systematic analyses is reported to identify the role of N-terminal capping
and hydrophobic residues of tetrapeptides containing C-terminal "KC” unit. Both Ac-VVKC-NH, and Ac-
FFKC-NH,could form self-supporting hydrogels and the dimerization of the peptides plays controlling
role toward the hydrogelation. Both the hydrogels are found to be thixotropic and responsive toward
GSH. A GSH mediated model-drug release study show that the hydrogel of Ac-FFKC-NH, have

potential to be used as injectable localized drug delivery vehicle. The 3-dimensional matrix is found to

TH-3050_176122040 60

—
| —



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

be non-toxic and effective for 3D cell proliferation for RAW macrophages and THP-1 monocytes.

Overall, the hydrogel of Ac-FFKC-NH, shows high potential as an effective biomaterial for further use.
2.4 Experimental section
2.4.1 General information and materials

All the Fmoc-protected amino acids, HBTU, HOBT are acquired from from GL Biochem, China.
Triethylsilane (TES), Trifluoroacetic acid (TFA), N,N-Diisopropylethylamine (DIPEA), Rhodamine B
(RhB) and all solvents are purchased from Spectrochem (India). Milli-Q water with a conductivity of less
than 2uScm™is used for all sample preparations. Electrospray ionization mass spectrometry (ESI-MS)
are performed with a Q-Tof-Micro Quadrupole mass spectrometer (Micromass) and data are analyzed

using the built-in software).
2.4.2 Syntheses of peptides (1-12)

The peptides are synthesized using solid phase peptide synthesis (SPPS) technique. Standard Fmoc-
protected amino acids and Rink-amide MBHA (4-(2'4"-Dimethoxyphenyl-Fmoc-aminmethyl)-
phenoxyacetamido-methylbenzhydryl amine) resin are used for the syntheses. Typically, 4 equiv. (with
respect to the resin loading capacity) of the protected amino acid, 4 equiv. of HBTU, 4 equiv. of HOBT
and 8 equiv. of DIPEA are pre-mixed in dimethyl formamide (DMF) and added to the resin. The coupling
is continued for 1 h and the resins are thoroughly washed. The Fmoc-deprotection is achieved using
20% piperidine-DMF mixture and after washing the resin, the next amino acid is coupled following the
above protocol. Once the sequences are complete, the resins are washed thoroughly and dried under
reduced pressure. The cleavage of the peptides are done by shaking the resin with g5% TFA in
dichloromethane (DCM) containing 1% TES for 1 h. The resins are then filtered and washed with DCM
and the filtrates are reduced in volume under reduced pressure. The crude peptides are precipitated
from dry cold ether, filtered and Iyophilized. The pure peptides are then obtained by semi-preparative
HPLC purification.

Characterisation of the peptides

Peptide 1

H NMR (600 MHz, Deuterium Oxide) & (ppm) = 4.42 (dd, / =7.7, 5.3 Hz, 1H), 4.29 (dd, / = 8.4, 5.9 Hz, 1H),
3.97(d, /= 4.5 Hz, 2H),3.82 (s, 2H), 2.92 (t, /=7.5 Hz, 3H), 2.83(dd, /= 14.2, 7.7 Hz, 1H), 1.79 (tt, /= 6.5, 2.7
Hz, 1H), 1.72 (dd, J= 9.4, 4.9 Hz, 1H), 1.67 —1.58 (m, 2H), 1.39 (dddt, J=16.3, 8.3, 6.3, 2.6 Hz, 2H). 3C NMR
(151 MHz, Deuterium Oxide) 8(ppm) = 174.09, 173.96, 171.16, 167.67, 163.16, 162.92, 65.97, 55.35, 53.68,
42.04, 40.28, 39.09, 30.25, 26.19, 25.10, 21.95, 21.93. ESI-MS (m/z):calculated 361.181for Ci3H,;N6O,S”
[M+H]*found, 363.182. HPLC:Rr = 3.59 min.

Peptide 2
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'H NMR (600 MHz, Deuterium Oxide) 6(ppm) = 4.47 — 4.41 (M, 1H), 4.32 — 4.23 (M, 2H), 4.03(q, /=71
Hz, 1H), 2.94 (t, / = 7.5 Hz, 2H), 2.86 (qd, J = 14.2, 6.3 Hz, 2H), 1.84 — 1.70 (M, 2H), 1.64 (p, J = 7.7 Hz, 2H),
1.48 (d, J=7.1Hz 3H), 1.41 (dt, J=16.1, 8.3 Hz, 2H), 1.34 (d, / = 7.2 Hz, 3H). 3C NMR (151 MHz, Deuterium
Oxide) 6(ppm) = 174.77, 173.98, 173.68, 170.51, 55.18, 53.61, 49.47, 48.73, 39.10, 30.19, 26.21, 25.22, 21.95,
16.45. ESI-MS (m/z): calculated, 391.212for CicH1:NsO,S* [M+H]*; found, 391.211.HPLC:Rt = 4.14 min.

Peptide 3

'H NMR (600 MHz, Deuterium Oxide) 6(ppm) = 4.45 (dd, J=7.2, 5.5 Hz, 1H), 4.32 (dd, / = 8.1, 6.4 Hz, 1H),
418 (d, J=8.7Hz, 1H),3.86 (d, J=6.0Hz, 1H), 2.94 (t, J=7.7Hz, 2H), 2.87(qd, J = 14.2, 6.4 Hz, 2H), 1.92
(dd, J=6.6,3.3Hz, 1H), 1.84 — 1.76 (m, 2H), 1.76 —1.69 (m, 1H), 1.65 (p, / =7.6 Hz, 2H), 1.51—1.32 (m, 5H),
1.20-1.12 (M, 2H), 0.94 (d, /= 6.9 Hz, 3H), 0.91—0.85 (M, 6H), 0.83 (t, J = 7.4 Hz, 3H). 2*C NMR (151 MHz,
Deuterium Oxide) &(ppm) = 173.93, 173.23, 172.80, 169.17, 58.16, 57.34, 55.27, 53.37, 39.03, 36.39, 35.86,
30.32, 30.16, 26.24, 25.19, 24.53, 23.95, 21.96, 14.51, 13.99, 10.38, 9.84. ESI-MS (m/z):calculated, 475.306
for C,:H,3NeO, ST [M+HT*; found, 475.301. HPLC:Rt = 8.15 min.

Peptide 4

'H NMR (400 MHz, Deuterium Oxide) 8(ppm) = 4.48 (dd, / =7.1, 5.5 Hz, 1H), 4.42 (t, / =7.3 Hz, 1H), 4.33
(dd, /=81, 6.4 Hz, 1H), 3.98 (t, / = 7.2 Hz, 1H), 3.02 — 2.86 (M, 4H), 1.89 — 1.54 (M, 11H), 1.49 — 1.35 (M,
2H), 0.98 — 0.86 (m, 12H). BC NMR (151 MHz, Deuterium Oxide) &(ppm) = 173.96, 173.86, 173.36, 170.18,
55.17, 53.49, 52.31, 51.57, 39.83, 39.72, 39.07, 30.17, 26.24, 25.25, 24.21, 23.73, 21.94, 21.78, 21.60, 21.12,
21.06. ESI-MS (m/z): calculated, 475.306 for C,,H,3NsO,S* [M+H]*; found, 475.300. HPLC:Rt = 5.64 min.

Peptide 5

H NMR (400 MHz, Deuterium Oxide) &(ppm) = 4.48 (dd, J=7.1, 5.5 Hz, 1H), 4.36 (t, J = 2.1 Hz, 1H), 4.21—
4.10 (m, 1H), 3.86 (d, / = 6.1 Hz, 1H), 3.06 — 2.79 (M, 4H), 2.20 (d, J = 6.7 Hz, 1H), 2.04 (d, J = 6.7 Hz, 1H),
1.92 — 1.61 (M, 4H), 1.55 — 1.33 (M, 2H), 1.06 — 0.87 (M, 12H). BC NMR (151 MHz, Deuterium Oxide)
d(ppm) = 172.84, 169.24, 162.86, 59.54, 58.16, 55.28, 53.41, 39.07, 30.33, 30.05, 26.23, 25.19, 21.97, 18.35,
18.27, 17.88, 17.56, 16.87, 16.84. ESI-MS (m/z): calculated, 447.275for CigHsNsO,S; found, 447.276 for
[M+H]*, 893.544.HPLC:Rr = 6.82 min.

Peptide 6

*H NMR (600 MHz, D,0O) 6(ppm) = 7.37 — 7.23 (M, 6H), 7.23 = 7.11 (M, 4H), 4.57 (dt, J = 14.4, 7.2 Hz, 1H),
435 (dd, J=7.0, 5.5 Hz, 1H), 4.20 (t, J = 7.4 Hz, 2H), 3.21 —3.10 (M, 2H), 2.98 (d, / = 7.9 Hz, 1H), 2.91 (s,
2H), 2.90—2.81(m, 2H), 1.77—1.57 (M, 4H), 1.33 (td, /= 17.0, 8.8 Hz, 2H). BCNMR (151 MHz, D,O) 6(ppm)
= 173.94, 135.74, 133.46, 129.31, 129.10, 129.05, 128.72, 127.92, 127.18, 55.28, 54.75, 53.98, 53.25, 39.05,
37.21, 36.72, 30.56, 26.32, 25.11, 21.86. ESI-MS (m/z): calculated, 543.275for C,;H;sNsO,S; found,
543.270.HPLC:Ry = 7.34 min.

Peptide 7

*H NMR (600 MHz, D,O) &(ppm) = 4.42 (dd, /=7.8, 5.1 Hz, 1H), 4.30 (dd, /= 9.0, 5.5 Hz, 1H), 3.89 (d, J =
11.1 Hz, 4H), 2.92 (dt, J = 15.9, 6.4 Hz, 4H), 2.84 (dd, J = 14.2, 7.8 Hz, 1H), 2.01 (s, 3H), 1.86 — 1.78 (m, 1H),
1.73(dqg, J = 9.6, 4.6 Hz, 1H), 1.66 — 1.59 (m, 2H), 1.45 — 1.32 (M, 3H). 3C NMR (151 MHz, D,O) 6(ppm) =

175.04, 174.16, 173.97, 172.44, 171.65, 65.99, 55.42, 53.58, 42.55, 42.35, 39.11, 30.12, 26.13, 25.08, 21.93,
21.68, 14.03. ESI-MS (m/z): calculated, 405.191 for CicH.gNsOS* [M+H]*; found, 405.192. HPLC:Rr = 3.52
min.

Peptide 8
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*HNMR (600 MHz, D,O) 6(ppm) = 4.43 (dd, J=7.3, 5.4 Hz, 1H), 4.27—4.21(m, 2H), 4.19 (q, /= 7.3 Hz, 1H),
2.94 (t, J=7.5Hz, 2H), 2.87(qd, / = 14.2, 6.4 Hz, 2H), 1.95 (s, 3H), 1.80 (dd, J = 15.9, 6.2 Hz, 1H), 1.76 — 1.69
(m, 1H), .63 (p, /=7.8 Hz, 2H), .46 —1.36 (M, 2H), 1.32 (dd, / = 15.1, 7.2 Hz, 7H). 3C NMR (151 MHz, D,0)
o(ppm) = 175.25, 175.14, 174.14, 174.06, 173.78, 55.26, 53.51, 49.63, 49.54, 39.11, 30.09, 26.14, 25.17, 21.95,
21.51, 16.41, 16.24. ESI-MS (m/z): calculated, 433.223 for C;,H;;NsOS* [M+H]*; found, 433.224. HPLC:Ry
=5.36 min.

Peptide 9

*H NMR (600 MHz, DMSO-ds) &(ppm) = 7.76 (s, 3H), 7.45 — 7.42 (m, 1H), 7.22 (s, 1H), 4.33 — 4.27 (M, 1H),
4.27—4.22 (m, 1H), 4.14 (dt, / =16.8, 8.1 Hz, 2H), 2.80 —2.66 (M, 4H), 2.23 (t, /= 8.4 Hz, 1H), 2.08 (s, 5H),
1.85 (s, 3H), .68 (q, /= 10.5, 7.9 Hz, 3H), 1.41 (ddq, /= 9.7, 5.9, 3.3 Hz, 2H), 1.34 — 1.25 (M, 2H), 1.11—1.00
(m, 2H), 0.79 (t, J = 7.2 Hz, 14H). BC NMR (151 MHz, DMSO-ds) 6(ppm) = 171.45, 171.40, 171.16, 169.52,
57.12, 57.01, 54.74, 52.5¢4, 38.77, 36.42, 36.39, 31.01, 30.80, 26.61, 26.20, 24.56, 24.47, 22.57, 22.18, 15.46,
15.41, 11.06, 11.02. ESI-MS (m/z): calculated, 517.317 for C,3H,sNeOS* [M+H]*; found, 517.322.HPLC:Rr =
10.20 min.

Peptide 10

H NMR (600 MHz, D,O) 6(ppm) = 4.43 (dd, J=7.2, 5.3 Hz, 1H), 4.32 (dd, /= 9.6, 5.2 Hz, 1H), 4.28 (dd, J =
8.7, 5.8 Hz, 1H), 4.21(dd, /= 9.4, 5.6 Hz, 1H), 2.93 (t, /= 7.7 Hz, 2H), 2.91—2.81(m, 2H), 1.95 (s, 3H), 1.83 —
1.68 (m, 2H), 1.63 —1.45 (M, 8H), 1.42 —1.32 (M, 2H), 0.87(d, /= 6.2 Hz, 6H), 0.84 — 0.80 (m, 6H). 3C NMR
(151 MHz, D,O) &(ppm) = 174.99, 17447, 17424, 174.03, 173.54, 55.20, 53.39, 52.59, 52.09, 39.64, 39.44,
39.07, 30.03, 26.13, 25.18, 24.21, 21.96, 21.90, 21.46, 20.74, 20.69. ESI-MS (m/z): calculated, 517.317 for
Co3HuisN6sOST [M+H]Y; found, 517.319. HPLC:Ry = 7.29 min.

Peptide 11

*H NMR (600 MHz, D,0) 6(ppm) = 4.44 (dd, J=7.1, 5.5 Hz, 1H), 4.32 (dd, / = 8.6, 6.0 Hz, 1H), 4.07 (dd, J =
8.4, 5.8 Hz, 1H), 4.02 (dd, /=7.8, 5.8 Hz, 1H), 2.95 (t, /= 7.9 Hz, 3H), 2.88 (dd, J/ = 10.6, 6.4 Hz, 2H), 1.99 (5,
6H), 1.80 (dd, J=9.2, 4.6 Hz, 1H), 1.72 (dt, / = 10.1, 5.0 Hz, 1H), 1.67 —1.61 (m, 2H), 1.47—1.34 (M, 3H), 0.92
—0.90 (M, 7H), 0.88 (t, / = 6.2 Hz, 7H). ®C NMR (151 MHz, D,O) &(ppm) = 174.28, 173.97, 173.84, 173.42,
173.23, 59.77, 59.37, 55.27, 53.32, 39.06, 30.25, 29.99, 29.81, 26.17, 25.17, 21.95, 21.46, 18.43, 18.33, 18.27,
17.87, 17.78. ESI-MS (m/z): calculated, 489.278 for C,:H,:NsOS* [M+H]*; found, 489.285.HPLC:Rr = 8.15
min.

Peptide 12

*H NMR (600 MHz, DMSO-ds) 6 (ppm) =8.20(d, J=7.7Hz, 1H), 8.06 (t, / = 7.4 Hz, 2H), 7.97 (d, /= 8.0 Hz,
1H), 7.64 (s, 2H), 7.44 (s, 1H), 7.26 —=7.23 (M, 4H), 7.21—7.15 (M, 3H), 4.53(d, /= 4.6 Hz, 1H), 4.43(d, /= 2.4
Hz, 1H), 4.34 (d, /= 5.2 Hz, 1H), 4.28 (d, /= 5.2 Hz, 1H), 3.06 (d, J = 4.3 Hz, 1H), 2.91(dd, / = 14.1, 4.3 Hz,
1H), 2.88 = 2.79 (m, 2H), 2.80 — 2.72 (m, 3H), 2.69 — 2.61 (M, 1H), 2.24 (s, 1H), 1.72 (5, 3H), .58 — 1.49 (M,
2H), 1.32 (d, /= 8.7 Hz, 2H). 3CNMR (151 MHz, DMSO-ds) & (ppm) = 171.37, 171.31, 171.02, 169.31, 137.95,
137.59, 129.02, 128.01, 126.20, 54.59, 22.41, 22.11. ESI-MS (m/z): calculated, 585.285 for C,qH,2.NgO:S*
[M+H]*; found, 585.295. HPLC:Rr = 10.2 min.

2.4.3 Determination of solubility of the peptides
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To determine the solubility of the peptides, 1 mg of a peptide is taken in a glass vial containing a
magnetic bar and inserted in a water bath maintaining the temperature at 25 °C and placed on a
magnetic stirrer. To these vials, 25 uL water/buffer) is added at a time and stirred for 5 mins. The
samples are checked visually to see any insoluble particle or haziness. If the solid does not get dissolved
completely, more water/buffer (25 pulL each time) are added and the process repeated till visually clear
solutions are obtained. The clear solutions are then subjected to Tindal effect experiments by passing

LASER light through them to confirm complete solubilization.
2.4.4 Preparation of hydrogel

To prepare the hydrogel, 2 mg of individual peptide was added in required volume of 100 pL of 20 MM
Tris buffer at pH 8 and agitated by shaking the solution to completely dissolve the solid (2 mins). The
solution was kept undisturbed at room temperature (12 h for 12and 2 h for 12) to get the self-supporting

hydrogel.
2.4.5 Determination of sol-gel transition temperature (Tg)

Glass vials containing the gel samples are kept in a water bath and the temperature of the bath was
raised at a rate of 0.5 °C per minute. On top of the gels small steel balls are placed. The temperature at

which the steel ball fall down to the bottom is noted as Tg. The experiments are performed in triplicate.
2.4.6 Electron microscopy

Small portions (5 puL) of 48 h matured gels are casted either on carbon coated copper grids (Field
emission transmission electron microscope, FETEM) or on silicon wafers (Field emission scanning
electron microscope, FESEM) and dried under ambient condition for 24 hours. Images are taken on

JEOL, 2100F (FETEM) or Gemini SEM 300, Sigma Zeiss (FESEM) instruments.

2.4.7 Rheology

The viscoelastic properties of the hydrogels are characterized using Anton Paar MCR 102 rheometer
equipped with a 20 mm parallel plate (with 0.5 mm zero gap) measuring system at 25 °C. Appropriate
amounts of Peptides 11 and 12 are dissolved in Tris buffer of pH 8 at the gelation concentration and kept
at room temperature undisturbed for 2 h and 12 h respectively to get the hydrogels. Appropriate
amounts of hydrogels are taken with the help of a spatula very carefully to avoid any damage to the
hydrogel samples and placed on the lower plate of the rheometer. The measuring system are then
lowered until it reached the position where the gap between the two plates was 0.3 mm. Then the

respective rheological measurements are performed. All the experiments are performed in triplicate.
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Strain sweep tests are performed to identify the linear viscoelastic region (LVR) over a range from 0.01
to 1000 % 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"”. Frequency sweep tests are carried out under an appropriate strain (@ = 0.1 %)
selected from the LVR with the frequency ranging from 0.1 to 1000 rad/s at 25 °C. For the time sweep
experiment, pre-gel solutions of each peptide are prepared. Once the peptides get dissolved, the
rheological experiments are started with appropriate aliquots considering it as time zero. As the
rheological experiment cannot be continued for a longer time period with one sample, the G'and G" are
measured at different time points with samples from the stocks and noted the exact time of
measurements. The G' and G" values obtained from these experiments are plotted against time of
measurements. The experiments are performed in triplicate. To investigate the thixotropic property of
the gels (2 wt%), cyclic dynamic strain sweep experiment is performed at a constant angular frequency
of 1rad s by altering the applied strain from 0.1 to 100%. In this experiment, a higher strain (y = 50%)
and a lower strain (y = 0.1%) are applied on the gel alternatively over a period of 2300 s and 5 successive

cycles.
2.4.8HPLC

Chromatographic purifications are performed on a Luna 5 um (C18) column (Phenomenex) using a
Dionex Ultimate 3000 HPLC. Acetonitrile and water with 0.1% TFA used as the mobile phase. A
program is created as, 5% ACN to 100% ACN within a time interval of 20 min and this program is used
for all the analyses. For the dimerization experiment, solutions of the peptides are prepared in Tris
buffer and incubated at RT. Equal volume of samples from these solutions are injected at different time
intervals. For the GSH mediated dimer to monomer conversion study, several sets of 1 wt.% hydrogel
(200 pL) of 12 is prepared and 100 pL of 5 mM GSH solution in water was added on top of these
hydrogels. At different interval one such sample was diluted up to 2 mL by adding distilled water. These

solutions are then analyzed on HPLC using the previously mentioned program.
2.4.9 Circular dichroism (CD)

Circular Dichroism (CD) experiments are performed by using Jasco J-1500 spectropolarimeter and all
the samples are recorded at room temperature. All measurements are done in 0.2 cm path length
cuvette with 8oo plL sample volume. Each CD profile is an average of 3 scans of the same sample
collected at a scan rate 100 nm min™, with a proper baseline correction from the water medium. For
concentration dependent studies, stock of the peptides are prepared in Tris buffer and incubated at
room temperature for 24 h. These stock solutions are then used to prepare solutions of different
concentration. For time dependent study, freshly prepared 300 uM solutions of the peptides are used

for the study and the CD spectra are recorded at different time interval.
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2.4.10 Dye release study

For dye release experiment, Rhodamine B (RhB) is used as a model dye because it is an organic
molecule with absorption maxima of ~ 550 nm and the absorption profile does not overlap with the
absorption of the gelator molecule. 1 mg/mL RhB solution is prepared in distilled water. Appropriate
amount of 12 (to maintain the MGC in the final sample) is dissolved in 190 ulL of Tris buffer and 10 pL of
the RhB solution is added and the solution is agitated to get a clear solution. The solution is kept at RT to
get the dye encapsulated hydrogel. Four such sets of dye encapsulated hydrogels are prepared. These
hydrogels are then suspended in 1.8 mL solutions of 3 different concentrations of GSH (0.01 mM, 0.1
mM, 1 mM) and water. 100 pL of the bulk solutions are taken time to time and replaced with the same
amounts of fresh GSH solution to keep the overall volume intact. The absorbance of these aliquots are

then measured to find the cumulative release of the dye. The experiments are performed in triplicate.
2.4.11 NMR studies

'H NMR and BC NMR spectra are recorded using a Bruker Ascend 600 MHz (Bruker, Coventry, UK)
spectrometer and referenced to deuterated solvents. To understand the role of hydrogen bonding and
n—m stacking, solutions of 11 and 12 are prepared in DMSO-ds containing varying amount of 20 mM Tris
buffer at pH 8. The solutions are incubated at room temperature for 24 h before recording the *H NMR.

Amount of buffer could not be increased above 40% due to the appearance of large solvent peak.
2.4.12 Density Functional Theory (DFT)

The Mo6 family of functions was chosen over other conventional DFT functions as they are proven to be
more accurate toward geometries and energy calculations for a variety of dispersion-dominated
systems like DNA base-pair stacks and D-A CT complexes.?®® Energy minimized structures of the
monomers and their corresponding supramolecular dimers were obtained using the density functional

theory (DFT) at the B3LYP/6-31G (d,p) accuracy level using the Gaussian og package of programs.
2.4.13 Cell culture

RAW 264.7 macrophages are maintained in DMEM, supplemented with 10% fetal bovine serum, 100
U/mL penicillin, and 100 ug/mL streptomycin while the THP1 monocytes are maintained in RPM),
supplemented with 14% fetal bovine serum, 100 U/mL penicillin, and 100 pg/ml streptomycin. The
peptide is dissolved in different concentrations in 100 pl of 20 mM Tris buffer (pH 8). The cells (murine
macrophages and human monocytic cells) are washed twice in the medium, and seeded directly within
the peptide scaffolds during the gelation stage. This infusion of the peptide hydrogel with the media

helped to requlate the pH, thereby maintaining a constant pH between 7.45 and 7.55, which is suitable
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for cell growth. The cultures are maintained in an incubator at 37 °C with a humidified atmosphere of

5% CO2.
2.4.14 Cytotoxicity assay

The cytotoxicity assay is performed by MTT. 10* cells are seeded onto the hydrogels of varying
concentrations in a 96 well plate and incubated for 24 h. MTT (5 mg/mL) is then added onto the
constructs and incubated at 37 °C for 4 h. After the period, formazan crystals were solubilized in DMSO
and absorbance is measured at 570 nm. The extent of cell viability is measured as the percent viability

within peptide hydrogels with respect to 2-D cultured cells.
2.4.15 Confocal microscopy

The viability of the cells is further assessed by fluorescent live-dead staining. 2-D cultured RAW
macrophages without hydrogel encapsulation served as control. Macrophages are plated in glass-
bottomed culture dishes, cultured in DMEM and 10% FCS and maintained at 37 °C and 5% CO,in a
humidified incubator for 24 h. For microscopic analysis, the DMEM medium is removed and the cell-gel
constructs are washed twice with PBS. Thereafter, 200uL of PBS solution containing 2 uM of calcein
AM and 4 uM Propidium iodide (PI) are added onto the cell-gel constructs for analyzing viable and non-
viable cells. After 15 min of incubation at 37 °C/5% CO,, the labeled cells are viewed under Olympus IX81
microscope equipped with a FViooo confocal system 10X objective and further 30X magnification.
Images obtained are analyzed by Olympus Fluoview (version 3.1a; Tokyo, Japan) and analyzed using

Image J software.

2.4.16 Cell proliferation assay

Cells are plated at a density of 10* cells/well withsolutions of 12 of varying concentrations in a 48 well
plate and incubated for 2 h. The cells are then further incubated either for 24, 48, or 72 h. Cell
proliferation is analyzed by using CyQUANT Direct Cell Proliferation Assay Kit. When the incubation
period is over, the medium was removed and the constructs were incubated with CyQUANT reagent for
1 h at 37 °C according to manufacturer’s instructions. Plates are analyzed by using a fluorometric plate

reader with excitation at 508 nm and emission at 527 nm. 2-D cultured cells are termed as control.

2.4.17 Statistical analysis
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All experiments are performed in triplicates. The results are expressed as the mean = SD. Student t test
was used to calculate the statistical significances of differences among paired data sets, and a p value <

0.05 was regarded to be significant.
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Chapter 3: Modulation of Physical and Biological Properties of

Biopolymer Hydrogels in the Presence of Short Self-Assembling
Peptide
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3.1Introduction

Scaffold that mimics the natural state of the tissue by forming three-dimensional surroundings,
which is biocompatible, non-immunogenic and act as an artificial extracellular matrix (ECM) is
essential for tissue engineering applications. Several types of materials have been used as
scaffolds for tissue engineering purpose till date. Currently, the well-known materials for tissue
engineering scaffold are a combination of inorganic or organic materials and natural
polymers.2°4299 These scaffolds provide mechanical and structural support for cell growth.
Hydrogels of natural or synthetic molecules have emerged as one of the most promising
candidates. In recent years, biodegradable and injectable hydrogels are getting significant
attention as promising candidates for matrix and scaffolds for tissue engineering.2**2*2 Natural
polysaccharide based hydrogels like, chitosan, hyaluronic acid and alginate are commonly used
as a scaffold for tissue engineering.?*®2* 213277 They fylfil the basic criteria of bio-compatibility,
hydrophilic nature and huge water storage in their long entangled network, which mimics the
natural extracellular matrix and allows the cells to adhere and differentiate. However, these
biopolymer-based hydrogels suffer from mechanical properties which are weaker than the
natural ECM and thus cannot be implanted.2°9 213 228

The mechanical properties of these biopolymers can be enhance by the synthesis of composite
hydrogel to make it suitable for tissue engineering.?* In this respect, an additive that does not
compromise with the biocompatibility and biodegradability but enhance the usability of these
bio-polymeric hydrogels for bone tissue engineering application is essential.?* 22° Peptide
hydrogelators appear to be a favourable choice as their material properties can be tuned by
manipulating the assembly process, which in turn enables to modulate cellular functionality and
tissue morphogenesis. 4 60 221-224 Peptides can self-assemble in aqueous medium to form
fibrous network like structures that can immobilize water molecules through cohesive forces
leading to self-supporting hydrogels. The advantage of these hydrogels are, a) they are made of
natural amino acids, generally biocompatible and biodegradable in nature, b) by fine-tuning the
extent and proportions of different noncovalent interactions, the properties including the
mechanical ones can be tuned easily, ¢) easy incorporation of specific functional groups allows
to create smart stimuli-responsive materials.**° Control over the mechanical and functional
properties can also be tailored by combining two or more gelator molecules to form composite
hydrogels.??5227 Co-assembly of two building blocks have been previously observed to have
resulted in hybrid materials with superior physical properties and biocompatibility not shown by

individual building blocks.>23 226, 228-230

TH-3050_176122040 1

—
| —



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

To this end, recently we have demonstrated a tripeptide, PyKC (Scheme 1), that formed, in the
hydrogel state, very tightly knitted network of thin fibers.?* ¢ The glutathione responsive
supramolecular hydrogel of PyKC remained insoluble in water and other water miscible organic
medium, buffers of different pH (3 — 11) as well as in human blood serum. Additionally, the
formed hydrogel showed extreme confinement property as exchange of solvent or solute was
highly restricted to and from the gel. In continuation to that work, we have recently reported
another series of similar peptides with KC unit at the C-terminal and the hydrogels of those
peptides showed excellent cell-proliferation in the hydrogel network.?3* Based on these
successes, we envisioned that PyKC could be an excellent candidate to prepare two-component
composite hydrogel with biopolymers. The tendency to form very tightly woven network may
possibly enhance the mechanical properties, introduce thixotropic/injectable nature to the
composite hydrogels and make them attractive plat-form for bone tissue engineering.

Herein, we report the effect of combining PyKC with four different biopolymers on their
hydrogel properties and especially on the mechanical behaviour. We observed that only 10%
doping of PyKC results in significant improvement of the composite hydrogels. Based on the
overall properties of these materials, the composite hydrogel prepared in combination of HA
and PyKC was further tested for bone cell proliferation and differentiation and found that the

combination is an excellent platform for supporting osteogenic differentiation.

3.2 Results and Discussions

To prepare the composite hydrogels for an effective 3D artificial ECM for bone tissue
engineering, we have combined PyKC with different biopolymers. Four different polymers were
chosen for this purpose chitosan (Cht), sodium alginate (Alg), gelatin (Gel), and hyaluronic acid
(HA) (Scheme 3.1). All these polymers are capable of forming hydrogels under different
experimental conditions and are used as artificial ECM either in combination with other
materials or as the sole component and showed promising results.”3> Our idea was to
incorporate the PyKC molecules to these polymeric systems and create composite hydrogels
that may possess superior properties compared to that of the pristine polymers. To form
Polymer/PyKC composite hydrogels, initially, the two components were mixed in 1:1 ratio by
volume to attain 1 wt% polymer and 1 wt% PyKC in the respective composite hydrogels.
However, the hydrogels prepared using this ratio resulted into very weak hydrogels (data not
shown) and therefore, polymer—PyKC ratio was changed to 10:1 (wt%0). All the studies were per-
formed with these gels. However, in the case of gelatin, it wasdifficult to construct such

composite hydrogel and thus the 1 wt% gelatin and 1 wt% PyKC hydrogel was used for further
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studies. Hereafter, the composites are denoted as, polymer short name (Cht, Alg, Gel, or HA)/
PyKC. Notably, for Alg and Gel, no hydrogel could be formed at 10 and 1 wt% concentrations

respectively in absence of PyKC.

NH2+

A

Sodium Alginate (Alg)

H
Gelatin (Gel)
%& N
?@J[ .
L N\)LN NH,

Chitosan (Cht) <N
ol
O NH,  PyKC

Hyaluronic Acid (HA)
Scheme 3.1 Chemical structures of different biopolymers and PyKC used in this study to construct composite hydrogels.

Various characterization studies were performed to under-stand and compare the properties of
the composite hydrogels with that of the hydrogels prepared by the polymers alone or by PyKC.
Due to the presence of Cysteine residue in the sequence, PyKC forms disulphide linked dimer in
neutral to basic condition.™® Previously we observed that the formation of the dimers is crucial
for the hydrogelation of PyKC.*® Analytical HPLC analyses of these composites show that
indeed, for the first two cases, no trace of the PyKC monomer could be seen whereas
incomplete dimerization was observed for the other two (Figure 3.1). The extent of dimerization
for Cht and Alg composites were found to be 65 and 70% respectively. The % conversion did not
improve even after incubation for seven days. The gel melting temperatures (Tg) were then
measured for all the composites by ball dropping method (Table 3.1). HA/PyKC and Gel/PyKC
hydrogels were found to be stable up to go °C and no sign of melting were observed at this
temperature. On the other hand, the Alg/PyKC and Cht/PyKC composites registered their
melting temperatures at 8o and 72 °C respectively. Importantly, the T4 of PyKC was recorded as
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PyKC-dimer
Gel/PyKC

Alg/PyKC

PyKC /\h
{\l\ Cht/PyKC

HA/PyKC

Retention Time (mln)

Figure 3.1 HPLC traces of 24 h samples of different composite hydrogels showing the extent of monomer to dimer conversion

of PyKC.

Table 3.1. Compositions and different properties of the hydrogels studied.

Hydrogels PyKC  Biopolymer Sol/Gel To(°C) Swelling Average G'Average G
(wt%)  (wt%) ratio (Pa) (Pa)

Gel/PyKC 1 1 gel 8o 32.50 2500 1020

Alg/PyKC 1 10 gel >90  12.41 2400 920

Cht/PyKC 1 10 gel 72 16.08 120 80

HA/PyKC 1 10 gel >90 14.81 5000 1130

Gel - 1 sol - - 2.3 83

Alg - 10 viscous sol - - 4.5 9.5

Cht - 10 gel 73 12.24 140 90

HA - 10 gel >90  10.52 2050 580
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10 um

Figure 3.2 FESEM images of different hydrogels. A) HA/PyKC (10-1 wt%); B) Cht/PyKC (10-1 wt%); C) HA (10 wt%); D) Cht (10
wt%); E) Alg/PyKC (10-1 wt%); and F) Gel/PyKC (1-1 wt%).

The morphologies of the composite hydrogels were evaluated using Field Emission Scanning
Electron Microscopic (FESEM) analyses. For HA/PyKC, well arranged brick like structures were
observed (Figure 3.2 A). Whereas, for Cht/PyKC composite hydrogel, long entangled fibrillary
network several micrometer long fibers could be seen under FESEM (Figure 3.2 B). These
morphologies are significantly different than that of the hydrogels formed by the corresponding
polymers alone at this concentration, as can be seen in Figure 3.2 C-D. Such fibrillar network was
also not observed in Alg/PyKC and Gel/PyKC which displayed dense bundle like morphology.

Next, the swelling behavior of these composite hydrogels were studied.?® As can be seen in Figure 3.3,
the highest swelling ratio (Table 3.1) was noted for Gel/PyKC with a value of 3250% while the lowest was
found for Alg/PyKC (1241%). For Cht and HA composites, the swelling obtained was 1608 and 1481%,
respectively. Importantly, the presence of PyKC resulted in an enhancement in the swelling ratio when

compared to the respective polymer hydrogels. The presence of PyKC in the composites certainly
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allows enhanced water retention in the 3D hydrogel structure presumably by contributing the tightly

knitted network as previously seen for PyKC hydrogel.

100 7

Swelling ratio
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Figure 3.3 Swelling ratio of different hydrogels.

In order to study the kinetics of the hydrogel formation and their mechanical properties, rheological
analyses were performed. The composite and the polymer samples under similar conditions were used
for both frequency as well as amplitude sweep experiments. The hydrogels were subjected to the
application of 0.01-1000% strain at a constant frequency. As expected, in the amplitude sweep
experiments, both Alg and Gel samples showed higher G” (loss modulus) values than the corresponding

G’ (storage modulus) showing the liquid character as they fail to form any hydrogel (Figure 3.4).>*

Rheological strain sweep resulted in a wide linear viscoelastic region of up to ~10% strain for Cht/PyKC
and Gel/PyKC hydrogels while Alg/PyKC hydrogel showed linear viscoelastic region up to 1% starin.
Interestingly, HA/PyKC hydrogel displayed strain sustain-ability up to 100%. G’ of the polymer/PyKC
composite hydrogels obtained from the frequency sweep experiment on the prepared hydrogels by
applying the frequency range of 0.01-1000 rad/s, showed the HA/PyKChydrogels to be the strongest
(~5000 Pa), followed by Gel/PyKC (~4000 Pa), Alg/PyKC (~2000 Pa), Cht/PyKC (~100 Pa) (Figure 3.5).

TH-3050_176122040 76

—
| —



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

A) 100007 B) 100007
e G (Cht/PyKC)
® G'(Alg/PyKC) ’
o G’ (Alg/PyKC) o G" (Cht/PyKC)
1000 {sesssesesscsses, * G'(Alg) 1000+ * G'(Cht)
s * G"(Alg) * G"(Cht)
= 500000000000 e00s 00
o % oo .
100, % £ 100{ .“-\
. s e *
9 N T
o] bbb s "
TO Jstapshrotsst sttt sttt bbbt st A s o 104 '; ‘*
s s S YA A B Y R *
»*
1 T T T T 1 -I T T T T T T
0.01 0.1 1 10 100 1000 001 0. 1 10 100 1000
€)100007 Strain (%) DY100003 Strain (%)
1000 4 o G’ (Gel/PyKC) |
. g ((g e|| ;PyKC) 1000
P gatooe0sesty * G'(Ge
& "o, * G” (Gel)
B 100 \-. £100 o
) = y * ¥
> ] o G'(HA/PYKC) .
[ ) o G'(HA/PYKC)
10 '.'. 107  « GHA)
" . * G"(HA)
: [obbbebrerbebbobbibbbotbobeottbitebobtety :
0.01 0.1 110 100 1000 0.01 0.1 1 10 10 1000
Strain (%) Strain (%) 00

Figure 3.4Changes in storage and loss moduli as a function of shear strain (amplitude sweep at a frequency of 1 rad s7) for A)
Alg and Alg/PyKC, B) Cht and Cht/PyKC, C) Gel and Gel/PyKC and D) HA and HA/PyKC hydrogels measured at room
temperature

These results are interesting as Gel and Alg were unable to form any hydrogel under similar
experimental condition but the presence of only 1% PyKC resulted in a moderately strong hydrogel.
Notably, the presence of PyKC, in all cases enhanced the gel strength considerably. As a good gelator,
PyKC probably forms the driving force of the supramolecular organization with these polymers via H-
bonding, thus producing a composite hydrogel with high mechanical rigidity. The hydrophilic/lipophilic
balance (HLB)"° of Cht/PyKC hydrogel probably beyond the suitability to form rigid gel.

The standard rheological analyses were followed by thixotropy measurements. Thixotropy of hydrogels
is an important property that helps in determining the possibility of bio-medical applications especially
in case of localized drug delivery and 3D cell-proliferation. *°**3 A thixotropic hydrogel shows thinning
upon application of a shear strain and on removal of the strain it returns back to the original gel state. In

the present cases, all the composite hydrogels showed good thixotropic characters.
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Figure 3.5 Frequency sweep profile of different hydrogels studied at room temperature.

However, the hydrogels formed by 10 wt% HA and Alg did not show thixotropic behavior. Figure 3.4

shows that all the composite hydrogels exhibit yield strain and transform into quasi-liquid, which

indicate the start of deformation of the gels and possible thixotropic nature. Time dependent strain

sweeps were executed at a fixed angular frequency (1 rad s™) and alternating the applied strains for

each of these composite hydrogels (Figure 3.6). At higher strain, the viscoelastic nature is lost which

returned back in every successive step where lower strain is applied. These results confirm that all the

hydrogels are thixotropic. The injectability of these composite gels were tested by preparing the

hydrogels in a syringe and then injecting them into water. In all cases, the composite hydrogels could

easily be injected (Figure 3.7).

TH-3050_176122040

—

78

—t



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

A)100007 B) 100007
u G' (Cht/PyKC)
1000 e 10005 = G/(Cht/PyKC)
mmE S o e ey
—~ 1004 n G’ (Alg/PyKC) — 1004 =
S u G (Alg/PyKC) R [ L=
9 - (V)
2 10 - = G 10y - - -
- - - - - B
0.1 . . : . 0.1 : . . .
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (s) Time (s)
10000, D 100004
- e _— N emes
4 —— L]
1000 [ . - - 1000 4 [ ] ——
100 u G/ (HA/PYKC)
5 u G'(Gel/PykO) 5 1007 = G"(HA/PYKC)
T 10y, = G*(Gel/PyKC) <
(L) (W)
e ] L] -~ - 5 10 |- - - - -
|
ol - L™ [ ] 1 - - - - -
0.01 . . . ‘ 0.1 ‘ ‘ . .
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (s) Time (s)

Figure 3.6Thixotropic behavior of the composite hydrogels (A) Alg/PyKC, B) Cht/PyKC, C) Gel/PyKC and D) HA/PyKC)
demonstrated by the continuous step strain measurements at room temperature.
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Figure 3.7. Photographs of all the composite hydrogels (rhodamine loaded) during injection in bulk water showing injectability

property.

It is clear that the presence of PyKC significantly alters the aggregation property of the polymers. When

compared between the polymeric and the corresponding composite hydrogels, significant presence of

the PyKC-dimers in the composites, and the fact that Alg and Gel required the presence of PyKC to

form hydrogels supports critical role of PyKC toward the hydrogel formation in these composites.

Moreover, the presence of PyKC not only enhances the mechanical strength in the composites but also

increases the water uptake as well as introduces the thixotropic behaviour.
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Next, the temperature dependent rheological analyses of the HA/PyKC and Alg/PyKC systems were
performed. The amplitude and frequency sweep experiments were performed at three different
temperatures (25, 37 and 50 °C). As can be seen from Figures 3.8 and 3.9, HA/PyKC hydrogel displayed

strain sustainability up to 100% at all three temperatures.
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Figure 3.8 Temperature dependent amplitude sweep and frequency sweep of HA/PyKC and HA hydrogels. A) and C) amplitude
sweeps and B) and C) frequency sweep data for HA/PyKC and HA respectively.
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Figure 3.9 Temperature dependent A) amplitude sweep and B) frequency sweep of Alg/PyKC hydrogel.
The G’ values from the frequency sweep experiments indicated that with increase in temperature the

gels become stronger and retained their stability at all temperature ranges. However, in case of

Alg/PyKC hydrogel, the strain sustainability was found to be up to only 2 % (Figure 3.9). From the
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temperature sweep experiments, both the HA/PyKC and 10 % HA hydrogels were found to resist
dissolution at higher temperature.

Further, the hysteresis loop obtained in case of HA/PyKC hydrogel clearly indicate that at higher shear
rate the hydrogel was not damaged and it comes back to its initial position when the shear rate was
lowered (Figure 3.10 A). However, in case of 10 % HA hydrogel, at higher shear rate the hydrogel was

damaged but upon rest, the structure reforms and finally meets to the initial position.
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Figure 3.10 A) Hystersis loops of HA/PyKC and HA hydrogels measured at RT. B) Frequency sweep profile HA/PyKC composite
hydrogel before and after 24 h incubation in a-MEM supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100
U/mL streptomycin.

To evaluate the potential of the Polymer/PyKC composite hydrogel as a scaffold for tissue engineering,
their biocompatibility was assessed using in vitro cell culture experiments. However, Cht/PyKC hydrogel
was too weak to proceed for the cell regeneration study, therefore we decided to proceed with the
other three Polymer/PyKC composite hydrogels. MC3T3-E1 preosteoblast cells were seeded on
prewashed Alg/PyKC, HA/PyKC and Gel/PyKC composite hydrogels. The viability of the MC3T3-E1 cells,
evaluated by MTT assay after 3 days showed high bio-compatibility of 85— g0% on HA/PyKC hydrogel
while Gel/PyKC and Alg/PyKC hydrogels showed 60 — 65% and 37 — 40% cell viability respectively
(Figure 3.11 A).

Among all the composite hydrogels tested, HA/PyKC demonstrated superior characters in terms of
mechanical properties and also found to be biocompatible. Thus, all further studies were carried out
using the HA/PyKC composite hydrogel. Since bio-stability of any hydrogel is a prerequisite for bio-
medical applications, we evaluated the stability of the HA/PyKC hydrogel toward proteolytic

digestion.”™
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Figure 3.11Cytocompatibility and stability of the composite hydrogels. A) Cytotoxicity profile of different composite hydrogels
toward MC3T3-E1 preosteoblast cells after 3 days. B) Stability of the HA/PyKC and PyKC hydrogels against the proteinase K
digestion. C) Bright field image of MC3T3-E1 cells on Hyaluronic acid/PyKC composite hydrogel. D) Fluorescence spectroscopic
image of live MC3T3-Ex cells on Hyaluronic acid/PyKC composite hydrogel. Scale bar = 100 um.

Figure 3.11 B shows the enhanced resistance of the composite hydrogel toward proteinase K digestion
compared to the PyKC hydrogel. As can be seen, even after 7 days of incubation, only 28% of the
composite hydrogel is lost while ~70% amount PyKC hydrogel is lost. These results show a strong
resistance of the composite hydrogel toward enzymatic digestion and also provides evidence that the
two components mutually enhance the quality of the hydrogel for bio-medical applications.

The stability of the HA/PyKC hydrogel in the culture medium was then tested by incubating the
hydrogel in a-MEM supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 U/mL
streptomycin. Photographs of the hydrogel was then taken at different time interval. It is prominent
that with time, the culture medium penetrated inside the hydrogel matrix as the colour of the hydrogel
is intensified over time (Figure 3.12). However, the composite hydrogel was observed tobe quite stable
after 24 h of incubation as upon inversion of the vial, the gel was found to be intact. Rheological

analyses of this hydrogel showed only a nominal decrease in its strength (Figure 3.10 B).

TH-3050_176122040 32

—
| —



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

Figure 3.12Photographs of HA/PyKC hydrogel at different time intervals while incubated in aMEM showing stability of the
composite hydrogel in the culture medium.

To this end, bone regeneration in artificial scaffold is an important area of research. The HA/PyKC
composite hydrogel showed mechanical properties that could be suitable as an artificial scaffold for
bone regeneration.s> 2 First we studied the scaffold ability to supports pre-osteoblast growth,
proliferation and differentiation using MC3T3-E1 pre-osteoblast cells. The cytocompatibility analysis of
HA/PyKC hydrogel displayed ~90% cell viability. The morphology of the cells on HA/PyKC hydrogel after
3 days were observed Live/Dead staining comprising a cell membrane dye used to indicate live cells
(fluorescein diacetate, green), and a DNA stain that indicates dead cells (propidium iodide, red). Most
promisingly we observe, highly populated green cells with good shape and morphology (Figure 3.11 C-
D) while no propidium iodide staining which further supports the viability of MC3T3-E1 cells on the
HA/PyKC hydrogel.

Further, we determined the extent of differentiation and matrix mineralization of the MC3T3-E1 cells on
the HA/PyKC composite hydrogel by Alizarin red assay. Extracellular calcium deposits are produced by
pre-osteoblasts during mineralization. These deposits can be stained by Alizarin red and can be
quantified to determine the extent of mineralization arising from bone nodule formation. The amount
can then be normalized to the number of cells. The cellular matrix displayed an in-tense red stain after
14 days of differentiation on HA/PyKC hydrogel compared to that of pre-differentiation (Figure 3.13 A).
Quantified alizarin red staining intensity was found to be ~ 4 times higher in case of differentiated cells
(Figure 3.13 B) as compared to the pre-differentiated cells.

Further we evaluated early osteogenic differentiation marker of osteoblast progenitor cells MC3T3-E1
by determining the alkaline Phosphatase (ALP) activity of the cells that were grown on the composite
hydrogel. MC3T3-E1 preosteoblasts were seeded on prewashed composite hydrogels and differentiated
in osteogenic medium for 14 days. Following incubation, ALP activity was measured using an ALP
substrate, 4-Methylumbelliferyl Phosphate (4-MUP), to the seeded cells. As can be seen in Figure 3.13 C,
the ALP activity was ~ 3.5 times higher in case of the differentiated cells when compared with pre-

differentiated cells. The observed elevated ALP activity for the differentiated cells suggests that the
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HA/PyKC composite hydrogel is capable of inducing osteogenic response to osteoblast progenitor
MC3T3-E1 cells. These results provide convincing evidence that the HA/PyKC hydrogel efficiently
induces the differentiation and mineralization of MC3T3-E1 preosteoblast cells and thus meets the pre-

requisites of a potential bone regeneration scaffold to be utilized in future.
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Figure 3.13 Osteogenic response of MC3T3-E1 cellson the HA/PyKC composite hydrogel. A) Microscope images of MC3T3-E1
preosteoblast cells stained with Alizarin red before (pre-differentiation) and after (post-diferentiation) 14 days of osteogenic
differentiation on HA/PyKC hydrogel. Scale bar = 5oo um. B) Quantification of calcification by Alizarin red staining of MC3T3-
E1 preosteoblast before and after 14 days of osteogenic differentiation on HA/PyKC hydrogel. C) Quantification of Alkaline
Phosphatase (ALP) activity of MC3T3-E1 preosteoblast cells before and after 14 days of osteogenic differentiation on HA/PyKC
hydrogel. Scale bar = 5oo um.

3.3 Conclusions

We have successfully demonstrated the significant effect of a short peptide, PyKC, on the gelation
process and hydrogel properties of different biopolymers. Systematic analyses of the composite
hydrogels of PyKC with four different biopolymers show that the presence of PyKC enhances the water
content, mechanical strength as well as introduces thixotropic property to these biopolymers.

Importantly, all these changes are achieved with only 1% doping of the peptide. The composite
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hydrogel of HA/PyKC was found to be the most suitable to serve as a scaffold capable of inducing
osteogenic differentiation to osteoblast progenitor cells. Matrix mineralization and high ALP activity
displayed by the proliferated pre-osteoblast cells on the composite hydrogel adds to its high potential
for future bone tissue engineering applications. Moreover, the thixotropic behavior also opens up the
possibility of evaluating this composite hydrogel for the purpose of artificial synovial fluid.

3.4 Experimental section
3.4.1 General information and materials

All the protected amino acids and coupling agents, resin were acquired from GL Biochem,
China. Gelatin, Sodium Alginate and Proteinase K (from Tritirachium albumin) and Minimum
Essential Medium Eagle (aMEM) were purchased from Sigma Aldrich (USA), Sodium
Hyaluronate and Chitosan were procured from TCl Chemicals (India). Triethylsilane (TES),
trifluoroacetic  acid (TFA), N, N - diisopropylethylamine (DIPEA). HPLC-grade
dimethylformamide (DMF), and acetonitrile (ACN) were obtained from Spectrochem (India)
and Fisher Scientific (India). Milli-Q water with a conductivity of less than 2 S cm™ was used for
all sample preparations. Electrospray ionization mass spectrometry (ESIMS) were performed
with a Q-Tof-Micro Quadrupole mass spectrometer (Micromass) and data were analyzed using
the built-in software. MALDI analysis were performed with Bruker Daltonics - autoflex™ speed

MALDI-TOF instrument.

3.4.2 Synthesis of PyKC

PyKC was synthesized according to the following Scheme 3.2.
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Scheme 3.2 Synthetic route for PyKC

Characterization data
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Compound 13

To an ice-cold solutin of Fmoc-Cys(Trt)-OH (2 g, 3.4 mmol) in tetrahydrofuran (THF),
Carbonyldiimidazole (CDI, 1.10 g, 6.8 mmol) was charged under nitrogen atmosphere and the mixture
was stirred for 3 h. Aqueous ammonia (25%) (2 mL; 13.3 mmol) was added into the reaction mixture and
stirred for another 1 h at 0 °C. The reaction was quenched by adding 2N HCl (20 mL). THF was removed
under reduced pressure and the aqueous layer was extracted with ethyl acetate. The organic layer was
separated, dried over anhydrous Na,SO,, filtered and concentrated under reduced pressure. Desired
product was purified by column chromatography to obtain the product as a white solid (Yield = go%)
ESI-MS (m/z): calculated, 582.21 for Cy;H5.N,O,S; found, 605.233 for [M+Na]* ; *H NMR (400 MHz,
CDCly) & (ppm) =7.64 (dd, J = 7.6, 5.1 Hz, 2H), 7.45 (d, J = 7.6 Hz, 2H), 7.30 (dt, / = 8.2, 2.5 Hz, 8H), 7.16
(tdd, /=7.7,6.3, 2.2 Hz, gH), 7.12 —7.06 (m, 3H), 4.32 (dd, /= 6.5, 2.8 Hz, 2H), 4.07 (t, / = 6.6 Hz, 1H), 3.37
(q,/=7.0Hz, 1H), 2.62 = 2.46 (m, 2H), 1.20 (t, /= 7.0 Hz, 1H). BCNMR (200 MHz, CDCl;) & (ppm) = 172.39,
144.43, 129.70, 128.23, 127.93, 127.90, 127.25, 127.22, 127.09, 125.14, 125.09, 120.16, 77.16, 47.33.
Compound 14

Compound 1 (1.7 g, 1 equiv.) was dissolved in acetonitrile (ACN), to which triethylamine (3 mL, excess)
was added and stirred for 24 h at room temperature. On disappearance of the starting material, the
reaction mixture was extracted with DCM, washed with brine and the organic layer was dried over
anhydrous Na,SO,. DCM was evaporated and the product was purified by column chromatography to
obtain a white solid (yield = 95%). ESI-MS (m/z): calculated, 363.15 for C,,H..N,OS; found, 384.776 for
[M+Nal*. "H NMR (400 MHz, CDCl;) 8 (ppm) =7.34 —7.27 (M, 6H), 7.15 (dd, / = 8.4, 6.7 Hz, 6H), 7.09 (d, J =
7.2 Hz, 3H), 6.70 —6.63 (m, 1H), 5.82 — 5.74 (M, 1H), 2.86 (dd, / = 8.5, 4.0 Hz, 1H), 2.58 (dd, / =12.8, 4.0 Hz,
1H), 2.41 (dd, J = 12.8, 8.5 Hz, 1H). 3C NMR (150 MHz, CDCl)d (ppm) = 176.26, 144.59, 129.62, 128.03,
126.86, 67.04, 53.96, 37.24.

Compound 15

Fmoc-Lys (Boc)-OH (1.07 g, 1 equiv.), HOBT (0.425 g, 1.2 equiv.) HBTU (0.48 g, 1.1 equiv.) and DIPEA
(0.43 mL, 1.1 equiv.) were taken in dry DCM under argon atmosphere and stirred for 30 min at 0 °C. A
solution of compound 2 (0.9 g, 1 equiv.) in dry DCM, was added to the mixture under cold condition and
was allowed to come to room temperature. After 24 h, the reaction mixture was extracted with DCM,
washed with brine and the organic layer was dried over anhydrous Na,SO,. After evaporating the DCM,
the crude mixture was purified using column chromatography. The product obtained was a light-yellow
solid (yield = 75 %). MALDI-TOF (m/z): calculated, 812.36 for C,sH:,N,OsS; found, 835.43 for [M+Na]*; *H
NMR (600 MHz, CDCly) 8 (ppm) =7.78 (d, /= 7.6 Hz, 2H), 7.59 (dd, / = 7.6, 2.9 Hz, 2H), 7.42 (d, / = 7.8 Hz,
8H), 7.33—7.27 (m, 8H), 7.20 (t, /= 7.2 Hz, 3H), 6.66 (s, 1H), 6.35 (s, 1H), 5.83 (s, 1H), 5.57 (s, 1H), 4.39 (d, J =
6.9 Hz, 2H), 4.18 (t, /= 6.9 Hz, 2H), 4.09 (s, 1H), 3.16 — 2.99 (M, 2H), 2.78 (s, 1H), 2.65 — 2.54 (M, 1H), 1.87
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(s, 4H), 1.45 (s, 13H), 1.35 (5, 2H); 2C NMR (150 MHz, CDCl3) & (ppm) =172.24, 171.89, 144.41, 129.63,
128.19, 127.90, 127.89, 127.25,127.02, 125.18, 120.12, 67.29, 53.57, 52.02, 47.23, 33.20, 29.78, 28.56, 22.27.
Compound 16

Compound 3 (1.43 g, 1 equiv.) was dissolved in ACN, to which triethylamine (3 mL, excess) was added
and stirred for 36 h at room temperature. The reaction mixture was extracted with DCM, washed with
brine solution, and the organic layer was dried over anhydrous Na,SO,. DCM was evaporated and the
product was purified using column chromatography to obtain a white solid (yield = 95%). MALDI-TOF
(m/z): calculated, 590.29 for C;;H,.N,O,S; found, 613.25 for [M+Na]*; *H NMR (600 MHz, CDCly) &ppm)
=7.73 (s, 1H), 7.40 (d, J =7.8 Hz, 6H), 7.28 (t, /= 7.6 Hz, 6H), 7.21 (t, / = 7.3 Hz, 3H), 6.25 (s, 1H), 5.56 (5, 1H),
4.62 (s, 1H), 3.99 (s, 1H), 3.35 (s, 1H), 3.11 (s, 1H), 3.05 (s, 1H), 2.67 (dd, J = 13.1, 8.1 Hz, 1H), 2.61 (dd, J =
13.0, 5.6 Hz, 1H), 1.76 (s, 1H), 1.42 (s, 13H), .37 (t, / = 7.3 Hz, 2H); 2C NMR (250 MHz, CDCl;) 6 (ppm) =
175.56, 172.24, 144.41, 129.60, 128.06, 126.89, 67.15, 54.91, 51.73, 46.11, 34.46, 33.11, 29.85, 28.45, 22.75.
Compound 17

Pyrene butyric acid (0.414 g, 1 equiv.), HOBT (0.202 g, 1.1 equiv.) HBTU (0.567 g, 1.1 equiv.) and DIPEA
(0.58 mL, 1.1 equiv.) were taken in dry DCM under argon atmosphere and stirred for 30 min at o °C. A
solution of compound 4 (0.9 g, 1 equiv.) in dry DCM, was added to the mixture under cold condition and
was allowed to room temperature. After 24 h, the reaction mixture was extracted with DCM, washed
with brine, and the organic layer was dried over anhydrous Na,SO,. After evaporating the DCM, the
crude mixture was purified using column chromatography. The product obtained was a light green solid
(vield = 65%). MALDI-TOF (m/z): calculated, 860.40 for C;HeN,O.S; found, 883.541 for [M+Na]*; *H
NMR (400 MHz, CDCl3) &ppm)= 8.24 (d, / = 9.3 Hz, 1H), 8.16 (d, / = 7.6 Hz, 2H), 8.08 (dd, /= 8.5, 2.6 Hz,
2H), 8.01(d, /= 4.4 Hz, 2H),7.98 (d, /= 7.6 Hz, 1H), 7.80 (d, / = 7.8 Hz, 1H), 7.37 (dd, /= 7.6, 1.8 Hz, 6H), 7.23
(t, /=7.6 Hz, 6H), 7.19 —7.12 (m, 3H), 6.61 (dd, J = 22.1, 7.0 Hz, 2H), 6.43 (s, 1H), 5.51 (d, / = 6.7 Hz, 1H), 4.73
(d, J=6.4 Hz, 1H), 4.33 — 4.10 (m, 2H), 3.40 —3.22 (M, 2H), 3.22 — 2.99 (M, 2H), 2.88 — 2.77 (m, 1H), 2.52
(dd, J=13.0, 5.2 Hz, 1H), 2.33 (t, / =7.3 Hz, 2H), 2.24 — 2.09 (m, 3H), 1.69 (s, 6H), 1.65 — 1.53 (M, 2H), 1.36
(s, 12H), 1.28 (d, /= 11.8 Hz, 13H), 0.93 — 0.81 (M, 5H). 3C NMR (150 MHz, CDCl;) &ppm)= 173,93, 172.45,
172.00, 144.38, 135.84, 131.47, 130.00, 129.60, 128.13, 127.58, 127.48, 127.45, 126.96, 126.77, 125.93, 125.14,
125.04, 124.98, 124.91, 124.87, 123.45, 79.29, 77.37, 77.16, 76.95, 67.18, 53.80, 52.12, 46.09, 39.63, 35.74,
33.41, 32.87,31.33, 29.79, 29.75, 28.50, 27.33, 22.38.

PyKC

Compound 5 was taken in 80% TFA — DCM containing 1% triethylsilane and stirred at room temperature
for 1h. The solvent and TFA were removed under reduced pressure and the crude material was slowly
added to cold dry diethyl ether to precipitate PyKC. The solid was washed several times with diethyl

ether and the purity of the solid was checked by analytical HPLC. ESI-MS calculated. 518.24 for
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CooH3,N,O5S, found: 519.24 (M/z). *HNMR (DMSO-ds, 400 MHz): 6 (ppm) = 8.39 (d, / = 9.3 Hz, 1H), 8.28
(m, 2H), 8.23 (m, 2H), 8.14 (d, / = 2.0 Hz, 2H), 8.07 (t, J = 7.6 Hz, 1H), 7.97 (t, / = 8.2 Hz, 2H), 7.66 (s, 3H),
7.29 (s, 1H), 7.20 (s, 1H), 4.39 — 4.21 (M, 2H), 2.90 — 2.66 (M, 4H), 2.29 (M, 3H), 2.03 (M, 2H), 1.69 (M, 1H),
1.55 (M, 3H), 1.35 (d, J = 35.3 Hz, 2H). *C NMR (1200 MHz, DMSO-ds): 6 (ppm) = 172.96, 172.31, 171.87,
137.06, 131.36, 130.90, 129.78, 128.06, 127.93, 127.70, 126.99, 126.63, 125.42, 125.26, 124.03, 55.06, 53.19,
39.18, 35.29, 32.71, 31.44, 28.00, 27.10, 26.58, 22.82.

3.4.3 Preparation of the hydrogel

PyKC stock solution (2 wt%) was prepared in Tris buffer and was used immediately to avoid any
dimerization before the composite hydrogel preparation. Hyaluronic acid and sodium alginate
stock solutions of 20 wt % were prepared by overnight stirring or shaking in ultrapure water.
Chitosan stock solution of 20 wt % was prepared in 0.1 M acetic acid solution by overnight
stirring. For Gelatin, a readymade 2% solution in water available from Sigma was used directly.
For composite hydrogel formation, two components were mixed in 1:1 ratio by volume (to attain
a final concentration of 10 wt% for HA, Alg and Cht while the concentration of PyKC remain 1
wt%0). The mixing was followed by 30 sec vortexing followed by 24 h incubation at room
temperature. For Gel composite hydrogel, the same protocol of mixing was followed while the
final concentration of Gel was maintained at 1 wt%. For the hydrogels of pure biopolymers,
solutions of the biopolymers were prepared following the above-mentioned protocols and the
respective concentrations were maintained in the final solutions before they were incubated for
24 h at room temperature to form the hydrogels. However, Alg and Gel failed to form hydrogels

at 10 and 1 wt.% concentrations respectively.

3.4.4 Field emission scanning electron microscopy (FESEM)

Small portions (5 plL) of 24 h matured composite and pure biopolymer hydrogels were cast on
silicon wafers and dried under ambient condition for 24 h. Images were taken on a Gemini SEM
300 (Sigma Zeiss; FESEM) instrument.

3.4.5 Swelling property

All the pure and composite biopolymer hydrogels were freeze dried individually and weights of
the hydrogels were noted (Wg), and the dried disc shaped materials were immersed in large
excess of water at room temperature for a definite time. The dispersion of water-swollen gels
was centrifuged, taken out of the bulk water and weighed (Ws). The measurements were
performed at different time intervals up to 24 h and repeated three times to get mean values for

calculations. The swelling ratio (SR) were calculated following equation (1)
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SR="2""d » 100% ()
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3.4.6 Stability of Hydrogels toward proteolytic digestion

The enzymatic degradation of the hydrogels were carried out by using proteinase K enzyme
assay. To characterize the enzymatic degradation of the hydrogels, a small portion of each
hydrogel sample was placed in a 1.5 ml centrifuge tube and incubated with 1 ml of proteinase K
solution (3 units/mL) in HEPES buffer (20 mM, pH 7.4). To maintain enzymatic activity, buffer
solution was replaced every 24 h. After a predetermined time, the samples were removed from
the solution, soaked with the tissue paper and weighed. The experiments were performed in
triplicate to get the mean values. The percentage degradation was calculated by the ratio of the
final weight to the original weight of the hydrogels.

3.4.7 Stability of hydrogel in cell culture medium

The composite hydrogel, HA/PyKC was prepared in a glass vial. a-MEM supplemented with 10%
fetal calf serum, 100 U/mL penicillin, and 100 U/mL streptomycin was then added on top of the

hydrogel and incubated at 37 °C. Photographs were taken at different time points.

3.4.8 Rheology

The rheological measurements of the pure biopolymer and composite hydrogels were done
with the use of an Anton Paar MCR 102 rheometer equipped with a 20 mm parallel plate (with
0.3 mm zero gap) measuring system at 25 °C. For the oscillatory tests, an amplitude strain
sweep was carried out at frequency of 1 Hz and deformation ranging from 0.01 to 1000%. The
frequency sweep was made in controlled deformation (fixed from the range of linear
viscoelasticity (LVE) determined through amplitude sweep measurements), and in a frequency
range from 0.1 to 100 rad/s. Cyclic dynamic strain sweep experiment was performed at a
constant angular frequency of 1 rad s by altering the applied strain from 0.1 to 1000%. In this
experiment, a higher strain (y = 1000%) and a lower strain (y = 0.2%) are applied on the gel
alternatively over a period of five successive cycles. For temperature dependent rheological
experiments, amplitude sweep and frequency sweep experiments were performed at room
temperature (25 °C), physiological temperature (37 °C) and at 5o °C. For temperature sweep
experiment, samples were allowed to equilibrate on the rheometer at 25 °C for 3 min prior to
the temperature-sweep measurements. Following this, the temperature was raised from 25 °C
to 5o °C at 1 °C/min at a constant frequency of 1 Hz and constant amplitude of 10 % and the
viscosity values were recorded. For Shear stress versus shear rate hysteresis cycles were

performed at three stages. At first the shear rate was increased linearly from 5s™*to 110 s In
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the second stage, the shear rate was maintained at 110 s™. In the final stage, the shear rate was
decreased linearly from 110 s to 5 s and the shear stress was measured accordingly.

3.4.9 Cell Viability on the composite hydrogel

Murine MC3T3-E1 preosteoblast cells were cultured in alpha-minimum essential medium (a-
MEM) supplemented with 10% fetal calf serum, 100 U/mL penicillin, and 100 U/mL streptomycin
in a petri dish at 37 °C in a humidified atmosphere in an incubator containing 5% CO,. Hydrogels
formed in 96-well plate were washed with culture medium several times over 2 days followed by
UV sterilization for 30 min. Cells were then seeded on the hydrogels and incubated at 37 °Cin a
humidified atmosphere containing 5% CO,. Cell viability was finally assessed using MTT assay 3
days after seeding for the non-differentiating cells. MTT stock solution (5 mg/mL) was prepared
in phosphate buffer saline (PBS). 20 pL from this solution was added to each well followed by a
4 h incubation. The MTT reduced adduct (Formazan) formed were then extracted by the
addition of 100 pL DMSO in each well and shaking for 20 min. Finally, the absorbance from each
well were recorded using Tecan Spark plate reader (at 570 nm) while the background correction
was done at 68o nm.

The qualitative cell viability assessment of HA-PyKC composite hydrogel was performed using
the Live/Dead staining at the same time point as those of MTT studies. Hydrogels were
prepared in 24-well plate and rinsed repeatedly with culture medium, followed by UV
sterilization, for 2 days. Then, cells were seeded on the hydrogels for 3 days. A solution
containing fluorescein diacetate (6.6 ug/mL, for live cells) and propidium iodide (5 pg/mL, for
dead cells) was then used for Live/Dead staining. The labelled cells were immediately viewed
using a Nikon Eclipse Ti fluorescent microscope and images were captured by a Zyla scMOS
camera using Nikon Intensilight C-HGFI fluorescent lamp.

3.4.10 Alkaline phosphatase (ALP) activity

For intracellular ALP activity, hydrogels were formed in a g6-well plate and rinsed repeatedly
with culture medium, followed by 30 min UV sterilization, for 2 days. 3000 MC3T3-E1
preosteoblasts were then seeded on the prewashed hydrogels and supplemented with
differentiation medium (ascorbic acid and beta-glycerophosphate) every 2 days for a period of
14 days. After that period, the hydrogels were stained with 100 plL ALP substrate solution
containing 4-Methylumbelliferyl phosphate (4-MUP) and incubated for 30 min in dark. Finally,
fluorescence was measured (Aex = 360 Nm and Aem = 440 Nm). Each reading was normalized to
the cell countin each hydrogel.

3.4.11 Mineralization assay

TH-3050_176122040 90

—
| —



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

Alizarin red staining assay, which quantifies the amount of mineralization arising from bone
nodule formation, was used to determine the extent of matrix mineralization of MC3T3-E1
preosteoblasts on the hydrogels. The hydrogels were formed in a 24-well plate and washed
repeatedly with culture medium, followed by UV sterilization for 30 min, for 2 days. 3000
MC3T3-E1 preosteoblasts were seeded on the prewashed hydrogels and supplemented with
differentiation medium containing ascorbic acid and beta-glycerophosphate every 2 days for a
period of 14 days. The amount of induced calcification was quantified by Alizarin red staining.
After washing off excessive dyes, optical light images were acquired from each well. The
deposited calcium were dissolved in 2:1 MeOH/AcOH buffer the following day and shaken for 45
mins to ensure complete dissolution of the calcified matrix. The percentage of calcification was
finally quantified by reading the absorbance of these solutions at 405 nm. Each reading was

normalized to the cell countin each hydrogel.
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4.1 Introduction

A variety of functionalities define living systems, including compartmentalization, metabolism,
replication, and adaptation®¥. One of science's most fundamental concerns is how such sophisticated,
life-like behavior can originate from a collection of molecules. Researchers have been working on
creating and building progressively plausible protocells, the most basic compartments from which living
cells could have emerged®®. Liposomes, compartments surrounded by membranes consisting of lipids
or fatty acids, have been postulated as clear candidates for protocellular compartments because of their
similarities to current cells. Many of these protocells with a membrane shell are difficult to
spontaneously develop. Membraneless compartments, such as coacervates, could have created an
alternate type of protocell, as hypothesized by Oparin in his study on the origins of life in the 1930s,
following Bungenberg-de Jong's introduction of coacervates in 1929. Since the mid-twentieth century,
coacervates have been studied primarily in the context of food science research. Coacervates are
condensed liquid-like droplets generated by many weak associative contacts between molecules
through liquid-liquid phase separation, and they disintegrate in response to biochemical signals in cells
after being dynamically formed. The droplets can be nanometers or microns in diameter and resemble
an emulsion, but they don't need to contain surfactants or other stabilizing chemicals®°. Short peptides,
as well as lengthy polymers, have recently been discovered to be capable of producing simple and
complicated coacervates. Coacervates are intriguing protocell models because the coacervate droplets
they form behave as compartments that sequester and concentrate a wide spectrum of solutes?+°.
Without the use of a membrane, coacervation is a potent technique for compartmentalization. Natural
cellular coacervates include organelles such as stress granules, Cajal bodies, and P granules®#**44. These
naturally occurring membrane-less organelles are thought to be generated via the liquid-liquid phase
separation (LLPS) of intrinsically disordered proteins and RNA, and they play an important role in
cellular functions such as RNA metabolism?+*.

Numerous complex and simple coacervate-based droplets are reported that are used to understand the
memebrnane-less organelles.?425% Synthetic complex coacervates are commonly prepared via
electrostatic attachment of oppositely charged synthetic polymers like polypeptides or
polynucleotides.?s* 25259 Apart from electrostatic interactions, other non-covalent interactions like
n—T stacking, cation-m interaction, hydrogen bonding, and hydrophobic interactions also play a crucial
role toward the phase separation.?s* However, coacervates based on neutral molecules are rarely

reported.?®°

We created a neutral polymer — short peptide based coacervate that forms through two dynamic

covalent linkages, imine and disulphide bonds, and these coacervates can sequester a variety of
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enzymes, proteins, and dyes. Finally, HRP was encapsulated inside the coacervate and shown to be

protected from excess H,O, present in the bulk solution.
4.2 Results and discussion

For this purpose, we planned to synthesize an aldehyde-appended polymer (Poly-CHO, Scheme 4.1)
and use Cystamine to crosslink the polymer. We envisioned that when mixed in neutral to basic
condition, the aldehyde and the amine groups of Cystamine will form imine bonds and thereby lead to
the formation of the coacervates.?®* However, when Poly-CHO was mixed with Cystamine in different
weight ratios at pH 8, no phase separation was observed. The turbidity of the systems was measured at
600 nm which did not result in any noticeable enhancement in the optical density. Under electron
microscope, we could observe the formation of droplets of ~ 5o nm (Figure 5.6). We anticipated that the

lack of hydrophobicity in the system is presumably not allowing LLPS.
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Scheme 4.1 Chemical structures of Poly-CHO, PyKC, and (PyKC),, and schematic representation of HRP entrapped coacervate
with enzymatic reaction.

In order to introduce hydrophobic interaction, Cystamine was replaced with PyKC (Scheme 4.1). PyKCiis
a well-studied short peptide from our group that is capable of forming supramolecular hydrogel upon
disulphide-linked dimerization at a higher concentration (10 mg/mL).26>2% Under basic condition, PyKC
forms the disulphide-linked dimer (PyKC), (Scheme 4.1).2°2 However, the dimerization process takes ~
12 h in absence of any oxidizing agent like, H,O,. Thus, we decided to use preformed (PyKC), for the

coacervation tests. (PyKC), and Poly-CHO were mixed in different
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weight ratios (1:1 — 1:20, with respect to 0.3 mg of PyKC/mL, much lower than the minimum gelation
concentration of PyKC (10 mg/mL))*? at pH 8 (20 mM Tris buffer). The solutions became turbid

indicating possible formation of the coacervates (Figure 4.1).
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Chart 4.1 Turbidity of different compositions of polymers and peptides.
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Figure 4.1 Turbidity of different compositions of polymers and peptides.
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Figure 4.2 Turbidity of (PyKC),—Poly-CHO (1:10) solutions at different pH.

Importantly, below 1:5 ratios, very little turbidity was noted and droplets of ~ 5o-300 nm size were
observed. Above this ratio, turbidity enhanced with an increase in Poly-CHO content, and above 1:10, no
further increase was observed. Under phase-contrast microscope, homogeneous microdroplets with an
average diameter of ~10 um was observed (Figure 4.5). The obtained morphology is strikingly different
than only PyKC or Poly-CHO solutions under similar conditions (Figure 4.5). Based on these
observations, the composition of 1:10 PyKC — Poly- CHO was used for further studies. A phase diagram
is prepared by measuring the turbidity of solutions with various compositions at different pH (Figure 4.3

A).

Further, we measured the water content?# of the coacervates formed by this composition at pH 8 and
found that the droplets contain high amount of water (77 + 3%). The coacervates were found to be
stable for more than 24h as no change in the turbidity was observed within this period. The coacervates
were also found to be stable in presence of high concentration of urea, a well-known chaotropic agent,
demonstrating no prominent role of hydrogen bonding (Figure 4.3 B). When the coacervates were
subjected to heating, up to 50 °C, no change in the turbidity was observed (Figure 4.3 B). However,

above this temperature, the turbidity enhanced indicating possible coalescence of the coacervates.
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Figure 4.3 A) Phase diagram of PyKC — Poly-CHO measured at room temperature. B) Effect of urea and temperature on the
turbidity of coacervates formed by (PyKC), — Poly-CHO in 20 mM Tris buffer pH 8.

Next, we monitored the pyrene emission of PyKC during the coacervation. At lower pH, for 1:10 (PyKC),
— Poly-CHO, along with the characteristic monomeric signals of pyrene (375 — 425 nm), a strong excimer
emission centered at 480 nm was observed. However, as we moved to the basic pH, the emission
quenched completely (Figure 4.4 B). When, the solution at pH8 was treated with a well-known
disulphide bond breaker TCEP (Tris(2-carboxyethyl)phosphine hydrochloride), both, monomeric as well
as the excimer emissions returned back. To check whether the quenching of the pyrene emission is
associated with the coacervation, the pH dependent turbidity measurements were performed. (PyKC),
and Poly-CHO (1:10) were taken in buffers of different pH (3 — 11). Extremely low turbidity (< 2) was
observed at acidic pH. The turbidity value showed a prominent jump (>30) at and above pH 7 (Figure
5.2). However, with further increase in pH, no change in the turbidity was noticed. The turbidity value
perfectly corroborated with the quenching of the pyrene emission. Thus, both techniques can be
utilized to evaluate the coacervate formation. The observed quenching of the pyrene emission upon
caocervation can be explained by the encapsulation of the pyrene units within the cross-linked polymer.
This brings the pyrene units close to the acrylamide groups which are known for their ability to quench
pyrene emission especially in aggregated states. % 266

The failure of Cystamine and success of PyKC/(PyKC), to form coacervates leads to the assumption that
pyrene-butyric acid moiety of PyKC reinforces hydrophobic interaction within the coacervates. To
confirm that, PyiKC, and C8KC (Chart 4.1) were tested for coacervation with Poly-CHO. Interestingly,
only C8KC (Figures 5.1and 5.6) showed similar sized coacervates like PyKC confirming the hydrophobic
role of pyrene-butyric acid group. However, we continued the work with PyKC as the presence of

pyrene unit allows us to monitor the coacervation process using emission spectroscopy.
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Figure 4.4 A) Partial *H NMR spectra of (PyKC),—Poly-CHO (1:10) in D,O (containing a drop of DCl) before and after sequential
addition of NaOD, DCl or TCEP as mentioned in the figure. B) Emission spectra of (PyKC).—Poly-CHO (1:10) under different
conditions.

Figure 4.5 A) Optical microscopic image and B) FESEM image of coacervates formed by 1:10 (PyKC),—Poly-CHO.

The coacervation in the present case is supposed to be driven by two simultaneous dynamic processes,
a) formation of imine linkages; and b) disulphide bond formation. Both processes are facilitated in basic
condition and lead to cross-linking of the polymer. *H NMR study of the systemPyKC — Poly-CHO)

showed appearance of the imine signal and disappearance of the aldehyde signal in presence of NaOD

(Figure 4.4 A).
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Figure 4.6 FESEM images of Poly-CHO, PyKC and different combinations of peptides and polymers. All solutions were
prepared in 20 mM Tris buffer pH 8 at room temperature.

The same solution after treatment with excess DCl resulted into disappearance of the imine proton
peak while the aldehyde signal reappeared. All these observations demonstrate the critical role of the
imine linkages toward coacervation. Interestingly, in a separate experiment, when the NaOD treated
solution was further treated with TCEP, no change in the imine/aldehyde signal was observed. However,
the broad peak in the aromatic region (owing to coacervation) became sharp.

The sharpening of the aromatic protons is a result of the dissolution of the coacervates as the disulphide
linkages are broken. Moreover, when a mixture of PyKC — Poly-CHO in D,O was treated with H,O,, no
noticeable change in the aldehyde peak was observed. Additionally, we have also prepared two similar
peptides, PyKS and PyRC, and used them separately with Poly-CHO. Under similarexperimental
conditions, both peptides failed to form any coacervate as monitored by turbidity measurements and
optical microscopic analysis (Figures 5.1 and 5.5). Moreover, when PyKC was mixed with a similar
polymer (Poly-Benz, Scheme 4.1) that lack any aldehyde group, no coacervation was observed (Figure

4.1). All these results confirm the critical role of both dynamic linkages toward coacervation.
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Figure 4.7 A)-C) Optical microscope images of different protein (FITC-labelled) loaded coacervates formed by PyKC — Poly-
CHO. D) Rho loaded coacervates (Inset: the coacervates after centrifugation).
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Figure 4.8 A) FITC-HRP loaded coacervates (Inset: magnified image of one of the coacervates). B) Activity profile against time
for free and coacervate entrapped FITC-HRP.

The condensates of living systems are known to encapsulate guests (small molecules and proteins) and
modulate the activity/property of the guests.?*® 2% Similar to natural condensates, the Poly-CHO — PyKC
system could also encapsulate small dye like Rhodamine B (Rho) and different proteins
(HRP(horseradish peroxidase), Cytochrome C, histone, BSA (Bovine serum albumin) [Figure 4.7]. When
prepared in presence of Rho and FITC-HRP, the condensates showed moderate encapsulation (72 % of
Rho and 51% of FITC-HRP) of these two molecules (Figures 4.7 and 4.8). The elemental mapping of

FITC-HRP loaded coacervates showed uniform distribution of iron across the coacervates (Figure 4.9).
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Figure 4.9 Elemental mapping of FITC-HRP encapsulated coacervates formed by PyKC — Poly-CHO (1:10) showing the uniform
distribution of iron across the coacervates. One coacervate was chosen under the microscope and zoomed in to 100 nm scale
before the elemental mapping was performed.

The encapsulated protein was then tested for its biocatalytic efficiency using H.O. and pyrogallol and
the rate of formation of purpurogallin was monitored. The initial velocity (V,) was found to be lower
than that of the free enzyme (without coacervates). However, the activity of the free enzyme decreased
rapidly with time in the presence of H,O, and within 24 h the enzyme was almost completely
deactivated (Figure 4.8 B). On the other hand, no measurable change in the activity was observed for
the coacervate encapsulated HRP within this period. The irreversible deactivation of the enzyme by
H,O, is well documented in literature.?%® The lower diffusion of H.O, into the interior of the coacervates
allows the entrapped enzyme to remain protected from the deactivation by H,O,. However, that also
resulted into slower reaction kinetics.
4.3 Conclusion

In conclusion, we have shown the coacervation of a binary mixture of a neutral polymer and a short
peptide using two separate dynamic covalent bonds, imine and disulphide linkages. The coacervation
process allows for encapsulating and stabilizing various proteins efficiently. Interestingly, the traditional
categories of simple and complex coacervation do not apply in this circumstance. The coacervate
production is not the result of non-covalent interactions between the two components, hence it cannot
be characterised as a complex coacervate. On the other hand, the covalently cross-linked polymer does
not go through self-aggregation steps as happens in the case of simple coacervates. As the coacervates

are formed through dynamic linkages, we decided to call them as dynamic coacervates.

4.4 Experimental section
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4.4.1 General information and materials

Rink amide MBHA resin, protected amino acids, HBTU and HOBT were procured from GL Biochem,
China. N, N dimethyl acrylamide and GSH were purchased from TCl Chemicals, India. 1-Pyrenebutyric
acid, HRP, BSA, Rhodamine, and Triethylsilane (TES) were procured from Sigma Aldrich, USA. Urea and
Urease from Jack beans and Cytochrome C were obtained from SRL, India. All other chemicals, solvents
and reagents were purchased from Spectrochem or SRL, India. To prepare samples, Milli-Q water with
a conductivity of less than 2 mScm™ was used. Electrospray ionisation mass spectrometry (ESI-MS) is
performed with a Q-Tof-Micro quadrupole mass spectrometer (Micromass), and data are analysed
using the built-in software. Emission spectra were recorded on a Horiba Flurmax 4+ spectrophotometer.
Analytical HPLC were performed on on Ultimate 3000 HPLC from Dionex.
4.4.2 Synthesis of polymers
The monomers for Poly-CHO and Poly-Benz were prepared following the synthetic routes mentioned

below.
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4.4.2.1 Synthesis of Boc-EDA (18)
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Ethylenediamine (10 mL, 150 mmol) was dissolved in 100 mL dry dichloromethane (DCM) and was
cooled to 0 °C. To this, a solution of Di-tert-butyl dicarbonate (3.7 mL, 16.2 mmol) in DCM (8o mL) was
added dropwise under argon atmosphere for 2 h. The reaction mixture was then stirred at room
temperature overnight. The reaction mixture was diluted with DCM and washed with saturated solution
of sodium carbonate followed by brine solution. The organic phase was dried under sodium sulphate
and concentrated under reduced pressure to get a colourless liquid (Yield = 2.28 g, 95%).
4.4.2.2 Synthesis of methacryloy! chloride

1.3 mL (15.5 mmol) of methacrylic acid was dissolved in ~ 5 mL of freshly distilled thionyl chloride and
refluxed at 65 °C for 5h under argon atmosphere. It was then cooled and excess thionyl chloride was
removed under reduced pressure to get a light-yellow oil of methacryloyl chloride. The Crude product
was used without further purification.
4.4.2.3 Synthesis of MA-EDA-Boc (19)

Boc-EDA (2.28 g, 14.25 mmol) was dissolved in DCM (1200 mL) and stirred at o °C. A solution of
methacryloyl chloride in DCM (50 mL) was added to the solution of Boc-EDA at o °C under inert
atmosphere and stirred for 12h. The reaction mixture was then washed with brine and saturated sodium
bicarbonate. The organic phase was dried over Na,SO, and solvent was removed under reduced
pressure. The crude product was purified by column chromatography (2 — 5% methanol in DCM) to get
a white solid (yield = 2.59 g, 70 %). *H NMR (600 MHz, CDCl;) 6 (ppm) = 6.97 (s, 1H), 5.72 (s, 1H), 5.32 (d, J
=12.6 Hz, 1H), 5.28 (s, 1H), 3.32 (d, J = 45.8 Hz, 4H), 1.91 (s, 3H), 1.38 (s, 10H). ESI-MS (m/z): calculated
229.155 for C3H,0NLO5 [M+H]" found, 229.164.
4.4.2.4 Synthesis of MA-EDA.HCI (20)

2M HCl in Ether (15 mL) was added to a stirring solution of MA-EDA-Boc (2.5 g, 10.92 mmol) in DCM
(5 mL) at 0 °C. The reaction mixture was stirred at room temperature for 12 h followed by evaporation
of the solvents under reduced pressure to get a white residue. (Yield = 1.76 g, 96 %)."H NMR (600 MHz,
D.O) 6 (ppm) =5.77(s, 1H), 5.51 (s, 1H),3.58 (t, / = 5.9 Hz, 2H), 3.22 —3.17 (M, 3H), 2.81 (5, 1H), 1.94 (s, 3H).
BC NMR (151 MHz, D,O) 8(ppm) = 172.40, 138.44, 121.94, 54.36, 39.24, 37.01, 17.53. ESI-MS (m/z):
calculated 129.1022 for CeH.3NLO [M+H]* found, 129.105.
4.4.2.5 Synthesis of MA-CHO (21)

4-Formyl benzoic acid (987 mg, 6.58 mmol), HBTU (2.74 g, 7.2 mmol), and diisopropylethyl amine
(DIPEA, 2.5 mL,14.46 mmol) were dissolved in dry DCM and stirred stirred at o °C for 30 min. To this
mixture a solution of MA-EDA.HCI (1.2 g, 7.2 mmol in 5 mL dimethylformamide (DMF)) was added
dropwise and stirred for 24h. The reaction mixture was washed with cold brine solution and the organic
layer was dried under Na,SO, and concentrated under reduced pressure. The crude product was

purified by column chromatography (5 — 7% methanol in DCM) to yield a white solid (yield: 1.19 g, 72 %).
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*H NMR (600 MHz, CDCI3) 6 (ppm) = 10.10 (s, 1H), 8.03 = 7.95 (M, 4H), 7.72 = 7.62 (M, 1H), 6.61 (t, /= 5.7
Hz, 1H), 5.80 (s, 1H), 5.40 (d, /= 1.5 Hz, 1H), 3.70 —=3.61 (M, 4H), 1.99 (t, / = 1.3 Hz, 3H). 3C NMR (151 MHz,
CDCLy) 6 (ppm) = 191.80, 175.44, 170.36, 167.33, 167.24, 139.26, 139.23, 139.21, 138.31, 129.97, 129.95,
129.92, 127.94, 120.91, 41.72, 40.16, 39.68, 18.69. ESI-MS (m/z): calculated 261.1239 for C,,H:sN,O5"
[M+H]* found, 261.134.

4.4.2.6 Synthesis of MA-Benz (22)

Benzoic acid (200 mg, 1.63 mmol) and HBTU (744 mg, 1.96 mmol) were dissolved in 20 mL dry DCM at
0 °C. To this mixture, DIPEA (0.67 mL, 3.92 mmol) was added and was stirred at o °C for half 1h. A
solution of MA-EDA.HCl (0.3 g, .82 mmol dissolved in 3 mL DMF) was added dropwise into the mixture
and stirred for 24 h. The reaction mixture was washed with cold brine solution and the organic layer was
dried under Na,SO, and concentrated under reduced pressure. The crude product was purified by
column chromatography (5 —7% methanol in DCM) to yield a white solid (yield = 286 mg, 76 %).*H NMR
(600 MHz, CDCLy) 6(ppm) =7.81—7.77(m, 2H), 7.46 — 7.43 (m, 1H), 7.37 (td, / = 8.0, 2.7 Hz, 2H), 5.75 - 5.72
(m, 1H), 5.31 — 5.29 (m, 1H), 3.58 (dd, J = 7.4, 4.4 Hz, 2H), 3.51 (dd, J = 8.2, 3.3 Hz, 2H), 1.92 (s, 2H). BC
NMR (151 MHz, CDCl;) 6 (ppm) = 168.81, 168.65, 139.40, 134.00, 133.99, 131.76, 128.73, 128.70, 127.17,
120.63, 41.07, 41.06, 40.61, 18.70. ESI-MS (m/z): calculated 233.13 for C45H.6N.O," [M+H]* found, 233.16.
4.4.2.7 Syntheses of Poly-CHO (23) and Poly-Benz (24)

Both polymers were prepared by copolymerization of the monomers MA-CHOor MA-Benz (1.02
mmol) and N, N dimethyl acrylamide (10.2 mmol) by radial polymerization using 2,2'-azobis(2-
methylpropionitrile) (AIBN) (2 mg) as radical initiator at 65 °C under argon atmosphere in DMF for 24 h.
The resulting mixture was cooled to room temperature and was added dropwise into diethylether to get
a white precipitation. The precipitate was dissolved in minimum volume of DCM and was further
precipitated from ether. Finally, the precipitate was dissolved in distilled water and dialyzed using a 12
Kda dialysis membrane across distilled water. The copolymerization ratio was calculated from the
integration ratio of "H NMR signals.

Characterization of Poly-CHO:"H NMR (600 MHz, D,0O) & (ppm) = 10.05 (s, 1H), 8.02 (d, J = 62.5 Hz, 4H),
3.56 (s, 5H), 3.20 —3.08 (M, 10H), 3.07 — 2.98 (M, 23H), 2.93 (s, 55H), 2.64 (s, 15H), 1.81 — 1.21 (M, 32H),
0.94 (s, 3H).

Characterization of Poly-Benz: *H NMR (600 MHz, D,O) & (ppm) = 7.85 — 7.45 (M, 5H), 3.49 (d, / = 59.8
Hz, 4H), 3.20—2.80 (m, 65H), 2.63 (s, 11H), 1.51(d, / = 160.8 Hz, 24H), 0.96 (d, J = 41.5 Hz, 3H).
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Table 4.1 Determination of molecular weight of polymers

Molecular weights of the Poly-CHO and Poly-Benz polymers were determined using Gel Permeation
Chromatography (GPC, Waters Corporation, USA) equipped with UV/Visible Detector, Refractive Index
Detector, HPLC Pump.THF was used as a mobile phase and analysis was done by using PLgel MIXED-C

columns (particle size: 5 um; dimensions: 7.5 x 300 mm) and EMPOWER-2 software.

Polymer N, N dimethyl MA-CHO |MA-Benz (5)| Mn(GPC) | My (GPC) |Refactive index (D)
acrylamide (4)

Poly-CHO 46 3.07 - 5357 5655 1.0556

Poly-Benz 42.57 - 3.87 5116 5451 1.0654

4.4.3 Syntheses of Peptides

All the peptides (PyKC, PyRC, PyKS, C8KC and PyiKC (Scheme 4.1 and Chart 4.1) were synthesized on
Rink amide MBHA resin using standard Fmoc (9-fluorenylmethoxycarbonyl) solid-phase peptide
synthesis (SPPS) method. The amino acids used are, Fmoc-Cys(Trt)OH (For PyKC, PyRC, PyiKC, and
C8KC), Fmoc-Lys(Boc)OH (For PyKC, PyKS, PyiKC, and C8KC), Fmoc-Arg(Pbf)OH (for PyRC), Fmoc-
Ser(Otbu)OH (for PyKS), 1-Pyrene carboxylic acid (for PyaKC), 1-Pyrene butyric acid (for PyKC, PyRC,
and PyKS), and Octylamine (for C8KC). In a typical coupling, 3 equiv. of protected amino acid (with
respect to the loading of the resin), 3 equiv. of HBTU, and 6 equiv. of DIPEA were taken in 5 mL of DMF
(for 0.1 mmol scale with respect to the resin loading) and stirred for 5 minutes prior to addition of the
mixture to the 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 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 a mixture of
95% trifluoroacetic acid (TFA) in DCM containing 1% triethylsilane (TES) and stirred for 1 h. The resin
was finally washed with DCM several times. The cleavage cocktail and the washings were 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 (Ca8) column (Phenomenex) with a programme of
acetonitrile and water starting at 5% acetonitrile to reach 30% after 5 min and continued to reach 100%

at 40 min.
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Characterization of PyKC: *HNMR (DMSO-dg, 400 MHz): 6 (ppm) = 8.39 (d, / = 9.3 Hz, 1H), 8.28 (m, 2H),
8.23(m, 2H), 8.14 (d, J=2.0Hz, 2H), 8.07 (t, /= 7.6 Hz, 1H), 7.97 (t, /= 8.2 Hz, 2H), 7.66 (s, 3H), 7.29 (s, 1H),
7.20 (s, 1H), 4.39 — 4.21 (m, 2H), 2.90 — 2.66 (M, 4H), 2.29 (M, 3H), 2.03 (p, / = 7.3 Hz, 2H), 1.69 (M, 1H),
1.55 (M, 3H), 1.35 (d, J = 35.3 Hz, 2H). 3C NMR (200 MHz, DMSO-dg): & (ppm) = 172.96, 172.31, 171.87,
137.06, 131.36, 130.90, 129.78, 128.06, 127.93, 127.70, 126.99, 126.63, 125.42, 125.26, 124.03, 55.06, 53.19,
39.18, 35.29, 32.71, 31.44, 28.00, 27.10, 26.58, 22.82. ESI-MS calcd. for [M+H]", CyH5,N,O5S: 519.24,
found: 519.24 (M/z).

Characterization of PyaKC: *H NMR (400 MHz, DMSO-ds): 6 (ppm) =8.92 (d, J = 7.5 Hz, 1H), 8.54 (d, / =
9.3 Hz, 1H), 8.42 (s, 1H), 8.36 (dd, J =7.7, 4.1 Hz, 3H), 8.31 — 8.22 (m, 3H), 8.20 (d, / = 7.9 Hz, 1H), 8.14 (m,
2H), 7.70 (s, 3H), 7.53 (s, 1H), 7.29 (5, 1H), 4.68 — 4.58 (M, 1H), 4.46 (M, 1H), 2.93 (dd, / = 13.5, 5.0 Hz, 1H),
2.88—-2.79 (m, 3H), 1.85 (5, 2H), 1.72 —1.48 (M, 2H), 1.54 (5, 2H).

Characterization of PyRC: "H NMR (600 MHz, DMSO-ds) 6 (ppm) =8.35(d, /= 9.3 Hz, 1H), 8.25(d, /=77
Hz, 2H), 8.19 (dd, J = 8.5, 5.7 Hz, 2H), 8.16 —8.12 (m, 2H), 8.04 (s, 1H), 7.91 (d, / = 7.8 Hz, 1H), 7.53 (s, 1H),
7.39 (s, 1H), 7.25 (s, 1H), 4.45 (d, /= 5.0 Hz, 1H), 4.31 — 4.25 (m, 1H), 3.35 —3.27 (M, 2H), 3.08 (dd, /= 6.3,
3.4 Hz, 2H), 2.31(d, / =7.3 Hz, 2H), 2.00 (s, 2H), 1.69 (ddq, J = 12.3, 9.1, 5.4 Hz, 1H). 3C NMR (151 MHz,
DMSO-ds) & (ppm) = 171.73, 136.51, 130.88, 130.41, 129.30, 128.14, 127.58, 127.44, 127.23, 126.52, 126.15,
124.94, 124.78, 124.23, 124.14, 123.51, 52.54, 51.88, 34.79, 32.24, 28.86, 27.45, 25.07. ESI-MS (m/z):
calculated 547.249 for C,gH;,.NsO,S [M+H]* found, 547.084.

Characterization of PyKS:*H NMR (600 MHz, DMSO-ds) ¢ (ppm) =838 (d, J/ = 9.2 Hz, 1H), 8.30—8.25 (m,
2H), 8.22 (dd, /=8.5, 5.7 Hz, 2H), 8.12 (dd, /=12.1, 6.0 Hz, 3H), 8.06 (t, / =7.6 Hz, 1H), 7.95 (d, / = 7.8 Hz,
1H), 7.81(d, J =7.8 Hz, 1H), 4.91 (t, / = 5.5 Hz, 1H), 4.32 — 4.27 (M, 1H), 4.22 — 4.16 (M, 1H), 3.62 (dt, J =
10.9, 5.5 Hz, 1H), 3.56 (dt, /= 10.5, 5.0 Hz, 1H), 2.74 (d, / =7.3 Hz, 2H), 2.32 (d, / =7.3 Hz, 2H), 2.06 —1.96
(m, 2H), 1.68 (dd, J/ = 10.2, 5.2 Hz, 1H), 1.58 — 1.47 (m, 4H), 1.34 (q, / = 7.3, 6.9 Hz, 3H). 3C NMR (151 MHz,
DMSO-ds) 6 (ppm) = 172.47, 171.95, 171.68, 136.61, 130.91, 130.46, 129.33, 128.19, 127.61, 127.48, 127.26,
126.54, 126.18, 124.98, 124.82, 124.26, 124.17, 123.57, 61.61, 54.93, 52.60, 34.86, 32.26, 31.16, 27.55,
26.62, 22.34. ESI-MS (m/z): calculated 503.27 for C,qH3,N, O, [M+H]* found, 503.2858.

Characterization of C8KC:*H NMR (600 MHz, D,O) 8(ppm) = 4.52 (dd, / =7.2, 5.3 Hz, 1H), 4.32 (dd, / =
8.6, 5.9 Hz, 1H), 3.00 (t, / = 7.8 Hz, 3H), 2.31 (t, / = 7.3 Hz, 2H), 1.90 — 1.81 (M, 1H), 1.77 (dd, /= 9.4, 4.9 Hz,
1H), 1.74 — 1.67 (m, 3H), 1.61(d, J=7.1 Hz, 2H), 1.54 — 1.40 (M, 3H), .32 — 1.23 (M, 9H), 0.86 (t, / = 6.9 Hz,
3H). 2C NMR (151 MHz, D,O) d(ppm) = 177.68, 174.19, 174.08, 55.15, 53.60, 39.14, 35.34, 30.94, 30.18,
28.13, 28.04, 26.23, 25.27, 25.21, 22.07, 21.91, 21.88, 13.34.ESI-MS (m/z): calculated 261.1239 for
C,H3,N,O5SIM+H]* found, 374.914.

4.4.4 Optical microscopy
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Optical microscopic studies were performed using an inverted optical Olympus X81 epifluorescence
microscope. Typically, 10 pL of solutions were placed on a glass slide with a coverslip and placed under
the microscope to capture the bright field, and fluorescence images.

4.4.5 Field Emission Scanning Electron Microscopy (FESEM)

Small portions (5 plL) of sample solutions were casted on silicon wafers and the samples were
immediately dipped into liquid nitrogen followed by freeze drying. Images were taken using a
Gemini SEM 300 (Sigma Zeiss; FESEM) instrument.

4.4.6 Transmission Electron Microscopy (TEM)

TEM samples were prepared by casting 10 pL sample on copper grids (300 mesh with thick carbon
film from Pacific Grid Tech, USA) and it was then allowed to adsorb for 1 min. The excess samples were
wiped out with tissue paper and dried for few hours before analysing it using a JEOL JEM-2100F
(FETEM) electron microscope.

4.4.7 Turbidity measurement

The turbidity of the solutions was measured by using a UV-vis spectrophotometer at 600 nm, where
none of the components absorbed the light. The turbidity was calculated using the below given formula,
Turbidity = 100 - %T, where %T is transmittance.

4.4.8 'H-NMR analysis showing the reversible formation of imine linkage

The reversible formation of imine linkage between the aldehyde groups of Poly-CHO and the amine
group of PyKC was monitored by the changes in the *H-NMR peak for the imine and aldehyde protons
in response to the NaOD and DCl and TCEP. Briefly, a solution containing Poly-CHO (10 mg) and PyKC
(1 mg) was prepared in D,O and NMR was recorded immediately. To this solution, 2 BL of NaOD was
added the *H NMR spectrum was recorded after 30 minutes. The disappearance of the aldehyde peak
(10 ppm) and the appearance of the imine peak (8.2 ppm) indicated the formation of imine linkages. To
this solution, 5 mL of DCl was added and the *"H NMR spectrum was recorded after 30 min to show the
disappearance of the imine signal and reappearance of the aldehyde peak. The same experiment was
repeated where after NaOD addition, TCEP was added and after 30 min the *H NMR spectrum was
recorded. In this case, sharpening of the aromatic peaks was observed but the imine signal remained
unchanged.

4.4.9 Preparation of coacervates using PolyCHO and PyKC

Required volumes of stock solutions of Poly-CHO and PyKC were mixed and the volume was made up
to 1 mL by using a Tris buffer (20 mM, pH 8) to get the final concentrations of Poly-CHO and PyKC as 3
and 0.3 mg/mL respectively. The solution was incubated for 24 h and coacervation was checked by
using optical microscopy, turbidity and emission quenching experiments. The morphology was checked

by using FESEM. Similar procedure was followed for Poly-CHO — PyKC ratio optimization, coacervation
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by other combinations of polymer (Poly-CHO, Poly-Benz) and peptides (Cystamine, PyRS, PyKS, Py1KC,
CgKQ). For pH dependent coacervation, similar procedure was followed. However, in place of Tris
buffer, different buffers of varying pH were used.
4.4.10 Estimation of water content

Water content in the coacervates was measured following a literature procedure.?*” A solution (6 mL)
of (PyKC), — Poly-CHO (12:10 with 0.3 mg (PyKC),/mL) was prepared at pH 5. This solution (5 mL) was
transferred to a clean and weighed (Wempy) glass tube. The solution was then treated with 0.2 M NaOH
to adjust the pH to 8 and incubated for 1 h to ensure complete formation of the coacervates. The glass
tube was then placed in a 15 mL falcon tube and centrifuged at 3000 rpm for 30 min. The supernatant
was pipetted out and the last droplets of supernatant were blotted with a filter paper. The tube with the
coacervates was weighed again (Wcoacenate). The glass tube was placed inside a vacuum oven at 120 °C
for 48 h to dry to a constant weight. Finally, the dried tube was weighed (Wgy) to calculate the weight

loss. The water content was calculated as,

Wcoacervate —Wdry % 100%

Water content =
WCoacervate—Wempty

4.4.11 Fluorophore labelling of proteins

In a typical procedure, 5 mg of the protein was dissolved in 1 ml of 100 mM NaHCO,-Na,CO, buffer
solution (pH g). The required amount (3-5 mg) of FITC was dissolved in 5o pL anhydrous DMF and
transferred into the stirred solution of the protein. The stirring was further continued for 3 hours in the
dark. Then, the reaction mixtures were taken in an activated dialysis membrane (cut-off: 10,000 Da).
The mixture was dialyzed against cold buffer solution with proper time to time refilling until the green
emission of the unreacted FITC was fully diminished. Lastly, the mixture was dialyzed against the cold
milli-Q water for the complete removal of the salts. The tagged proteins were obtained after freeze-
drying the dialyzed protein solution. MALDI, UV-Visible, Fluorescence measurements confirmed the
attachment of the fluorophore.

4.4.12 Preparation of protein and dye entrapped coacervates

All the dye and protein-trapped coacervates were prepared following a similar protocol. The process
with HRP is mentioned below.

For the preparation of FITC-HRP sequestered Coacervates, the coacervates were prepared by addition
of appropriate amounts of stock solutions of Poly-CHO and PyKC to a 10 mL solution of FITC-HRP (62
units) prepared in Tris buffer (20 mM, pH 8). It was then incubated at room temperature for 1 h before
centrifugation at 10,000 rpm for 15 min. The supernatant solution was collected to determine the extent
of entrapment of FITC-HRP using UV-Visible spectrophotometer. Briefly, the absorbance of known

concentrations of HRP was measured, and the calibration curve was plotted. Then the absorbance of

TH-3050_176122040 110

—
| —



Constructing Responsive Self-Assemblies Through Dynamic Disulphide Linkages

the supernatant was measured, and using the calibration curve the amount of HRP trapped inside the
coacervate was determined (2.8 + 0.2 units/mL). The residue from the centrifugation was further
dispersed in 10 mL of Tris buffer (20 mM, pH 8) and used for time dependent enzyme activity
experiment described below. All measurements were done in triplicates.
4.4.13 Enzyme activity measurements

Stock solutions of Pyrogallol (100 mM) and H,O, (100 mM) were prepared in acetonitrile and Milli-Q
water respectively. To analyse the peroxidase activity of the entrapped HRP enzyme, 30 pl of H,0,(0.3
mM) was added to the previously prepared HRP entrapped coacervate dispersion. Thereafter, 1 mL
aliquots of the above-prepared solution were taken at different time points, and the activity of
entrapped HRP was assessed. Typically, 0.5 pl pyrogallol stock solution was added to these aliquots to
maintain a concentration of 0.05 mM. The oxidation of pyrogallol to purpurogallin (Amax= 420 nm,
€,.0nm = 2640 M™cm™ in water) was monitored over a period of 5 min by using UV-Visible spectroscopy.
The initial velocity (Vo, change in concentration within the first 100 s) were plotted against time (Figure
4.8 B). Similarly, the control experiment was performed for free HRP (maintaining the enzyme
concentration similar to the trapped amount) in the absence of the coacervates. All measurements
were done in triplicates.
4.4.14 Phase diagram
To estimate the phase diagram, a 30 mL stock solution of (PyKC), at a concentration of 3 mg/mL was
prepared in Milli-Q water and incubated at room temperature for 48 h. This solution was then divided
into several 1 mL portion. To these portions, HCl or NaOH stocks were added to attain different target
pH. Once the respective pH values were attained, these solutions were separately titrated with a stock
solution of Poly-CHO in water. After every addition of the polymer, the solutions were incubated for 10
min before the turbidity of the solutions were measured. As observed before, solutions showing
turbidity values above ~15 only showed the formation of coacervates under optical microscope. Thus, all
solutions showing highest turbidity value below 15 were tested for FESEM imaging. Interestingly,
solutions with turbidity value in the range of 8 — 15 showed very small droplets with diameters of 5o —
300 nm. Any solution with turbidity value above 15 were considered as coacervates. It is to be noted that
more-emphasis was given to pH range 5-7 and composition range 1: 2.5 — 1:5 ((PyKC), — Poly-CHO) as
we realized that the phase boundary lies in these two regions based on our initial results. The turbidity
measurements were performed in triplicate and the average compositions where the coacervates or
nano-droplets were formed were plotted against the pH value to obtain the phase diagram. All

measurements were performed at room temperature.

4.4.15 Effect of H,O, on the aldehyde groups of the polymer.
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To check, the effect of H,O, on the aldehyde groups present in the polymer, 600 puL D,O solution (3
mg/mL) of the polymer was treated with H,O, (6 pL of the stock) and the sample was incubated for 12
h. The *H NMR spectra showed no prominent change in the aldehyde peak. However, due to the

presence of H,0O, a broad peak of HOD appeared which masked most of the aliphatic region.
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Chapter 5: Creating Multimodal Transience in Polymer-Peptide
Composite Coacervate.

b
Transient Coacervation —\
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5.1 Introduction

The ability of self-assembled structures in living systems to adapt to changes in environmental
conditions is one of their most intriguing aspects. Creating similar capabilities in synthetic self-
assemblies offers a lot of promise for developing smart systems. Supramolecular chemistry has almost
mastered the self-assembly of structures of any complexity?®, but these structures are static and lack
the rich functionality found in cellular structures. Many synthetic materials have been designed to
switch between equilibrium states upon reaction with the desired signal, for example, micelles, and
vesicles transitioning from assembled to disassembled states for site-specific cargo release.”® *7* In
contrast to this, nature often utilizes fuel-driven processes which achieve non-equilibrium structures
with features including spatiotemporal control, responsiveness, and auto-configuration. These features
allow for complex cellular functions such as division, motility, and intracellular transport®°. There are
numerous synthetic coacervate-based droplets?’* 4 that are utilized to study the properties of
membrane-less organelles. Reversible complex coacervate droplets that form or dissolve in response to
a change in pH,”s temperature,?® salt or polymer concentration,?® or UV light*”” or an enzymatic
reaction”® %9 have been observed. In response to a change in their surroundings, these droplets evolve
from one equilibrium state to another (e.g., from droplets to solution). A model such as this could give
information about how chemical reactions control droplet growth or how kinetics can control the size of
droplets. #2825y ccessful execution of such synthetic systems, on the other hand, leads to the formation
of smart systems that sense and react to changes in the environment's spatiotemporal composition.
Natural self-assembling systems are notable for their far-from-equilibrium transient nature® 28
Importantly, the majority of natural coacervates are extremely dynamic and only persist for a short
period of time?®52¥ These droplets' transient existence is governed by non-equilibrium biological
reactions*®. Fuel-driven transitory self-assemblies of synthetic molecules have been successfully shown
on multiple occasions in recent years?®92%. There have also been some attempts to make transient
coacervates?®© 295297 However, there are no known systems that can be generated transiently under
the impact of multiple non-equilibrium reactions.

We wanted to investigate if coacervates could be generated transiently using multiple fuel-driven
processes. We thought that systems with many dynamic bonds would be a suitable foundation for
developing such a system.Herein, we utilized the coacervates described in Chapter 4 for the same.The
coacervates mentioned in Chapter 4 are formed through two dynamic covalent linkages namely, imine
and disulphide bonds. Thus, under the influence of a pH clock and redox cycle, the coacervates can be
created transiently. Notably, the transient existence of the coacervates can be executed multiple times

by applying the triggers sequentially within the same system.
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5.2 Results and discussion

As discussed in the previous chapter, we used an aldehyde-appended polymer (Poly-CHO) and a Pyrene
capped dipeptide (PyKC) to create coacervate. Because the formation of coacervate is primarily caused
by the formation of imine, which is pH sensitive, as well as disulphide, which is redox sensitive, we first

demonstrated the response of coacervate in the presence of various stimuli.
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Scheme 5.1A) Chemical structures of Poly-CHO, PyKC and (PyKC),. B) Graphical presentation of the pH and redox cycle
induced transient formation of the coacervates.

Initially, the responsiveness of the coacervates toward acid/base and oxidizing/reducing agents was
evaluated. An aqueous mixture of (PyKC), and Poly-CHO (1:1) was treated with NaOH to increase the
pH to 8. The emission intensity measured at 376 dropped significantly (Figure 5.1 B) while the turbidity
enhanced (Figure 5.1A) drastically indicating the formation of the coacervates. It was then treated with
TCEP to break the disulphide bonds.”” As a result, emission intensity enhanced while the turbidity
decreased. These observations point toward the disassembly of the coacervates. Similarly, the system

was further sequentially treated with H,O,, HCl, NaOH and TCEP. In each case, the corresponding
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emission intensity/turbidity followed the expected pattern of assembly or disassembly of the

coacervates.
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Figure 5.1 Responsiveness of the coacervates toward base/acid and H,O,/TCEP. A solution of (PyKC), — Poly-CHO (1:10) at pH 5
was first basified with NaOH to pH 8 and the change in A) turbidity of the system, B) emission of pyrene at 376 nm (Aex=337
nm) were monitored as various triggers were added sequentially at different time points.

These results clearly demonstrate the dual responsiveness and adaptability of the coacervates. is
produced, the hydrolysis of GdL to gluconic acid works in the background as it is a much slower process
compared to that of ammonia generation. Once urea is consumed and the basic condition is reached,
the deactivating effect of GdL becomes prominent and thereby decreases the pH of the system. To
establish the right composition, different ratios of urea/GdL were used keeping 0.4 mM urea and 0.02
mg/mL urease in the system. As can be seen from Figure 5.2 A, a combination of 1:5 urea-GdL allows an
initial jump of pH from 5.5 to 8.4 within 3 mins (Figure 5.2 A). After that, the pH drops slowly due to the
GdL hydrolysis and reaches the initial value of 5.1 within 100 min. As the lifetime of the pH clock for this
composition is considerably lower than the others, for further studies, we used this particular ratio.

The activator/deactivator driven transient formation of the coacervates was monitored using turbidity
and pyrene emission. Initially, (PyKC), - Poly-CHO (1:10) and urease (0.02 mg/mL) was dissolved in
water and pH was maintained at 5.1 followed by the addition of urea — GdL (0.4 mM — 2 mM) and the
solution was subjected to time dependent analyses. As can be seen from Figure 5.2 B-C and S8, with the
addition of urea/GdL, within 8 min, turbidity enhanced to 35 and the emission dropped significantly. The
change in the pH of the medium was also monitored and it shows a rise in the pH to 8.5 (Figure 5.7 A).
The enhancement in turbidity and drop in pyrene emission suggest the formation of coacervates at this
pH. The turbidity/emission remained almost unchanged for ~ 5o min before the values started going
back to the initial state. Following the pH clock (Figure 5.7 A), it is clear that the pH of the system

remains basic to neutral for up to ~50 min and then it enters the acidic range. As the imine bonds
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remain stable under neutral to basic condition,*** the coacervates exist for this particular period and as
the pH drops to acidic range, the hydrolysis of imine linkages leads to the disassembly. The optical
microscopic images of the sample prior to the addition of urea-GdL (-5 min), during (15 min) and at the

end (120 min) of one transient cycle along with the photographs of the samples are shown in Figure 5.2
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Figure 5.2 A) Optimization of pH clock by varying the urea (0.4 mM) — GdL ratio in presence of 0.02 mg/mL urease. B) Turbidity
and C) emission at 376 nm (Aex= 337 nm) of a (PyKC), — Poly-CHO (1:10) solution when subjected to consecutive pH cycles. D)
Optical microscopic images and the corresponding pictures of the sample from B and C at different time during the first cycle.

The transient existence of the coacervates under the influence of the pH clock was thus established.
However, it is important to evaluate the possibility to recreate the temporal existence when the system
is refueled for multiple cycles. Thus, at the end of the first cycle, the system was refueled with urea —
GdL (1:5) for two more cycles and similar transient cycles were observed. However, a minor dampening
in the lifetime was observed owing to the dilution factor and presence of unused GdL after every cycle.

Next, the redox cycle was applied to create the coacervates transiently. As both the dynamic bond
formation is facilitated at basic condition, changing the pH of the system to 8 and addition of TCEP (the

deactivator) could result in the formation of the coacervates transiently. A combination of NaOH and
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TCEP was added to the solution of PyKC — Poly-CHO and the pH was maintained ~ 8. A sharp increase
followed by a sharp decline in the turbidity was observed Figure 5.4). However, it is to be noted that the
turbidity was found to be much lower than the coacervates. The addition of NaOH triggered very fast
formation of the imine bonds. However, the simultaneous reduction by TCEP did not allow the
coacervates to be formed. In a separate experiment, we did try the same by adding Tris buffer pH 8 and

TCEP. However, in that case, as the imine bond formation was slower compared to theTCEP induced

reduction, very small change in the turbidity was observed.
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Figure 5.3 A) Optimization of the redox reaction cycle by monitoring the change in pyrene emission in PyKC — Poly-CHO (1:10)
solutions in presence of different compositions of TCEP — H,0,. B) Change in the turbidity of a PyKC — Poly-CHO (1:10)
solution when subjected to three consecutive redox reaction cycles. C) HPLC chromatograms showing the presence of PyKC
and (PyKC), in the solution at different times during the transient formation of the coacervates under redox chemical cycle as
shown in B. D) Turbidity profile of PyKC — Poly-CHO (1:10) solution when a pH cycle is applied followed by a redox reaction

cycle.

We realized that to create a redox cycle, the pH should be maintained in the basic region while a strong
oxidizing agent (activator) like H,O, should be used along with TCEP. To optimize the composition of
the activator/deactivator, different compositions of H,O,— TCEP were tested (Figure 5.3 A).2%¥3° Since,

a strong oxidizing agent H,O, is used, in place of (PyKC),, PyKC was used to start the cycle. PyKC — Poly-

CHO (12:10) was dissolved in Tris buffer (20 mM, pH 8).
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Figure 5.4 Change in turbidity when a pH 5 solution of PyKC — Poly-CHO (1:10) was treated with either NaOH — TCEP or Tris
buffer (pH 8) = TCEP mixture.
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Figure 5.5 Optical microscopic images of the solutions at different times during the first cycle of redox cycle (Figure 5.3 B)
induced transient formation of the coacervates of PyKC — Poly-CHO (1:10) in 20 mM Tris buffer pH 8.

To this, different amounts of H,O, — TCEP were added and the change in the pyrene emission at 376 nm
was monitored. Among the five different compositions tested, 1:2 H,O, — TCEP was found to be the
most suitable for the transient cycle. For this particular ratio, not only a significant decrease in the
emission was observed but also the value returned back to its original position at the end of the cycle
(~40 min).

Based on this observation, we subjected the system (PyKC — Poly-CHO (1:10) in Tris buffer (20 mM, pH
9) to the redox cycle by adding H,O, — TCEP (1:2) and monitored the turbidity (Figure 5.1 A) and
emission at 376 nm (Figure 5.1 B). Upon addition of the activator (H,0,), the turbidity enhanced from 7
to 34 within 7 min and remained unchanged for ~ 20 min. After that a decline in the turbidity was

observed. Within next 10 min the value dropped to 8 indicating the disassembly of the coacervates. Two
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more cycles of the redox couple induced transient coacervation was successfully executed and that too

showed similar life time. The emission behaviour and the microscopic images also corroborated well

with the turbidity results (Figure 5.3 B, 5.5and 5.6 A).

35;) 400 440 480 360 400 440 480
Wavelength (nm) Wavelength (nm)

Figure 5.6 Full wavelength emission spectra during the first transientA) redox cycle (Figure 5.3 B) andB) pH cycle (Figure 5.2 Q),
while exciting the system at 337 nm.

The formation/breakage of the disulphide linkages during these redox cycles were then investigated. At
different time interval of the transient cycle, aliquots were withdrawn and immediately acidified with
HCl in order to break the imine linkages. These samples were analysed through HPLC to find the
formation PyKC — (PyKC), ratio which is an indicator of the disulphide bond formation/breakage. As can
be seen from Figure 5.3 C, initially, only a minoramount of (PyKC), was present in the system. However,
once H,0, — TCEP was added, most of the PyKC was dimerized within 10 min. As the cycle progressed,
the dimeric PyKC slowly gets converted to monomeric PyKC and at 40" min. (end of thecycle), full
conversion was observed. Around this time (45" min.), the second cycle was initiated and at 50" min,,

both the species were found in almost equal proportion.

As the coacervates can be formed transiently under two different triggers, it would be extremely useful
if both the triggers can be applied sequentially to create the coacervates transiently. To check that
possibility, we started with (PyKC), — Poly-CHO (1:10) in water maintained at pH 5. The pH cycle was
initiated using urease, urea — GdL (1:5). The transient cycle followed the usual pattern (Figure 5.3 D) and
the system returned back to the original homogeneous solution phase as well as pH 5 within 120 min. As
the redox cycle can operate only in basic condition, a combination of NaOH — TCEP wasadded. A sharp

enhancement in the turbidity (up to ~25) followed by a fast decline was observed.
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Figure 5.7A) The change in pH during the pH clock assisted transient formation of coacervates as shown in Figure 5.2 B and C of
the main manuscript. B) Transient formation of the coacervates (PyKC — Poly-CHO 1:10 in 20 mM Tris buffer pH 8) under the
influence of redox cycle as monitored using fluorescence quenching of pyrene at 376 nm (Aex=337 NM).

The sudden change in the pH of the system led to the formation of some aggregates which eventually
collapsed due to the presence of TCEP. The redox triggered transient cycle was then commenced by
the addition of 1:2 H,O, — TCEP. The turbidity enhanced to the maxima and remained there for ~ 30 min
as the coacervates are formed. After that, the turbidity returned back to the original lower value
indicating the dissolution of the coacervates. These results unequivocally demonstrate the adaptability

of the system.
5.3  conclusion

In summary, we have demonstrated the coacervation of a polymer and a short peptide through two
different dynamic covalent bonds. The coacervates are responsive to the change in pH of the medium
as well as toward reducing agents. Utilizing the dynamic imine bonds and disulphide linkages, the
coacervates were transiently formed under the influence of a pH cycle and a redox cycle respectively.
Importantly, the system showed adaptability as the transient formation of the coacervates can be
achieved within the same solution when both the triggers (pH and redox cycles) are applied
sequentially.

5.4 Experimental section

5.4.1 Optical microscopy

Optical microscopic studies were performed using an inverted optical Olympus IX81 epifluorescence
microscope. Typically, 10 mL of solutions were placed on a glass slide with a coverslip and placed under
the microscope to capture the bright field, and fluorescence images.

5.4.2 Turbidity measurement
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The turbidity of the solutions was measured by using a UV-vis spectrophotometer at 600 nm, where
none of the components absorbed the light. The turbidity was calculated using the below given formula,
Turbidity = 100 - %T, where %T is transmittance.

5.4.3 Stock Solutions for Different Experiments

Stock solutions of Poly-CHO (30 mg/mL) and PyKC (3 mg/mL) were prepared in Milli-Q water and were
incubated for minimum 48 h to ensure complete dimerization of the PyKC ((PyKC),, checked by
analytical HPLC) before using the solutions for further experiments. However, for transient formation of
the coacervates under the influence of redox cycle, freshly prepared stock solution of PyKC (3 mg/mL) in
Tris buffer (20 mM, pH 8) was used to ensure the presence of only the monomeric species. Similarly, for
these cases, Poly-CHO (30 mg/mL) stock solution was also prepared in Tris buffer (20 mM, pH 8).

Below is the list of stock solutions used for different studies,

Urease: 2 mg/mL in Milli-Q water and stored at 4 °C.

Urea: 20 mM in Milli-Q water.

GdL: 20 mM in DMSO.

H.O,: 100 MM in Milli-Q water.

TCEP: 100 mM in Milli-Q water.

NaOH: 1 M in Milli-Q water.

HCl: 2 M in Milli-Q water.

5.4.4 Preparation of Coacervates using PolyCHO and PyKC

Required volumes of stock solutions of Poly-CHO and PyKC were mixed and the volume was made up to
1mL by using a Tris buffer (20 mM, pH 8) to get the final concentrations of Poly-CHO and PyKC as 3 and
0.3 mg/mL respectively. The solution was incubated for 24 h and coacervation was checked by using
optical microscopy, turbidity and emission quenching experiments. The morphology was checked by
using FESEM.

Similar procedure was followed for Poly-CHO — PyKC ratio optimization, coacervation by other
combinations of polymer (Poly-CHO, Poly-Benz) and peptides (Cystamine, PyRS, PyKS, Py1KC, CeKC).
For pH dependent coacervation, similar procedure was followed. However, in place of Tris buffer,
different buffers of varying pH were used.

5.4.5 Transient pH Cycle:

The required amount of urease (final concentration: 0.02 mg/mL) was added to 1 mL Milli-Q water and
the pH of the solution was adjusted to ~5 using 1 M HCl solution. Appropriate volumes of urea and GdL
stock solutions in the required ratio were added to the solution. The change in pH was then monitored

over time at 298K on a Hanna HI 2210 pH meter equipped with Hl1131 pH probe from Hanna.
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Once the optimization was done, to form the coacervates transiently, similar procedure was applied
where the initial solution contained (PyKC), (0.3 mg/mL using the 48 h matured stock solution of PyKC)
and Poly-CHO (3 mg/mL, using the stock solution). To this, required amount of urease (to attain a final
concentration of 0.02 mg/mL) was added. The pH cycle was initiated by addition of the stock solutions
of urea and GdL (1:5) and either the turbidity or the

change in the emission intensity of the 376 nm peak (Aex= 337 nm) was monitored against time.

5.4.6 Transient Redox Cycle

For redox responsive transient coacervation, required volume of stock solutions of PyKC and Poly-CHO
were mixed in Tris buffer (20 mM, pH 8) to maintain the overall concentrations of 0.3 and 3 mg/mL.
Required volume of H,O,and TCEP stock solutions were added to this solution to attain a certain H,O, —
TCEP ratio (where H,O, concentration was maintained at 0.2 mM). The change in the emission intensity
of the 376 nm peak was monitored against time while the sample was excited at 337 nm.

Once the optimization was done, the coacervate formation using the optimized H,O, — TCEP ratio (1:2)
were monitored by either turbidity or the change in the emission intensity of the 376 nm peak (Aex= 337
nm) against time.

5.4.7 Response of the Coacervates Toward Different Stimuli

To evaluate the responsiveness of the coacervates toward different stimuli, initially 2 mL solution of
Poly-CHO (3 mg/mL) and (PyKQ), (0.3 mg/mL) was prepared in Milli-Q water using the respective stock
solutions. The pH of the system was adjusted to 5 by adding required amount of 1 M HCl solution. Either
turbidity or the change in the emission intensity of the 376 nm peak (Aex= 337 nm) of the solution was
then monitored as different stimuli were added sequentially. The order of the addition of stimuli is as
given below,

NaOH (5o mL of stock) — TCEP (10 mL of stock) —H.O, (10 mL of stock) — HCl (5o mL of stock) —
NaOH (50 mL of stock) — TCEP (10 mL of stock)

5.4.8 Transient Formation of the Coacervates Under the Influence of Two Different Triggers

To check whether the coacervates can be formed transiently within the same solution using two
different cycles one after the other, we started with (PyKC), (0.3 mg/mL) and Poly-CHO (3 mg/mL) in 1
mL Milli-Q water and adjusted the pH to 5 by addition of required amount of 1 M HCl solution. To this,
10 mL of urease stock solution (to attain a final concentration of 0.02 mg/mL) was added. The pH cycle
was initiated by addition of the stock solutions of urea (20 mL of stock solution) and GdL (100 mL of
stock solution) and the turbidity was monitored against time. After the completion of the pH cycle, to
bring the pH to basic medium and break the disulphide linkages, a combination of NaOH (50 mL of

stock solution) — TCEP (20 mL of stock solution) was added. The turbidity increased initially and then
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decreased to the bottom. At this point, H,O,(10 mL of stock solution) — TCEP (10 mL of stock) was
added to initiate the redox cycle. The pH of the system was also monitored at different time points
during the experiment.

5.4.9 Estimation of PyKC and (PyKC), during Transient Redox Cycle

A solution of PyKC — Poly-CHO (1:10, with 0.3 mg/mL PyKC) was prepared in1 mL 20 mM Tris buffer pH
8. The redox cycle was initiated by adding H,O, (20 mL of stock solution)— TCEP (10 mL of stock
solution). At different time interval, 5o mL aliquots were withdrawn and to them 5 mL of 1 M HCl
solution were added immediately. It is to be noted that one aliquot was taken immediately after the
dissolution of PyKC — Poly-CHO. All the samples were then analysed by analytical HPLC using a Luna 5

mm (Ca8) column.
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7. Characterisation Data
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Figure 7.59ESI-MS Spectrum of 24 h matured composite hydrogel of Alg/PyKC.
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Figure 7.6213C Spectrum of Compound 19 in CDCl,.
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Figure 7.65ESI-MS Spectrum of Compound 20.
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Figure 7.67 13C NMR Spectrum of Compound 21in CDCl,.
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Figure 7.82 ESI-MS Spectrum of CeKC.
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