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Lay Summary

Self-assembling peptides are short chain of amino acids that have the ability to spontaneously organize
themselves into higher-order structures or aggregates employing non-covalent interactions. These
peptides contain specific sequences of amino acids to promote their self-assembly into well-defined
nanostructures, like fibers, sheets, gels, or nanoparticles. The self-assembly process allows the peptide
to form stable and ordered structures, often resembling natural protein structures and exhibit activities.
The development of self-assembling peptide involves selecting or engineering a specific amino acid
into the peptide sequence to influence its self-assembly behavior, resulting nanostructures, and
biological activities. Self-assembling peptides have shown great potential in biomedical applications
due to their properties, like safety towards living system, biological activities that can be tuned, and
the ability to mimic extracellular matrix, which is a natural scaffold required for the cell proliferation
and differentiation in regenerative medicine. In this thesis, we have developed self-assembled peptides
for long-term drug delivery, chronic wound healing, and bone regeneration and to serve as enzyme-
mimics. The introduction to the self-assembling peptide, survey of the prior work done, unmet needs,
objectives of the thesis are presented in chapter 1. An antioxidant peptide gel loaded with an anti-
diabetic drug glimepiride has been reported in chapter 2. It provides a long-term drug release, which is
sensitive to the acidic pH present in the interstitial fluid of diabetic patients and protection against the
oxidative damage of organ like liver. The development of peptide gels conjugated to anti-
inflammatory drugs, naproxen and indomethacin, has been reported in chapter 3, which shows
antioxidant, antibacterial, and antibiofilm activities and selective inhibition of cyclooxygenase-2
(COX-2) enzyme involved in stalled inflammation in difficult to treat chronic wounds. Tetrapeptides
with different morphologies for the hydroxyapatite adsorption and ability to induce differentiation of
stem cells to promote bone regeneration has been reported in chapter 4. The peptide immobilized on
the surface of ceria nanoparticle to generate heterogenous, biocatalyst-mimic for enzymes, like
esterase, phosphatase, and haloperoxidase has been discussed in chapter 5. The summary of this thesis,

its contribution to the field of study and future perspectives have been provided in chapter 6.
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Abstract

Molecular self-assembly is a process in which individual components interact via non-covalent
interactions, like van der Waals, hydrogen bonding, electrostatic, hydrophobic, and n-7t stacking in a
well-defined manner to form hierarchical, supramolecular materials with desired function. Living
organisms generate a wide range of biomolecules, such as polysaccharides, lipids, nucleic acids, and
proteins, which spontaneously self-assemble into more complex and highly organized supramolecular
nanostructures with clearly defined biological roles. Through rational design and engineering, peptides
can adopt certain secondary, tertiary, and quaternary structures and, thus, provide new opportunities to
design self-assembled, nanoscale materials with different size and morphology for various
applications. The inherent biocompatibility, biodegradability, and flexible mechanical stability with
diverse functionality have made peptides a promising entity to design biomaterials. This thesis deals
with the design and development of self-assembled peptides for drug delivery, wound healing, tissue
regeneration, and biocatalyst-mimic applications, and is organized into six chapters.

Chapter 1 of the thesis contains introduction to the self-assembly of peptides and their prospects in a
wide range of biomedical applications along with the exhaustive literature survey, definition of
problem, and specific objectives and outline of the thesis. In chapter 2, we have developed pH-
responsive, antioxidant di- and tripeptide gels for the sustained release of an anti-diabetic drug
glimepiride. The delivery system has the potential to reduce the side effects of drug, frequency of
dosing, and improve the patient compliance and fluctuation in bioavailability, which is related to
severe hypoglycemia and gastrointestinal disturbances. The antioxidant nature of peptides will provide
protection against the oxidative stress caused by the production of hydrogen peroxide during the
oxidation of glucose by glucose oxidase. The peptide gels were non-toxic to cell lines and promoted
the glucose uptake at low pH. The gels developed in this work can perform as a multidimensional
platform to minimize oxidative stress, hypoglycemia, and repetitive dosing of drugs in diabetes
patients. Chronic wound is a major healthcare challenge around the world, which is characterized by
the presence of bacterial infection, formation of biofilm, accumulation of reactive oxygen species
(ROS), and persistent inflammation. Overexpression of cyclooxygenase 2 (COX-2) prolongs the
inflammation phase and deteriorates the wound healing process. Chapter 3 of the thesis deals with the
synthesis of ultra-short peptides comprising of D- and L-amino acids with antioxidant and antibacterial
properties and their conjugation to naproxen (Npx) and indomethacin (Ind) to provide better selectivity
towards COX-2 enzyme, implicated in inflammation. The peptides were self-assembled into
supramolecular gels and exhibited high proteolytic stability, potent antibacterial, and radical
scavenging activities. These gels decreased the expression of proinflammatory cytokines and elevated
the expression of anti-inflammatory cytokines. The gels show a strong potential as a topical agent for
treating chronic wounds or as a coating material for medical devices to prevent implant-associated

infections.
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In chapter 4, we have investigated the self-assembled peptide gels to facilitate bone tissue
regeneration because the conventional strategies to treat bone defects face challenges, like
immunogenicity, lack of cell adhesion, and absence of osteogenic activity. We have developed
collagen and non-collagen protein-inspired bioactive peptides with osteoinductive potential, which can
play a role in biomineralization and promote bone formation. We have synthesized six amphiphilic
tetra-peptides, out of which four were self-assembled into gels. The change in their nanostructured
morphology was observed with the change of a single amino acid and have investigated their role in
the adsorption of hydroxyapatite and differentiation of mesenchymal stem cells to accelerate bone
tissue regeneration. Enzyme is a natural catalyst comprising of proteins, and their remarkable catalytic
activity depends on the amino acids present at the active site. Chapter 5 discusses the design and
development of self-assembled peptides as enzyme mimetics. We have developed peptide-ceria
nanoparticle conjugates and evaluated their potential to act as esterase, phosphatase and
haloperoxidase-mimicking enzyme. The biocatalytic activity of the peptide immobilized on ceria
nanoparticles can provide benefits in several therapeutic applications like bone tissue regeneration
and anti-biofouling material preparation. Chapter 6 provides a conclusion of the work done in this

thesis along with the contribution of this work to the existing knowledge and its future prospectives.

Keywords: Biomaterials; Self-assembled peptides; Drug delivery; Chronic wound healing; Bone

tissue regeneration; Biocatalyst-mimic
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Chapter 1

Introduction

|
1. Introduction

1.1. Self-assembled peptides

Molecular self-assembly refers to the spontaneous organization of molecules or building blocks into
well-defined structures or patterns driven by inter-or intra-molecular non-covalent interactions, such as
hydrogen bonding, van der Waals forces, hydrophobic interactions, electrostatic interactions, and n-n
stacking.! It is a typical phenomenon observed in many biological processes that produce various
supramolecular structures, such as nucleic acids, proteins, phospholipids, and even viral capsids.? The
formation of the double helical DNA structure in biological systems is a classic example of molecular

self-assembly driven by the identification of nucleobases on the complementary strands.?

First L-

First L- amino acid First D-

amino acid self- amino acid

self- assembled Reported self-

assembled peptide repair of assembled

peptide surfactant acute peptide

was was injury in was

1990 reported 1995 reported 2004 brain tissue 2006 reported 2011

Discovered | 1993 Ten mammalian | 2002 Control 2005 AGPCRIis 2008 Cell-free
a short cell strains were drug stabilized production
peptide 3D cultured in delivery - of stable
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Figure 1.1. The timeline of the development process and various applications of designer chiral self-

assembling peptides.

Another intriguing example is collagen protein, which produces the triple-helical structure regulated
by the self-assembly process in the extracellular matrix (ECM).* Natural and synthetic peptides
(peptoids and peptidomimetics) can also generate stable and fascinating self-assembled structures,
which have recently received a lot of attention in the disciplines of materials science, nanotechnology,
medicine, and biomedical engineering.® However, the concept of peptides as materials was not
recognized until 1990, when a self-assembling peptide (EAK-16) was accidentally discovered by Prof.
Zhang as a repeating sequence in a yeast protein (zuotin) (Figure 1.1).° Peptides are interesting
entities due to biological characteristics, such as biocompatibility, bioactivity, biodegradability, high

water content, microporous structure, mechanical stability, elasticity, and potential injectability.
3



Therefore, it has gained enormous attention across the globe and several groups are currently pursuing
research on diverse self-assembling peptides for a wide range of applications, including new biological
materials, surface coating materials, and semi-conducting devices as well as a new class of antibiotics
to fight drug resistance concerns.” The field is still expanding. By controlling the interactions between
molecules and the conditions of self-assembly, researchers can tailor the properties and functions of
the resulting structures, opening up new possibilities for creating advanced materials and devices. The
supramolecular self-assembly is regulated by the folding of individual peptides in aqueous solution,
therefore, it is critical to understand, which secondary structures (a-helix, p-sheet, and random coils)
exist and how they might be employed for self-assembly.® Several ways for designing self-assembled
peptides have been developed during the last several decades. Different supramolecular
nanostructures, such as nanofibers, nanotubes, nanosphere, nanorod, nanotape have been developed

after self-assembly with distinct features and functionalities.

1.1.1. Secondary structures

It is important to note that some self-assembling peptides can exhibit a mixture of secondary structures
or undergo conformational changes during the self-assembly process.® The specific secondary
structure adopted by a self-assembling peptide depends on factors, such as the amino acid sequence,
solvent conditions, temperature, pH, and the presence of external stimuli. The secondary structures
influence the packing and arrangement of peptide molecules, ultimately determining the resulting

nanostructures formed through self-assembly (Figure 1.2A).

a-Helices: a-Helices are characterized by a right-handed coil-like structure, where the peptide
backbone forms a spiral shape stabilized by hydrogen bonding between the backbone amide and
carbonyl groups. The a-helical conformation can facilitate the self-assembly of peptides into fibers or
higher-order structures.

p-Sheets: Self-assembling peptides can also adopt B-sheet structures, where the peptide chains form
extended, planar arrangements. B-Sheets are stabilized by hydrogen bonding between peptide strands
running in parallel or antiparallel directions. These hydrogen bonds create a characteristic pleated-
sheet structure.

Coiled-Coils: Coiled-coil structures are commonly observed in self-assembling peptides that contain
heptad repeat sequences, such as the well-known leucine zipper motif. Coiled-coils consist of two or
more o-helices winding around each other in a supercoiled manner. The hydrophobic interactions
between the repeating amino acid residues in the coiled-coil motif contribute to the stability and self-
assembly of the peptide.

Random Coils: Not all self-assembling peptides adopt well-defined secondary structures. Some
peptides have regions that exist as random coils, lacking a specific secondary structure. Random coil
regions can provide flexibility and conformational freedom, allowing self-assembling peptides to

adapt to different environments or interact with other molecules.
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Figure 1.2. (A) Secondary structures of self-assembled peptides. (B) Nanostructures of self-assembled

peptides.

1.1.2.  Formation of nanostructures

Self-assembled peptides have gained significant interest in nanotechnology and biomedical
applications due to their ability to form diverse nanostructures with various functionalities.® Based on
how they are designed, self-assembling peptide nanostructure can be divided into different categories,
such as fibers, cylinders, or flat shapes.’® Micelles fall under the category of self-assembled
nanostructures. These variations depend on the building block designs and result from the hydrophobic
interaction of peptides in aqueous solutions. We have listed a few self-assembling peptide

nanostructures here (Figure 1.2B).

Nanofibers. The self-assembling peptide EAK16 sequences with irregularly repeating positive and
negative charges first construct conventional [3-sheet structures before eventually forming a hydrogel
network of nanofibers in a checkerboard-like pattern.® Nanofibers typically have a diameter of less
than 100 nm. In most cases, self-assembling peptide building blocks are employed to create nanofibers
in aqueous solutions with ions of various pH levels. The most well-known self-assembling peptides

that produce nanofibers are peptide amphiphiles with an alkyl group.!

Nanotubes. Nanotubes have a structure that is comparable to that of the previously mentioned
nanofibers. On the inside of the capillary, they are elongated nanostructures with a hole. Due to their
benefits in self-organization and ease of control over nanotube sizes, recent research has concentrated
on the production of non-covalent nanotubes. Cyclic peptides are the most utilized materials for
nanotubes.'? Cyclic peptide nanotubes are constructed by stacking peptides that are more stable than
other peptide building blocks. Nanotube-based peptide assemblies have a wide range of uses in drug
delivery since drugs can be put within these tubes and can be conjugated or attached to the outside of
the tubes. A unique structure of nanotubes is created by the cyclic peptide cyclo[-(L-GIn-D-Ala-L-

Glu-D-Ala),-] with an even number of alternate D- and L-amino acids.*®

Nanoparticles. Nanoparticles come in a variety of shapes and are made up of many constituent parts.
The structures include solid structures as well as hollow nanospheres. Poly(L-lysine)-b-poly(L-
leucine) is a charged amphiphilic block co-polypeptide that self-assembles to form stable vesicles and
micelles in aqueous solutions.** Their hydrophobicity helps in maintaining their stability and stiffness.

Additionally, arginine's guanidine residue boosts its cell-penetrating abilities, which helps in the



distribution of encapsulated elements, like medications. Elastin-like polypeptide (ELP), a temperature-
responsive self-assembling peptide, is a linear di-block peptide that, upon drug loading, produces
spherical micelles in response to a temperature change. By adding more ELP units, the sensitivity of
ELP to temperature can be reduced. Nanostructures that form vesicles are also produced by cyclic
peptides. Shirazi et al. showed that the [WR]4 peptide, which has a circular vesicle-like shape and a

size range of 25 to 60 nm, successfully served as a drug delivery vehicle for molecular cargo.®®

Nanotapes. In order to create nanotapes, -alanine-histidine dipeptide and lysine-threonine-threonine-
lysine-serine pentapeptide are individually attached to Ci6 palmitoyl hydrophobic lipid chains (Cis-B-
AH and C1s-KTTKS).%® Due to the hydrophobicity of the lipid tail, Cis-AH self-assemble into fibrils.
pH or temperature can influence how Ci-KTTKS self-assembles; if the pH drops to 4, tape
morphology changes to fibrils but if it drops even lower to 3, the nanotaper structure restores.'” Self-
assembling peptide nanotape structures frequently interact with one another to generate double layers.
These nanotapes have a tendency to create hydrogels when their concentration rises above a particular
threshold.

Gels. Self-assembled peptides can form three-dimensional networks known as gels. Gels are water-
swollen matrices that provide a hydrated and biocompatible environment.*® These peptide gels have
unique mechanical properties and can be engineered to mimic the extracellular matrix, making them

useful for tissue engineering, wound healing, and drug delivery applications.

1.1.3.  Short/ultrashort peptides

Short/ultrashort peptides are incredibly promiscuous candidates that can provide a plethora of
materials with fascinating features at low cost. Material properties can be easily modified by making
changes to the sequence, backbone, and side-chains. These small alterations result in changes in the

organization mode during the self-assembly process.

C-terminal modifications. Small peptide self-assembly involves a careful balance of solubility and
hydrophobicity. Modification at C-terminal with glycosidic linkage (Figure 1.3A) enhance self-
assembling tendency in water, thus increasing the biocompatibility.’® Modification with cationic

pyridinium group enhances the antimicrobial properties (Figure 1.3B).2°

N-terminal modifications. Many researchers have been interested in ultrashort peptides with diverse
aromatic and heteroaromatic groups at the N-terminus because these changes have a strong potential to
lead to supramolecular assembly via aromatic interactions. Modification of N-terminus with
diphenyl?* (Figure 1.3C, D) or Fmoc-group?(Figure 1.3C, E) as a capping agent increases the
aromatic interactions and propensity to form B-sheet structures. Protection of N-terminus by capping
agent, like 4-(dihydroxyboryl)benzyloxycarbonyl (Bhcmoc)?®, was used for photo- and glucose-

responsive insulin release (Figure 1.3C, F).



Figure 1.3. Modification of peptides. (A-B) C-terminal. (C-F) N-terminal. (G-H) Backbone. (1)
Nucleic acid-based. (J) Cyclization. (K-L) Side chain.

Backbone modifications. Backbone alterations are aimed at controlling and manipulating the material
characteristics and metabolic stability of the biomaterial. Insertion of hydrophobic aliphatic chain in
the middle portion triggers the self-association and gelation potential of the peptide (Figure 1.3G)%.
Amide bond surrogate urea was also used to improve the mechanical strength of the self-assembled
peptide gel (Figure 1.3H).%

Nucleic acid-based modifications. Conjugation of nucleic acid at the C-terminus of the peptide via
azide linker was reported to possess excellent stability towards external stimuli, such as pH and

temperature (Figure 1.321).2

Modification through cyclization. Cyclization of linear peptide enhances their proteolytic stability and

changes the nanostructure (nanovesicle) in its self-assembled form (Figure 1.3J).%’



Side chain modifications. Peptides contain a variety of functional groups, such as side chains from
amino acids, ranging from hydroxyl groups to sulfur, aromatic, heteroaromatic, and carboxylic acid
groups in addition to the amine at the N-terminus and the carboxylic group at the C-terminus. These
side chains are widely investigated due to their reactivity. Modification of phenylalanine with
thienylalanine increases the conductivity of the peptide (Figure 1.3K).22 The incorporation of

unnatural amino acids like D-amino acids results in extraordinary enzymatic stability (Figure 1.3L).%°
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biomedical field.

1.2. Biomedical applications

Peptide-based self-assembled materials have been involved in a variety of commercial goods and have
genuinely moved from bench to market. Many dermatological treatments contain bioactive peptides,
like Matrixyl.®* Ci-GHK is a dermal collagen fragment utilized as an active ingredient to treat
problems related to ageing skin, such as wrinkles, spots, and loss of suppleness. PuraMatrix is a
commercially available self-assembled peptide used in 3D tissue culture that encourages tissue growth
and vascularization, is biodegradable and nonimmunogenic, and may interact with cells.33? Thus, the
importance of self-assembling peptide is growing at commercial level. Self-assembling peptide-based
functional materials have been extensively researched for applications in a variety of domains but this
thesis focuses mainly on drug delivery, antibacterial, tissue engineering, and biomimetic catalysis

applications (Figure 1.4).333



1.2.1. Drug delivery

Drug delivery refers to the process of administering pharmaceutical substances to the body in order to
achieve a therapeutic effect.® It involves the transport of drugs from their site of administration to
their target location within the body, where they can exert their desired pharmacological actions. Drug
delivery systems are designed to enhance the effectiveness and safety of drugs by controlling their
release rate, targeting specific tissues or organs, and improving their bioavailability. These systems
can be classified into various categories based on the route of administration, such as oral, topical,
transdermal, inhalation, intravenous, and implantable devices. The primary goals of drug delivery
systems include sustained and/or controlled release, enhanced bioavailability, protection and stability,
and targeted drug delivery. To achieve these goals, drug delivery systems employ various techniques,
including encapsulation within nanoparticles, liposomes, or microspheres; incorporation into gels,
patches, or implants; or utilizing specialized devices and carriers. Advancements in drug delivery
systems have revolutionized the field of medicine, enabling more effective treatment of various
diseases, such as cancer, diabetes, cardiovascular disorders, and neurological conditions. These
systems offer better control over drug administration, improve patient compliance, and enhance
therapeutic outcomes.
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Figure 1.5. (A) Release of drug from self-assembled peptide gels. (B) Factors affecting the drug

release from the scaffolds. (C) Strategies for drug delivery.

Self-assembling peptides offer several advantages in drug delivery, including their biocompatibility,
ease of synthesis, and the ability to precisely control the release kinetics of drugs.®” However,
challenges still exist in terms of stability, scalability, and the fine-tuning of release profiles. Continued
research and development are aimed at addressing these challenges to fully harness the potential of
self-assembling peptides in drug delivery applications. Self-assembled peptide-based drug delivery
systems typically transport pharmaceuticals via physical encapsulation or chemical conjugation, and
drugs can be released via nanostructure disassembly or breaking of conjugated bonds. Following

targeted delivery to tumor cells, nanomaterials can activate medication release in a specific region via
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responsive factors.®® The possible benefits, include reduced medication administration and
spatiotemporal control of sustained drug release, which allows pharmaceuticals to be released at
precise times and locations. In terms of the biological system, the internal responsive elements, such as
pH, enzyme, and reducing conditions are employed to stimulate the release of medication. Several
review articles published recently have discussed the diverse aspects of polymeric and peptide-based

bioinspired materials in drug delivery.3"39-4

1.2.1.1. Stimulus for drug release

By incorporating stimulus-responsive elements into the peptide gel structure, drug release can be
triggered in a controlled manner, allowing for targeted and on-demand drug delivery (Figure 1.5). The
choice of stimulus depends on the desired application and the specific requirements of the drug
delivery system. Researchers continue to explore and develop novel peptide-based gel systems with
tailored stimulus-responsive properties for effective drug delivery. The commonly used stimuli, which

encourages the drug release from the scaffolds are described below.

pH. pH-responsive peptide scaffolds can be designed to respond to changes in pH. Peptides with pH-
sensitive amino acids or pH-responsive motifs can undergo conformational changes or solubility
alterations in response to specific pH conditions.*? By incorporating such peptides into the gel
structure or designing peptide linkers with pH-sensitive properties, drug release from the peptide gel
can be triggered in response to changes in pH levels.*44

Temperature. Temperature-responsive peptide gels can undergo phase transitions in response to
temperature changes.*“® Thermosensitive peptides can self-assemble into a gel at lower temperatures
(sol-to-gel transition) and disassemble into a sol at higher temperatures (gel-to-sol transition). By
tuning the gelation temperature, drug release can be triggered by simply adjusting the temperature of
the gel. Thermosensitive polymer can also be integrated into the self-assembling peptide to make the

system thermo-responsive.*’#8

Enzyme. Enzyme-responsive peptide gels can be designed to respond to specific enzymes present in
the target tissue or cellular environment.**50 Peptides can be engineered with enzyme-cleavable
sequences that break down in the presence of specific enzymes. The enzymatic degradation of the

peptide gel can lead to the release of the encapsulated drug.®1-2

Light. Light-responsive peptide gels can be constructed by incorporating light-sensitive molecules or
photo responsive peptides. Light can trigger changes in the gel structure or properties, such as sol-gel
phase transitions or disassembly, enabling drug release upon light exposure. Photo responsive peptides
or molecules can undergo conformational changes or photochemical reactions upon light irradiation,

resulting in gel dissolution and drug release.?

1.2.1.2. Routes of administration
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Peptide gels can be administered through various routes, depending on the intended application and

target site. Here are some common routes of administration for peptide gels:

Topical application. Peptide gels can be applied directly to the skin or mucous membranes for local
treatment. This route is commonly used for wound healing, dermatological conditions, or drug
delivery to specific sites on the body surface.

Injectable. Peptide gels can be formulated as injectable formulations to be administered via injection.
Depending on the gel's viscosity and the desired site of administration, the gel can be injected
subcutaneously, intramuscularly, or intradermally. Injectable peptide gels are particularly useful for

targeted drug delivery or tissue engineering applications.

Intraocular. Peptide gels can be administered directly into the eye for ophthalmic applications. They
can be applied topically to the ocular surface or injected into the eye's anterior or posterior segment.
Intraocular administration of peptide gels is employed for ocular drug delivery or to promote tissue
repair in ophthalmic disorders.

Intranasal. Peptide gels can be formulated for intranasal administration. They can be applied as a gel
formulation or as a gel-loaded device, such as a nasal spray or nasal gel. Intranasal administration is

advantageous for delivering drugs to the nasal cavity, sinuses, or brain via the olfactory route.

Implantable. Peptide gels can be used as implantable devices or scaffolds. They can be surgically
placed at the target site, such as in tissue engineering, regenerative medicine, or drug delivery
applications. Implantable peptide gels provide sustained release of drugs and support tissue

regeneration.

It is important to note that the route of administration for peptide gels may require appropriate
formulation, sterilization, and safety considerations. The specific choice of administration route

depends on the therapeutic goal, target tissue, and desired drug release profile.

1.2.1.3. Strategies for drug delivery
After comprehending the techniques of drug release followed by administration through different
routes, this section offers flexible strategies to fabricate drug delivery systems and their relevant

applications based on peptide-modulated self-assembly (Figure 1.5C).

Physical encapsulation of drug

Self-assembled peptide nanostructures can be developed to physically encapsulate the cargo in its
hydrophobic spaces and release the drug upon degradation of the matrix.®” The drug is released form
the scaffold in response to various disease associated biochemical hallmarks/stimulus, such as pH,
enzyme, temperature, and redox condition. Stupp and coworkers fabricated histidine-containing self-
assembled peptide amphiphile and physically encapsulated anticancer drug, camptothecin (CPT) for
acidic environment-sensitive release.>® Histidine residues in the peptide amphiphile was protonated

leading to electrostatic repulsion, which caused disassembling of the gel to release the drug. Another
11



responsive factor of tumor microenvironment is reducing condition. Yang et al. reported a
gemcitabine supramolecular peptide gel, Nap-GFFYGD, which contain thiazolidinone as H.O-
responsive content at the C-terminal of the peptide.>* At the tumor cell, the thiazolidinone moiety gets
removed by H,O, which triggers the gel-sol transition and release the drug. Matrix metalloproteinase-
2 (MMP-2) responsive peptide-based scaffold was constructed by Nie and co-workers to specifically

release pirfenidone (PFD) at the pancreatic tumor site where MMP-2 is overexpressed.®

Different types of assemblies are formed by the peptides to deliver the bioactive substances. It can be

in the form of gel or several nanoscale architectures.

Gels. Most of the time, nanogels were made of entangled nanofibers, which served as a reservoir for
the delivery of bioactive substances. Drug release from nanogels is mostly influenced by nanofiber
degradation or the diffusion effect, and the release profiles can be expertly tailored by making small
adjustments to the constituent molecules or taking advantage of the synergistic interactions between
the architecture and microenvironment. It is generally known that gels based on D-amino acids
withstand enzymatic digestion better than those based on L-amino acids. In this instance, it was shown
that gels containing D-amino acids had a superior potential as intelligent reservoirs for long-term
controlled drug release, while gels containing L-amino acids were more ideal for short-term fast drug
release.’® It is advantageous to modulate the stiffness and porosity of the final supramolecular
hydrogels by adding specific constituent amino acids to a peptide sequence, which might be used to

create controlled drug release systems.

Nanoscale particles. The favored means of delivering bioactive substances into organisms have
usually been nanoscale particles, like liposomes, micelles, and nanoparticles (NPs). The US Food and
Drug Administration (FDA) has approved several delivery methods, including liposomal doxorubicin
(Doxil), albumin-bound paclitaxel (PTX) NPs (Abraxane), micellar estradiol (Estrasorb), and others.
Biocompatible peptides can be used as drug carriers in addition to polymers, phospholipids, and other
typical excipients to release nonspecific physically encapsulated drug molecule. The peptide molecule
might have characteristics, like controlled morphology, stimuli-responsiveness, and targeting.
Researchers are also particularly interested in modifying delivery systems with peptide ligands
because of their low immunogenicity and simplicity of manufacture. Zhang's group fabricated an
amphiphilic chimeric peptide ((Fmoc).KH:,-TAT) that could self-assemble into micelles.’” The
micelles were able to achieve simultaneous co-delivery of the medication and gene by utilizing the
hydrophobicity of the micelle core and the positive charge carried by TAT peptide
(YGRKKRRQRRR).

Chemical conjugation of drug to the peptide
Covalently joining peptide and drug molecules results in peptide-drug conjugates, which serve as
building blocks for the self-assembly of nanomaterials used in drug delivery systems. Drugs may be

released by cleaving the linkers between them and peptides, either naturally or by inserting linkers
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which are cleaved by the enzyme overexpressed at the disease site. Delehanty and co-workers®
reported a drug delivery system, where three distinct linkages, ester, disulfide, and hydrazine, were
used to conjugate the self-assembling peptide to the drug, doxorubicin (Dox), which were cleaved by
cellular esterase, highly reductive cytosolic glutathione (GSH), and low pH environments to release
Dox. Peptide dendrimer-doxorubicin (Dox) conjugate-based nanoparticles were developed by Gu and
coworkers as an enzyme-responsive drug delivery system for the treatment of breast tumors. Dox is
conjugated to the dendrimer through the enzyme-sensitive tetrapeptide (GFLG), which is a substrate of

cathepsin B that is overexpressed in many tumor cells and tumor endothelial cells.>®

Co-assembly assisted drug delivery

The main distinction between co-assembly-based drug delivery and physically encapsulated drug
delivery is that in the co-assembly drug delivery system, the drugs themselves act as one of the most
essential building blocks for the carriers. In other words, the drugs are crucial to sustaining the
morphologies of the formulations at the non-target site and exerting therapeutic impact at the target
site from a co-assembled drug delivery system. Using in vitro co-assembly as a delivery method,
small-molecule chemotherapeutic medicines were also administered. A fibroblast activation protein
(FAP-a)-responsive peptide was used by Zhao et al. to functionalize DOX-loaded spherical NPs,
where Dox caused the reassembly of fiber-like structures or co-assembly with peptides.®® At the FAP-
a overexpressed tumor locations, rapid and effective Dox release from this nano system was
successfully demonstrated. This caused the breakdown of the tumor stroma and further increased drug

penetration into the tumors.

1.2.1.4. Antidiabetic drug delivery

It has been observed form the literature that peptide gels are widely explored as a drug delivery
vehicle for the release of chemotherapeutic agents to overcome their side effects due to non-
specificity. However, antidiabetic drugs, like sulfonylurea derivatives also encounter certain
limitations related to sudden drop of blood glucose (hypoglycemia) causing dysfunction of kidney and
liver. Frequent administration of medication is also required to maintain an optimum level of glucose
in blood. Peptides gels are very les exploited in this field to deliver a hydrophobic antidiabetic drug,
which also suffers from low solubility in blood. Antidiabetic drug/insulin delivery has been achieved
earlier by few scientists where biomaterials were developed to sense the glucose oxidase or low pH
due to overproduction of gluconic acid. Some insightful reports from the literature include mesoporous
silica nanoparticles, peptide scaffolds, peptide-polymer composites, and boronic acid grafted polymers
for insulin delivery. Control release of lipopeptide (liraglutide)® and polypeptide (lixisenatide)®? were
also reported from polymeric hydrogel based drug delivery system, whereas metformin delivery was
achieved from lauric acid coated microneedles.®®*All these biomaterials solely acted as drug delivery
vehicle for short term use. Thus, it will be interesting to rationally design a peptide-based drug
delivery system, which can act as a carrier of an antidiabetic drug, provide a sustained release profile,

and also treat oxidative stress caused by the generation of reactive oxygen species.
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1.2.2. Chronic wound healing

Many millions of individuals experience discomfort, suffering, and, in severe cases, impairment as a
result of wounds brought on by trauma, burns, surgery, and chronic diseases.®* As obesity and diabetes
are becoming more common, the burden of chronic wounds is growing, leading to therapeutic issues,
and rising medical expenses. As a result, the medical system continues to face significant difficulties
in the treatment of wounds. The complex and well-organized process of wound healing begins as soon

as an injury occurs.

1.2.2.1. Types of wound healing

Normal wound repair. Four overlapping but separate stages make up the normal mammalian dermal
wound healing process®: a) hemostasis and the early inflammatory response; b) the late inflammatory
response (the removal of dead and devitalized tissues and the prevention of infection); ¢) angiogenesis
and the proliferation of new tissue; and d) tissue remodeling (Figure 1.5). The entire process is strictly
regulated by several cells and many growth factors, cytokines, and chemokines, which are produced in
order to achieve barrier closure and functional recovery. When a cutaneous injury develops, the initial
step in healing is to stop the bleeding and reduce hemorrhage. This quick process is accomplished by
blood vessel constriction, platelet aggregation, and blood clot formation. In the following phase,
inflammation starts right after the tissue injury. Infected and chronic wounds experience longer-lasting
inflammation. Several inflammatory cytokines and cells are drawn in during homeostasis and
activated. These cytokines also encourage fibroblast migration, which kick-starts the development of
the subsequent step, tissue proliferation. In this stage, the wound develops new blood vessels (also
known as neovascularization or angiogenesis), and ECM proteins (collagen fibers and granulation
tissues) are produced and deposited, creating a fresh surface for keratinocyte migration in the
following step. The regulation of angiogenesis depends heavily on vascular endothelial growth factor
A (VEGFA).%® The last stage is remodeling. During this stage, the majority of active inflammatory
cells either exit the wound by programmed cell death or outflow, leaving mostly ECM proteins and
collagen. The wound healing process is complete when collagen is remodeled and scarred. Pathogenic
infection will impede the process of wound healing and, in severe circumstances, could be fatal. In

order to ensure successful wound healing, it is crucial to prevent and treat infections.

Chronic wound repair. The pathophysiological manifestations of chronic wounds include prolonged
or excessive inflammation, persistent infection, poor angiogenesis, challenging re-epithelialization,
dysregulated levels of cytokines/growth factors, and enhanced protease activity (Figure 1.7A).%
Vascular ulcers, diabetic ulcers, and pressure ulcers make up the bulk of chronic wound types. In
contrast to acute wounds, chronic wounds have higher levels of pro-inflammatory cytokines (IL-1, IL-
6, and TNF- a), as well as inflammatory chemokines (MCP-1 and IL-8). As a result, matrix
metalloproteinases (MMPs) are produced more frequently and tissue inhibitors of MMPs are

decreased, which prevents the formation of ECM and dermal reconstruction. A critical stage in the

14



healing of chronic wounds is the transition from the inflammatory to the proliferative stage; therefore,

it is essential to develop methods to aid this transition efficiently.
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Figure 1.6. Four stages of wound healing- hemostasis, inflammation, proliferation, and remodeling.

1.2.2.2. Treatments of chronic wounds

Wounds can currently be treated with a variety of methods. Invasive surgical procedures (surgical
debridement and skin grafting) include a risk of bleeding or tissue damage, necessitate bed rest, and
are expensive to provide. Due to the following benefits, gel dressings have demonstrated considerable
potential in non-invasive therapy: a soft tissue-like 3D structure, exceptional in situ solid gel formation
following injection, and the capacity to act as specialized carriers of medicines, proteins, or cells. In
order to promote wound healing, various types of biomaterial-based hydrogel dressings have been
developed, including those made of peptides, chitosan, collagen, alginate, heparin, cellulose, and
hyaluronic acid. Wound dressings made of peptides have drawn a lot of attention. Since peptides are
widely distributed throughout the human body and have unique biological functionality, activity, and
selectivity, both naturally occurring and synthetic peptide molecules can have a variety of biological
impacts. For instance, several peptides, including OA-GL12, OA-GL21, RL-QN15, and Ot-WHP,
found in the skin secretions of amphibians, have been shown to hasten the healing of wounds, both
acute and chronic lesions caused by diabetes.%” Furthermore, by playing crucial roles in wound
proliferation and tissue remodeling, certain peptide growth factors, such as epidermal growth factor
(EGF) and fibroblast growth factor (FGF), enhance wound healing.%

Self-assembling peptides with rational design can mimic the extracellular matrix (ECM), activate
humoral and cellular immunity, aid in drug transport, and target specific cells or organs. Additionally,
compared to conventional polymer gels, low-molecular-weight peptide-based gels offer greater
biocompatibility and biodegradability.®® As a result, these gels rarely have serious negative effects and

are suitable for the majority of tissue engineering applications. Self-assembling peptide-based gels
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have numerous uses in nanotechnology and biomedicine, such as for the topical delivery of drugs, the
treatment of tumors, and as an immunological adjuvant for 3D tissue cell culture, tissue healing, and
tissue regeneration. Due to their capacity to adapt to changes throughout complex wound healing
processes, self-assembling peptide-based molecules have demonstrated significant potential for
multimodal treatment. By encoding peptide sequences, it is possible to produce self-assembling
peptides with ordered structures, including spheres, vesicles, micelles, nanofibers, and nanotubes with
new properties. For instance, it has been reported that nanospheres can contain and deliver
medications and nanofibers that can entangle into gels under aqueous medium.” Additionally, the
peptide-based fibrous network is similar to fibrin in the ECM in terms of structure and content, which

makes it easier to repair injured tissues and restore their biological functions.

Applying cotton or gauze bandages or other natural or artificial bandages was the earliest form of
wound care. This kept the wound dry and stopped bacteria from entering. Studies conducted
afterwards proved that a warm, moist environment can promote quicker and more effective wound
healing. Utilizing hydrogel formulations is seen to be a successful practice since it allows for
spatiotemporal control of wound healing. In terms of their in vivo and environmental toxicity,
hydrogels, and peptidyl gels in particular have several advantages over other materials. Hydrogels
have a high-water content, adjustable mechanical stability, great injectability, and exceptional
biocompatibility on a macroscopic level. Microscopically, appropriately created peptide sequences can
respond to numerous in situ stimuli to self-assemble in addition to targeting particular receptors.
Peptide-based self-assembling gels are capable of producing functionalized microscopic structures that
serve as a temporary ECM to promote the migration and proliferation of different cells involved in

wound healing and the microenvironmental remodeling of physiological tissues.

1.2.2.3. Rational design of peptide gels for wound healing

Self-assembling peptide-based hydrogels can deliver drugs, cytokines, or cells to the desired place
before decomposing into bioactive peptide sequences or natural amino acids that can be used to repair
the surrounding tissue (Figure 1.7B). Thus, these hydrogels have been widely used in several stages of
wound healing, including hemostasis, infection and inflammation management, cell proliferation, and
remodeling. Zhou et al. in his review article has provided insights on rational design of
multifunctional dressings to promote acute and chronic wound healing.®* In addition, Liang et al. had

discussed the advanced functions that can be exerted by hydrogels to facilitate wound healing.”

Provoking hemostasis. Hydrogels have outstanding performance and therapeutic potential as
hemostatic agents because they can halt bleeding both physically and chemically.”? In order to
completely stop the bleeding from the wound, peptide-based nanofibers can cling to the area of the
lesion and self-assemble into a hydrogel barrier. The formation of clots by peptide-based nanofibers
during hemostasis may confine the blood's constituent parts and encourage platelet adhesion when it
comes into contact with blood. The physical trapping of blood components in the nanofiber network

resembles the behavior of a fibrin clot that has naturally coagulated. In comparison to conventional
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hemostatic materials (such as gauze and chitosan), peptide-based gels have been shown to halt
bleeding substantially faster (within 1 min). In a liver trauma model, quick and effective hemostasis
was demonstrated coupled with low cytotoxicity and no nonspecific immunological reactions by a
short self-assembling peptide (I;QGK), which forms a gel under the control of transglutaminase
(TGase).” EAK16 and (RADA)., which are longer ionic complementary self-assembling peptides, are

also used for hemostasis and exhibit quick hemostasis in transverse liver studies.”
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Prevention of microbial infection. Restricting infection brought on by the invasion of microorganisms
is the most common challenge in wound healing, particularly in diabetic wounds. In burn and chronic
wounds, antibiotic-resistant forms of bacteria like Staphylococcus aureus and Pseudomonas
aeruginosa can induce postoperative infections, delaying wound healing, and raised mortality rates.”
Peptide-based substances have been developed as powerful anti-infection scaffolds to address this
problem. For instance, bacteria are less resistant to antimicrobial peptides (AMPs) than to antibiotics,
which is advantageous for the healing of aseptic wounds. In order to heal infected wounds and prevent
infection, current treatment methods mainly take advantage of the cationic characteristics and self-
assembling structures of various peptide-based material systems. Lysine- and arginine-rich self-
assembling peptides with polycationic surfaces exhibit antibacterial action against a variety of Gram-
positive and Gram-negative bacteria. Bacterial cell death is caused by the interaction of cation-rich
AMPs with bacterial cell membranes, which results in the destruction of membrane potential, changes
to membrane permeability, and metabolite leakage. For instance, the cationic self-assembling gels
MARG1 and MAX1 have inherent antibacterial properties.”®’” All of the lysine residues in MAX1
peptide fibers provide resistance to bacterial infection. Presence of arginine in MARG1 strengthened
the antibacterial capabilities. Uncharged peptides have the ability to self-assemble into nanofibers that
have antibacterial properties by rupturing bacterial cell membranes. FF is the most straightforward

neutral, self-assembling antibacterial peptide. FF treatment causes the outer and inner membranes of
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bacterial cells to permeate and depolarize.” It is important to note that the antibacterial activity of FF
is a result of its ability to self-assemble. The formation of fibrous structures that break down the
bacterial cell membrane can result in antibiotic actions when FF is modified with Fmoc, Nap, and

other amino acids.

Anti-inflammatory activity. When a serious bacterial infection develops, the inflammatory response
may worsen and cause long-lasting, systemic inflammation as the lesion heals. In this situation,
effective methods of reducing inflammation are required. Inflammation in chronic wounds is
frequently treated with anti-inflammatory medications (both steroids and non-steroids). However,
local nanocarrier treatment leads in short retention duration and the unregulated release of anti-
inflammatory medications in wounds, whereas oral drug administration can have negative effects in
the gastrointestinal tract, kidneys, and cardiovascular systems. In order to achieve controlled drug
release and improve the biological transmission and bioavailability of anti-inflammatory drugs, topical
formulations of peptide-based self-assembling gels can encapsulate conventional anti-inflammatory
drugs in peptide assemblies. This reduces implant-related inflammation and lessens toxic side effects

during the anti-inflammatory process.®’

Co-assembly is a useful method for enhancing the anti-inflammatory medications' therapeutic
effectiveness while minimizing their negative side effects. Dexamethasone (Dex), a steroid, is a potent
immunosuppressant and anti-inflammatory drug. In order to increase Dex's ability to reduce
inflammation, Liang et al. came up with a plan for peptides and Dex to assemble together
intracellularly.” The peptide precursor (Nap-Phe-Phe-Tyr(H.POs)-OH) and Dex sodium phosphate
were co-assembled inside the cells as a result of the overexpressed ALP on the membranes of
inflammatory macrophages acting as a catalyst to dephosphorylate them. The intracellular co-
assembly caused by ALP significantly increased the anti-inflammation effectiveness of Dex in
inflammatory cells. Anti-inflammatory medications can be chemically changed to offer more
therapeutic characteristics through bio-conjugation. Chemical connections between peptides and
medications that self-assemble well and have anti-inflammatory properties. Through an ester bond and
a hydrolysable hydrazone connection, the peptide Nap-Phe-Phe-Lys-Tyr(H,POs3)-OH can be
covalently conjugated to Dex.8 lIbuprofen can spontaneously produce a hydrogel by conjugating with
the peptide GFFY via a cleavable ester bond.®! Hydrogels can gently release anti-inflammatory
medications and promote localized anti-inflammatory effect because of the improved tissue retention
and enzyme activity at the site of the inflammation. It is important to note that the decrease in VEGF
in the surrounding tissues slows angiogenesis and delays wound healing, which is an unfavorable side
effect of Dex therapy.®? Nonsteroidal anti-inflammatory drugs (NSAIDs) may therefore be more
effective at treating wound inflammation. The commonly used NSAIDs, such as naproxen and
indomethacin encounter side effects associated with non-selective cyclooxygenase (COX) inhibition.
Therefore, modification of these drug can be performed with self-assembling peptides without

affecting their activity.
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Proliferation and remodeling. The stage of skin and tissue proliferation that follows the management
of wound infection is crucial for a good healing process. In this phase, collagen is deposited along
with angiogenesis, fibroblast, and keratinocyte proliferation. Numerous 3D scaffolds for tissue
engineering have been created using peptide-based gels with characteristics resembling those of the
ECM.® In several research, vascular endothelial growth factor (VEGF) and its receptors have been
used to control the angiogenic response because they help in the angiogenesis process in wounds. The
angiogenesis-promoting abilities of VEGF-based peptide gels are superior to those of other peptide-
based gels.®* The peptide QK, which resembles the VEGF fragment and may act as an angiogenesis
stimulant, can attach to the VEGF receptor.®® As it has been demonstrated that NO helps with wound
repair by encouraging endothelial cell development and migration and new blood vessel formation
from existing vessels, it is a novel chemical of interest in wound healing. An effective method for
creating self-assembling gels is to combine short peptide sequences with NO donors. An enzyme-
controllable NO-releasing gel, for instance, has been fabricated by combining a sugar-caged NO donor
with the peptide sequence Nap-FFGGG to augment angiogenesis in chronic wounds.®® Two self-
assembled peptide gels with nanofibrous structures were reported to enhance epithelial regeneration in

burn wounds without exerting any inflammatory responses.
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Figure 1.8. Stages of bone fracture healing.

In summary, several factors should be considered while designing self-assembling peptide-based gels

for various applications. Future research should be directed towards the development of
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multifunctional biomaterials to accelerate the chronic wound healing process. Overproduction of
protease at the site of chronic wound cause proteolytic degradation of peptide-based scaffolds and,
hence, proteolytically stable matrix is much needed. Reactive oxygen species (ROS) also deteriorate
the process of healing. Self-assembling peptide with versatile activity can be conjugated with anti-
inflammatory drugs to enhance selectivity towards COX-2 enzyme to provide a novel approach for

facilitating the chronic wound healing process.

1.2.3. Bone tissue regeneration

Bones are complex organs composed of several different types of tissues. The primary components of
bones include bone matrix, osteoblast, osteoclast, osteocytes, and osteoprogenitor cells. The matrix is
the non-living, structural component of bone tissue consisting of organic (collagen and non-collagen
proteins) and inorganic (hydroxyapatite) components.®” Osteoblasts play a role in bone synthesis,
osteoclasts in bone resorption, osteocytes in matrix mineral concentration maintenance, and
osteoprogenitor or osteogenic cells in osteoblast development. Bone tissue regeneration is the process
by which damaged or lost bone tissue is restored and replaced with new, healthy bone. This natural
healing process occurs in the body through a complex series of cellular and molecular events. There
are several factors that influence bone tissue regeneration including the severity of the injury, the
location of the bone defect, and the individual's overall health. The basic steps involved in bone tissue

regeneration typically include (Figure 1.8):

Inflammation. When a bone is injured, the body's natural response is to initiate an inflammatory
process. Inflammatory cells, such as macrophages, release signaling molecules that attract other cells

to the injury site and stimulate the subsequent healing process.

Formation of a hematoma. Following the initial inflammatory response, blood vessels in the injured
area rupture, leading to the formation of a blood clot or hematoma. The hematoma serves as a scaffold

for the subsequent steps of bone tissue regeneration.

Formation of a soft callus. Within a few days, specialized cells called fibroblasts invade the
hematoma and start producing a soft callus. The soft callus consists of collagen and fibrous tissue that

stabilizes the fracture site and bridges the gap between the broken bone ends.

Formation of a hard callus. Over time, the soft callus is gradually replaced by a hard callus, which is
made up of cartilage and woven bone. Cartilage-forming cells called chondroblasts produce a

temporary cartilage model, which is later replaced by bone-forming cells called osteoblasts.

Remodeling. The final step in bone tissue regeneration is remodeling, where the newly formed bone
undergoes a remodeling process to restore its original shape, strength, and functionality. Osteoclasts,
specialized cells that break down bone tissue, remove excess callus material, while osteoblasts deposit

new bone in a process known as bone remodeling.
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In addition to the body's natural healing process, bone defects due to injury, illness or ageing
necessitate medical interventions to aid bone tissue regeneration. Osteoporosis falls into this category.
It is a medical condition characterized by a decrease in bone mass and deterioration of bone tissue,
leading to increased bone fragility and a higher risk of fractures. It occurs when the rate of bone
resorption (breakdown) exceeds the rate of bone formation, resulting in a net loss of bone density. The

approaches used to facilitate bone tissue regeneration includes the following:

Bone grafts. In cases where there is a significant bone loss or the body's natural healing process is
insufficient, bone grafts may be used.®® A bone graft involves transplanting bone tissue from one area
of the body (autograft), a donor (allograft), or synthetic materials (alloplastic grafts) to the site of the
bone defect to stimulate bone regeneration.

Growth factors and proteins. Certain growth factors and proteins, such as bone morphogenetic
proteins (BMPs), can be used to enhance bone tissue regeneration. These substances are often applied

directly to the site of the injury to stimulate the recruitment and differentiation of bone-forming cells.

Tissue engineering approaches. Tissue engineering techniques involve combining cells, scaffolds,
and signaling molecules to create engineered bone tissue for transplantation. These approaches aim to
create custom-made bone grafts that closely mimic the structure and properties of natural bone
(Figure 1.9).

It is important to note that bone tissue regeneration is a complex process, and the success of the
regeneration can vary depending on the individual and the specific circumstances of the injury. Close

medical supervision and appropriate treatment plans are crucial to ensure optimal outcomes.
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Figure 1.9. Biochemical functionalization of peptides to achieve successful bone tissue regeneration.

1.2.3.1. Supramolecular peptide as a scaffold
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Peptides can be self-assembled into various scaffolds including gels and hydrogels. Due to their
structural similarity to the extracellular matrix (ECM), which may facilitate cell behavior such as
migration, adhesion, proliferation, and differentiation, hydrogels may be the best scaffolds for bone
tissue engineering.® Bioactive motifs could be covalently attached to the peptide to control cell
behavior, and bioactive factors could physically bind to the hydrogel matrix to be released over time.
These possibilities depend on the crosslinking density, matrix affinities for the factors, and rate of
biomaterial degradation. Biomaterials that are currently being tested as bone substitutes in clinical
trials for bone tissue engineering include degradable bioceramics, like bioactive glass, polymers, like
hyaluronic acid (HA), and undegradable metallic implants like printed titanium implants. In contrast to
biomaterials now undergoing clinical trials, self-assembled peptide gels can be easily given diverse
biochemical functionalities by conjugating bioactive motifs and absorbing bioactive agents. Other
benefits of self-assembled peptide gels over existing bone substitutes include: 1) exhibit artificial
microenvironment analogous to native ECM, which can modulate cells by ECM-cell interactions; 2)
initiate almost no adverse immune response or tissue inflammation when implanted into the body; 3)
no toxic substance formed during degeneration because they are primarily composed of amino acids;
and 4) can be synthesized in high purity without batch-to-batch variations. They can be used to design
bone grafts via bioprinting or bioreactors, in addition to being employed as injectable gels or
composite nanoscaffolds. Recent reviews published by Koons et al.®°, Hao et al.®’, and Bahraminasab

et al.” describes the design of biomaterials for promoting bone tissue regeneration.
1.2.3.2. Biochemical functions of self-assembled peptides

Cell adhesion is the most fundamental process that enables exogenous or endogenous cells to survive,
multiply, and differentiate when self-assembled peptides are transplanted into the body. Endogenous
cells must be strongly recruited for newly developed cell-free scaffolds. Additionally, breakdown of
self-assembled peptides must be controlled in order to support bone tissue regeneration during bone
healing.?? We refer to these three processes- cell adhesions, cell recruitment, and matrix degradation as
basic biochemical processes for bone tissue engineering. Matrix biomineralization and osteogenesis
are required for the deposition of hydroxyapatite and collagen in order to regenerate bone tissue.
Additionally, angiogenesis and neurogenesis are necessary because newly formed blood vessels may
carry cells, nutrients, and oxygen, and newly formed nerve cells can stimulate osteogenesis by
secreting neuropeptides. Immune cells also play important roles in the milieu of bone regeneration,
and osteogenesis aided by the appropriate change of macrophage phenotype. Consequently, we
categorize matrix biomineralization, osteogenesis, angiogenesis, neurogenesis, and immune
modulation as enhanced biochemical processes for bone tissue engineering, and a suitable balance
should be maintained among them. Furthermore, it is necessary to prevent postoperative infection and
tumor recurrence since the milieu of bone defects brought on by the excision of an infection or tumor
is not favorable for bone regeneration. Therefore, from the perspective of a therapeutic goal,

sterilization and tumor suppression are considered to be supplementary roles. Each bioactive motif or
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bioactive component exhibits many effects and they are mostly categorized as below according to their

major function.

Cell adhesion. The most fundamental purpose of biomaterials is cell adhesion. It may be treated with
cell adhesive peptides (CAPs), which may bind to related receptors on the cell membrane, including
integrin, laminin binding proteins, and transmembrane proteoglycans.®® RGD may bind to multiple
integrins and thereby stimulate additional processes, including osteogenesis, angiogenesis, and
neurogenesis. In order to generate useful nanofiber gels, the peptide and its derivatives, such as
RGDS, PRGDSGYRGDS (PRG), and DGRGDSVAYG (DGR), have been covalently customized to a
variety of supramolecular peptides.**

Cell recruitment. In order to prevent the encapsulation of exogenous seed cells, endogenous repair
cells from a core cell niche (such as bone marrow) or adjacent tissue are stimulated to move into
biomaterials. This phenomenon is known as cell recruitment. The ability to recruit cells is supported
by the porous, ECM-like milieu that self-assembled peptides offer. By using phage display screening,
a group of polypeptides known as bone marrow homing peptides (BMHPs) richin K, P, F, S, and T
were discovered.® These peptides may help MSCs migrate or recruit, and BMHP1 (PFSSTKT) and
BMHP2 (SKPPGTSS) have been employed extensively in bone tissue engineering.

Matrix degradation. The rate of degradation of matrix and tissue regeneration should remain in
equilibrium. Some enzymes, including MMPs, may be produced when cells migrate into the gels,
having indirect impacts on bone healing. Therefore, using MMP-clearable sequences is the best
method for controlling the degradation of hydrogel matrix. GTAGLIGQ was the first type MMP-2
cleavable motif to fabricate cell-responsive peptide amphiphile. The self-assembled peptide gel was
constructed by CHs3(CH,)14CONH-GTAGLIGQ-ERGDS, and Type IV collagenase was utilized to

evaluate the gel’s vulnerability to protease degradation.®

Matrix biomineralization. The process of hydroxyapatite (HAp) being deposited on biomaterial
substrates is known as matrix biomineralization, and it is advantageous for osteogenesis. For matrix
biomineralization, acidic amino acids are typically utilized. The most common biomineralization motif
at this moment is phosphoserine (J), which is enriched in dentin phosphoprotein and skeletal saliva
protein. It can draw calcium ions and cause nucleation with alkaline phosphatase (ALP)-released
phosphoric acids. Mineral crystals appeared on the 2D surface of peptide amphiphile nanofibers made
by CH3(CH2)12CONH-CCCCGGG-JRGD after being exposed to a solution containing a mixture CacCl,
and Na;HPO,. The Ca/P ratio, as measured by energy dispersion X-ray spectroscopy, was 1.67 + 0.08,
which is in agreement with HAp [Caio(PO4)s(OH).].%” Consecutive negative amino acids (EEE,
EEEEEE, and DDDDD) can direct mineralization similarly to J when conjugated to various self-
assembled peptides.®® Therefore, incorporating negative biomineralization segments as biomaterial

scaffolds is still strongly advised for bone tissue engineering.
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Osteogenesis. In addition to the osteogenic effects of mineralization, osteogenesis may be influenced
by osteoinductive elements. The most often employed bioactive proteins are recombinant bone
morphogenic proteins (BMPs), which exhibit osteoinductive capabilities. Hosseinkhani et al. reported
a controlled release of BMP-2 and BMP- 7 from self-assembled peptide gel for up to 25 days in
vitro.®® Another successful strategy is to attach a supramolecular peptides to a bioactive motif
containing peptide. Literature report reveals that the incorporation of phosphorylated BMP-2-related
peptide (SJVPT) to a functional gel efficiently controlled the proliferation and osteogenic

differentiation of MSCs in vitro and induced bone regeneration.®

Angiogenesis. Given that bone is a highly vascularized tissue and that the vasculature plays an
important role in bone remodeling, regeneration, and maintenance, angiogenesis is an important factor
to take into account when passive diffusion for oxygen and nutrient transfer is ineffective during bone
repair. Angiogenic signals in biomaterials are therefore advantageous for bone regrowth. Vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), insulin-like growth factors
(IGFs), and many other bioactive proteins have angiogenic effects.!®® VEGF has been utilized
extensively as an angiogenic promoter. For instance, VEGF and BMP-2 were physically encapsulated
into a self-assembled peptide gel and the results showed that the VEGF-incorporated scaffold
promotes more new bone formation than the scaffolds containing BMP-2 only.1? Supramolecular
peptides have also been designed using an IGF-1-derived motif (GYGSSSRRAPQT) and a heparin-

mimetic motif (K-pbs) to encourage angiogenesis.1%

Immune regulation. Immunoregulation plays a critical role in bone tissue regeneration by modulating
the immune response and coordinating the interactions between immune cells and bone cells. The
immune system is involved in the early stages of bone healing, including the inflammatory phase, and
also contributes to the later stages of bone remodeling and regeneration. Numerous immune cells,
including macrophages, neutrophils, and T cells, have an impact on bone remodeling, with
macrophages playing a key role in this process.}** Following trauma, circulating monocytes serve as
the primary source of macrophages. Macrophages initially exhibit M1 morphologies, which can
phagocytose dead cells and pathogens and cause inflammation, and subsequently they change into
anti-inflammatory M2 phenotypes, which may promote osteogenesis. The major goals of the current
research were to promote M2 macrophages and inhibit M1 macrophages. Immune regulators can be
entrapped into peptide gels or the scaffold itself can demonstrate immunomodulation to promote bone

formation.

Antibacterial. Acute and chronic bone infections are challenging to treat because of bacterial colonies
in the grooves of the bone, different substances secreted by the bacteria, and an acidic
microenvironment. Osteomyelitis, an infection-related inflammation of the bone or bone marrow, is
frequently treated in clinics by thoroughly cleaning the lesion and then implanting an antibacterial
substance. Due to the possibility that the residual bacteria can interfere with bone healing,

antimicrobial elements should not be released quickly. The dual roles that self-assembled peptide gels
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play as controlled release carriers and scaffolds may make them the optimal vehicle for the dual
functions of antibacterial and osteogenesis. Yang et al. incorporated cationic antimicrobial peptides
(AMPs) into RADAL16 gel and tested it on a rabbit osteomyelitis model.1®® The gel allowed for the
controlled release of AMPs to inhibit Staphylococcus aureus growth, and stimulated bone
regeneration. In a different study, to reduce the risk of postoperative infection, ciprofloxacin was

encapsulated inside a scaffold made of RADA16 and calcium phosphate cement.%

Tumor suppression. Large-scale bone deformities brought on by tumor resection are extremely
challenging to heal as leftover tumor cells can lead to tumor relapse. Scaffolds that inhibit tumor
growth and stimulate bone formation are therefore very promising for treating bone deformities caused
by tumors. Instead of chemotherapeutic treatments that harm MSCs, antitumor medications with
osteogenic qualities are better suited for bone repair.!’A controlled-release scaffold was developed by
a group using metformin, a common diabetes medication with many effects that include encouraging
osteogenesis and suppressing tumor growth. Although self-assembled peptide gels are frequently
employed to remove tumors, few studies have used them as controlled-release scaffolds to repair bone
defects caused by tumor excision. Adding anticancer compounds to the supramolecular peptides'

backbone is another effective strategy to combat tumor relapse in bone defects.

While various injectable, 3D printed, self-assembled peptide-based scaffolds with rational design
have been reported in literature, the effect of polar and charged building blocks (amino acids) in a
peptide sequence have not been investigated thoroughly. The nanostructured morphology of the
peptides can also provide biochemical cues, which can help in nanostructure guided differentiation of
MSCs. A detailed understanding regarding the effect of individual amino acids on biomineralization,
MSCs differentiation, and promoting osteogenesis would motivate the researchers to develop better

peptide-based scaffolds for bone tissue regeneration.

1.2.4. Biocatalyst mimics

Enzymes have garnered a great deal of interest due to their exceptional selectivity and efficiency
during catalysis. Intramolecular noncovalent interactions, such as van der Waals, electrostatic,
hydrogen bonds, and stacking interactions, operate as the driving factors in the three-dimensional
folding of enzymes.'® They support the metabolic process and cellular processes of living creatures by
catalyzing biochemical reactions under benign conditions. Although enzymes have received a lot of
interest in the domains of food, textile, medical, petrochemical, biofuel, and other things due to their
high catalytic efficiency and regio- and stereoselectivity, they face certain limitations on large scale,
which includes: (i) the folded structure of the enzymes are due to the presence of non-covalent
interactions, which are very prone to environmental changes, leading to the loss of activity; (ii) the
complexity of enzyme structures makes it challenging to modify their structural characteristics and
adjust their catalytic properties; (iii) the separation and purification of enzyme from cell is expensive
and time consuming. The distinctive architectures of the active sites, which are in a three-dimensional

cleft made up of residues from the primary sequences, are thought to be responsible for the catalytic
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abilities of enzymes.’® To selectively bind the substrates and catalyze the transformation, the
functional groups in the active sites work with or support the organic or ionic cofactors.
Supramolecular self-assembly, a bottom-up method of material manufacturing, has been extensively
used to create enzyme-mimetic biocatalysts inspired by the structure-function relationship of

enzymes.!°

Supramolecular catalysts are produced by the spontaneous organization of the components of
molecular catalytic system under thermodynamic equilibrium, which is fueled by numerous
interactions. Unlike native enzymes, supramolecular catalysts can typically be made in a very quick
and inexpensive manner, and they have tailorable architectures and functions because of the tunable
building blocks. They also provide multiple reactive centers to enhance the rate of reaction.
Additionally, the amphiphilicity of the structures can be adjusted by managing the polarity of the

catalytic environment and functions.!!!
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Figure 1.10. Design of self-assembled peptide with the active catalytic site similar to the native

enzyme to catalyze biochemical reactions.

The purpose of generating supramolecular catalysts is to attain catalytic efficiency that can be
comparable with that of natural enzymes, hence it is crucial to strategically construct the active sites of
the biocatalysts-mimic. This is indeed difficult because the distribution of amino acid residues at the
active site of enzyme is developed due to tertiary protein folding. There has been a lot of research on
the fabrication of supramolecular catalysts with an arrangement of the catalytic groups to closely
mimic an enzyme (Figure 1.10). The functional group present at the side chain of amino acids in the
active sites cooperate to carry out enzymatic activities in the presence or absence of cofactors. In

recent reviews, Hamley and coworkers have presented the scope of peptide and peptide conjugate
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nanostructures as biocatalysts,'? whereas Lou et al. have discussed the potential of de novo designed

self-assembled peptides to mimic the active sites of various enzymes to catalyze different reactions.%®
1.2.4.1. Design and fabrication of supramolecular biocatalysts

Hydrolase mimic. Hydrolases are enzymes that catalyze hydrolysis reactions, which involve the
breaking of chemical bonds by the addition of water molecules. Enzymes, like esterase, carbonic
anhydrase, lipase, and phosphatase belong to this category. Hydrolase typically consists of at least one
histidine (His, H) residue at its active site and the imidazole at its side chain can act as an acid-base
catalyst to split water to generate proton. This leads to generation of a nucleophilic anion. A single
histidine moiety can promote hydrolysis with low efficiency, whereas, cooperation of histidine with
other amino acid residues forming catalytic dyad or triad can accelerate the reaction with a higher
efficiency (Figure 1.11). Zn?* sometime act as cofactor along with the catalytic triad. Therefore,

hydrolase mimicking artificial enzymes can be of two types: metal free and metal containing.
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Figure 1.11. Catalytic mechanism of serine protease involving catalytic triad (Ser-His-Asp).

Metal free. For several hydrolytic enzymes, including serine proteases, serine esterases, and lipases
from certain sources, the S (Ser)-H (His)-D (Asp) (or Glu, E) triad is a well-known structural
characteristic.!*® The serine hydroxyl group, which is typically protonated at the neutral pH, is
hydrogen-bonded to the imidazole of histidine at the active site of serine proteinases (chymotrypsin or
trypsin), which is then hydrogen-bonded to Asp to form a charge-relay network. Once the substrate (a

peptide) has been bound, the oxygen on Ser's side chain attacks the carbonyl carbon of a peptide bond,
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the hydrogen-bonded His acts as a general base to abstract the Ser proton, and the negatively charged
Asp stabilizes the positive charge that forms on the His residue. As a result, the Ser hydroxyl's
nucleophilicity is increased. The catalytic triad can be synthesized with minimal expense, which can
be self-assembled to generate a supramolecular catalyst. Dejugnat and coworkers reported the His-
based lipopeptide self-assembly to exhibit hydrolysis of p-nitrophenyl acetate (obNPA).1* Guler et al.
employed a comparable strategy to produce the catalytic H/S/D triad by allowing the peptide
amphiphile to self-assemble into the B-sheet configuration.!® The H/R (arginine) pair formed through
peptide self-assembly also had shown synergistic catalytic activity towards the hydrolysis of pNPA in
addition to the S/H/D triad. By acting as an oxianionic hole, the guanidyl group helps to stabilize the
negative charge at the reaction's transition state. In addition to ester hydrolysis, the catalytic triad was
reported to exhibit amidolytic activity through self-assembly of amyloid peptides containing H, S, and
D residues.!® The transesterification of the p-nitrophenyl ester of N-carboxybenzylphenylalanine
(Cbz-Phe-ONP) was catalyzed by using positively charged monolayer-capped gold nanoparticles as
the multivalent scaffold instead of peptide self-assembly.!t” The nanoparticles were used to bind
peptides containing oligohistidine (1-3 His residues) and three Asp residues. Guler et al. reported the
self-assembled nanofibrous scaffold, lauryl-VVAGHH CONH_, which has the potential to mimic
alkaline phosphatase, thus catalyzing phosphate hydrolysis.*® This property helped the scaffold to
trigger the maturation of MSCs into bone forming cells (osteoblasts) and potentiate in vitro osteogenic

differentiation.

Metal containing. Metal ions that function as enzyme cofactors can catalyze reaction with the help of
the side chain groups of amino acid residues by making the substrates easier to access and bind. The
residues alone cannot carry out the catalytic reaction. The interaction of the metal ions with ligating
side chains affects the protein folding as well. Carbonic anhydrases and metalloproteases are two
examples of hydrolases that frequently use Zn?* ion as a cofactor. A bound water's pK, is lowered by
the Zn?* ion, which helps in stabilizing and positioning hydroxide for nucleophilic attack on the
substrate. In order to build a Zn?* binding site, Korendovych and coworkers used a heptapeptide based
on the B-sheet forming sequence, AcCLKLKLKL-CONH,.'*®
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Figure 1.12. Catalytic mechanism of aldolase | involving catalytic site.

Aldolase mimic. Aldolases Class I, often known as aldolase I, is a broad family of enzymes that
catalyzes the formation or cleavage of C-C bonds. It employs a multistep process where a covalent
Schiff base imine adduct is formed between an active-site lysine and an intermediate. At the active site
of native aldolases, lysine attacks a carbonyl group of the substrates to generate an imine intermediate,
which continues to attack the electrophilic reagent. Prior to the formation of the imine, the phenolic
OH of a proximal tyrosine serves as the hydrogen-bond donor to boost the electrophilicity of the
carbonyl group of the substrate through proton transfer (Figure 1.12). Aldolases have found extensive
use for asymmetric syntheses of biologically significant chemicals because the reversible cleavage of
C-C bonds is a key transition in both chemistry and biology. Supramolecular peptide assembly offers

an efficient method for producing synthetic aldolase.

Utilizing the nucleating core of the AP peptide (LVFF), which self-assembled into well-defined
amyloid nanotubes, Lynn and coworkers synthesized peptide K1 (Ac-KLVFFAE-CONH,) as artificial
aldolase. In addition to lysine, proline had shown activity towards catalyzing the aldol C-C coupling
process by generating an enamine intermediate with ketone and participating in the nucleophilic
addition to the aldehyde.*?® Wennemers et al. designed self-assembled amphiphilic H-D-Pro-Pro-Glu-
NH. to catalyze the addition of aldehydes to nitroolefins in water with high yield and
stereoselectivity.'?! Escuder and coworkers fabricated a L-proline based self-assembled gel to catalyze
the Henry nitroaldol reactions between nitromethane or nitroethane and benzaldehyde derivative

(Figure 1.13).122
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Figure 1.13. Proline-based aldolase-mimicking catalysts to promote nitroaldol reaction.

Oxidase mimic. With O, acting as the electron acceptor, oxidases catalyze oxidation and reduction
reactions. A vast class of oxidases, such as laccase, ascorbate oxidase, tyrosinase oxidase, cytochrome
c oxidase with Cu as a cofactor belongs to the class of catechol oxidase. A wide range of aromatic
compounds, including aryl amines or phenols undergo one-electron oxidation by the 3D structure of
catechol oxidase. Korendovych et al. developed peptide with seven residues to self-assemble with
Cu?*, which can further activate O, and 2,6-dimethoxyphenol (DMP) that acted as the reducing agent.
Histidine residue in the peptide helped in forming co-ordination complex with Cu, thus facilitating the

reaction.t?

Peroxidase mimic. Peroxidases are a common class proteins using hydrogen peroxide (H2O;) or other
peroxides as oxidants to catalyze a range of oxidative reactions. Histidine is a crucial residue for the
active site of native peroxidase but histidine being a part of the catalytic triad, is also essential for
hydrolase. Das and coworkers designed a self-assembled peptide (Ac-HLVFFAL-CONH_) with
nanotube morphology, which can mimic the catalytic center of both peroxidase and hydrolase enzyme
and perform a tandem catalysis reaction.’®* Xu et al. developed self-assembled molecular gel
composed of Fmoc-Phe and Fmoc-His.!?® The phenylalanine residue provides the hydrophobic
environment, whereas the imidazole ring in histidine reside is responsible for binding with heme to act

like peroxidase active site.

In summary, inspired from the construction of the active site of native enzymes, self-assembled
peptides are being developed to act as artificial biocatalysts and perform various catalytic reactions.
Although these enzyme-mimicking supramolecular catalysts are used for several application but they
encounter limitations associated with their reusability and aggregation. Therefore, immobilization of
these supramolecular catalyst over nanoparticles can be used to develop heterogenous catalyst and

reduce their tendency of aggregation. This technique can be further explored to enhance the stability of
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the artificial enzyme and the inherent catalytic potential of certain metal nanoparticles can be exploited

by conjugating them with the peptide catalysts in order to prepare multifunctional catalyst.

1.3. Knowledge gaps in the field

Researchers have developed self-assembled peptide-based scaffolds for various applications but their
exploitation in the field of antidiabetic drug delivery is rarely reported. The inherent activities of the
peptide building blocks can be used other than carrier to combat various issues related to diabetes.
Development of multifunctional wound dressing is required to circumvent the problems associated
with chronic wounds. Overexpression of cyclooxygenase-2 deteriorate the normal wound healing
process by delaying the inflammation phase. Therefore, a selective COX-2 inhibitor is highly
recommended to accelerate chronic wound healing. Although, self-assembled peptides are widely used
as a biomaterial for bone tissue regeneration, but impact of polar and charged amino acids on
adsorption of hydroxyapatite and differentiation of mesenchymal stem cells have not been thoroughly
investigated earlier. Henceforth, there is a scope to study the potential role of few amino acids with
different charges which can further help to construct better scaffold for bone tissue regeneration.
Lastly, the enzyme mimicking nature of self-assembled peptides make them ideal candidate for the
development of biocatalyst but their homogenous nature and non-recyclability hinder their use. This
limitation can force the researchers to think of immobilization of peptides on solid nanoparticle

surface to generate heterogenous biocatalyst which can be used for several cycles.

1.4. Objectives

The wide applications of self-assembling peptides particularly in the field of drug delivery, tissue
regeneration, and biocatalyst-mimic are thoroughly discussed in the previous section. The thesis is
intended to rationally design and develop a set of peptides with various properties to overcome the
challenges associated with these fields and to generate more efficient scaffolds compared to the

existing ones (Figure 1.14).

Self-assembled peptide gels are extensively used as a drug delivery vehicle for the release of cancer
therapeutics. There is very less report where the inherent properties of the peptides are explored to
circumvent the side effects associated with antidiabetic drugs. Therefore, the first object of my thesis
was to fabricate self-assembled ultrashort peptide gels for the pH-sensitive, sustained release of
glimepiride and scavenge the free radicals generated during oxidation of glucose and protect the
organs from oxidative stress. Several self-assembled peptide-based scaffolds are reported in literature
to combat the problems associated with chronic wounds. A major inflammatory factor of chronic
wound is cyclooxygenase 2 (COX-2) but the NSAIDs used to treat inflammation cause non-selective
COX inhibition, leading to side-effects associated with COX-1 inhibition. Therefore, there is a need to
selectively inhibit COX-2 to protect the body from unwanted side effects. The second objective of my
thesis was to conjugate antioxidant, antibacterial, and proteolytically stable peptides to anti-
inflammatory drugs, naproxen and indomethacin (non-selective COX inhibitors) in order to develop

nanostructured, self-assembled scaffold as a multifunctional wound dressing. The conjugate gel can
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propagate the stalled inflammatory phase towards proliferative phase of wound healing and help in

wound closure and skin tissue regeneration.

The requirement of bone tissue regeneration is high in case of several bone defects, especially
osteoporosis, where the bone formation is extensively affected by bone resorption, resulting in the
reduction of bone density. Therefore, there is a pressing need to develop scaffold for regenerating
bone tissue. Self-assembled peptide gels are reported to exhibit various essential properties as an ideal
scaffold for bone but the potential role of charged and polar amino acids in the peptide sequence has
not thoroughly investigated. To surmount this knowledge gap, we planned the third objective of the
thesis, which was to investigate the role of amino acids in self-assembled peptides for hydroxyapatite
adsorption and differentiation of mesenchymal stem cells. The properties of amino acids can further
help to generate various implant coating based on peptides for promoting bone tissue regeneration.
Self-assembled peptides are also used for the development of artificial enzymes to conduct several
catalytic reactions but they are associated with drawbacks, such as lower stability and non-
recyclability. Keeping this in mind, we framed the fourth objective of the thesis, which was to develop
a supramolecular peptide catalyst with the catalytic triad present in hydrolase enzyme and immobilize
them on cerium nanoparticle with inherent haloperoxidase activity to make it a multifunctional
heterogenous catalyst. Other than performing in vitro catalytic reactions, our objective was to use the

catalyst in several applications for human welfare.
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Figure 1.14. Obijectives of the thesis. Development of self-assembled peptides for drug delivery,

wound healing, bone tissue regeneration, and biocatalyst-mimic applications.
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1.5. Thesis outline

The focus of this thesis was to develop self-assembled peptide-based biomaterials for drug delivery,
wound healing, tissue regeneration, and biocatalytic applications. The first section of chapter one
provides an overview on various secondary structures that the peptides can adapt to form distinct
supramolecular assembly. The second part of this chapter discusses several examples of self-
assembling peptides in biomedical applications, with emphasis on drug delivery, chronic wound
management, bone regeneration, and biocatalyst-mimicking applications. Although the field of self-
assembled peptide is very broad, this chapter presents an exhaustive literature survey, identifies
knowledge gaps/challenges in the field, and presents well-defined objectives to address those
challenges. In the second chapter, we have developed pH-responsive, di- and tripeptide gels (YY,
WW, and WWH) for the sustained release of glimepiride and to scavenge the free radicals generated
during the glucose oxidation, and in the third chapter, we have developed conjugate gels from ultra-
short peptides (Npx-YYk, Npx-YYr, Ind-YYK, and Ind-YYr) comprising of D- and L- amino acids
with antioxidant and antibacterial properties conjugated to Npx and Ind (NSAIDs), as a promising
topical agent for treating chronic wounds or as a coating material for medical devices to prevent
implant associated infections. The fourth chapter deals with the development of six amphiphilic,
collagen and non-collagenous protein-inspired tetrapeptides (WWHS, WWHJ, WWHP, WWHO,
WWHD and WWHE) for the adsorption of hydroxyapatite and differentiation of mesenchymal stem
cells to accelerate bone tissue regeneration, whereas the fifth chapter deals with the development of
self-assembled, nanofibrous catalytic peptide on ceria nanoparticles to mimic esterase, phosphatase,
and haloperoxidase enzymes. Finally, the last chapter provides the conclusion of the work done along

with the impact of this work in addressing the challenges in the field and future prospects.
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Chapter 2
Self-assembled peptide gels for drug delivery

2.1. Introduction

2.1.1. Diabetes mellitus (Type I1)

Diabetes mellitus (DM) is a long-term metabolic disorder characterized by the elevated blood glucose
levels (hyperglycemia), which can have negative effects on the kidneys and heart.1? Due to ageing,
obesity, poor diet, and sedentary lifestyle of global population, the incidence and prevalence of Type 2
diabetes is rising rapidly.®> According to the International Diabetes Federation (IDF) Diabetes Atlas
2021, there are approximately 537 million people living with diabetes globally, making it a disease with
fastest-growing population in the twenty-first century. Between the ages of 20 and 64, diabetes affects
352 million people, or three out of every four individuals. By 2030, there will be about 643 million
adults with diabetes, and by 2045, there will be nearly 783 million. People suffering from type 2 diabetes
confront specific challenges. Through the processes of glycolysis and tricarboxylic acid cycle (TCA)
cycle, elevated glucose levels are produced and it causes the synthesis of organic acids, such as gluconic
acid. Diabetic individuals can produce more H* than is necessary for proper physiological activity,
which impairs mitochondrial function. High quantities of ketone bodies, therefore, manifest in
peripheral tissues, leading to ketoacidosis and an acidic pH.*® The overproduction of superoxide in
mitochondria, which is triggered by high blood glucose levels, is another consequence of this disease
that can cause organ damage from oxidative stress.” Free radicals produced by the self-oxidation reaction
of sugars, sugar adducts, proteins, and unsaturated lipids in plasma and membrane proteins are potential

causes of oxidative stress and protein degradation in diabetes.?

2.1.2. Challenges

Most of the anti-diabetic drugs are designed to lower blood sugar levels, promote insulin secretion, and
repair pancreatic beta-cell damage. However, many of them have negative side effects, such as a fast
reduction in blood sugar that could result in liver and renal malfunction as well as an increased risk of
cardiovascular issues.® In order to maintain the optimum blood glucose level, patients require frequent
administration of medicine. One of the top three most often given oral antidiabetic drugs, glimepiride is
a third-generation sulfonylurea derivative used to treat type 2 diabetes in people, who are not reliant on
insulin. Glimepiride lowers blood glucose levels by activating pancreatic beta cells, while
simultaneously raising insulin levels.2 It also increases the sensitivity of intracellular insulin receptors
to the action of insulin but glimepiride’s solubility is pH-dependent, which results in fluctuating
bioavailability and severe side-effects, such as hypoglycemia and gastrointestinal problems.!! The
medication is associated with limited physiological stability, non-specific targeting, and poor membrane
permeability, which are traits of small molecule medications. Therefore, it is crucial to develop an

effective drug delivery system that can detect pH changes brought on by variations in glucose

45



concentration and release a suitable amount of drug for a sustained period of time to address these issues

and improve patient satisfaction and compliance in type Il diabetes therapy.1# 14

2.1.3. Research gap

Glucose and pH-responsive biomaterials are being investigated for treating diabetes. Researchers have
developed several formulations, including self-assembled peptide gels,**® polymeric hydrogels,*®
glycopolymeric nanoparticles,’* polymerosomes,'> and microneedle array patches,’” but these
formulations are limited to the delivery of insulin. There are very limited publications on nanoparticulate
antidiabetic drug delivery methods for glipizide!® and repaglinide.'® However, these formulations did
not exhibit a long-term, controlled release profile. The fabrication of sustained release formulations
containing glimepiride can control diabetes effectively. Several glimepiride-loaded formulations have
been reported by Ahmed and coworkers, such as self-nanoemulsifying delivery systems with chitosan
and hydroxypropyl methyl cellulose, zein-based glimepiride nanoparticles encapsulated into a gel
comprising of thermoresponsive triblock copolymers poly(lactide-co-glycolide)-block-poly(ethylene
glycol)-block-poly(lactide-co-glycolide) but they encountered issues, like early burst release and use of
plasticizers and permeation enhancers.!®?*2t The glimepiride encapsulated delivery systems
(glimepiride loaded into niosomes-containing nonionic surfactants) prepared by Mohsen et al.?? and
Abdallah et al.?® (transdermal delivery of glimepiride from proniosomal gel) showed a sustained release
for only 24 h. To the best of our knowledge, peptide gels have not been investigated for the sustained,

long-term administration of glimepiride.

2.1.4. Self-assembled peptide gel

Peptides can be utilized to design self-assembled biomaterials (gels, nano-assemblies) that can be used
to increase the effectiveness of drug delivery and decrease drug toxicity because of their diversified
design, dynamic self-assembly property, and biocompatibility.?*?® Since the side chain at the a-carbon
atom in peptides can vary, different biomaterials can be developed by non-covalent interactions between
amino acids, such as hydrogen bonding, ionic, hydrophobic, and stacking interactions.?” Peptide gels
produced by molecular self-assembly have become one of the most intriguing biomaterials with
applications in many areas of biomedicine.?? One can control the properties of peptide gels by
changing the structure and length of the building blocks. Given that peptide self-assembly is primarily
fueled by hydrophobicity and aromatic groups, peptide gels are the optimum vehicle for glimepiride
administration. Peptides are also more appropriate as a drug delivery scaffold with less cytotoxicity due
to their biodegradable and biocompatible nature.®® To the best of our knowledge, delivery of glimepiride

for a sustained period of time has not been achieved earlier with self-assembled peptide gel as a carrier.

2.2.  Objectives

To surmount the limitations described above, we aimed to develop ultra-short, self-assembled peptide
gels from peptides with inherent antioxidant properties. Tyrosine (Y) and tryptophan (W) were chosen

in the current study to build the peptide backbone due to their outstanding antioxidant capacity, and
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histidine was added since it can make the gel pH-sensitive.3**? Two dipeptides, Fmoc-Tyr-Tyr-NH,
(YY) and Fmoc-Trp-Trp-NH; (WW), and a tripeptide Fmoc-Trp-Trp-His-NH, (WWH), were
synthesized by solid-phase peptide synthesis (SPPS) and characterized by mass spectrometry, NMR,
and RP-HPLC. Peptides were self-assembled into gels in DMSO/water and glimepiride was
encapsulated. Investigations were done on the secondary structures, surface morphology, viscoelastic
characteristics, self-healing capacity, swelling and degradation behavior, pH-dependent release, and
antioxidant activities. The MTT assay was used to investigate the cytotoxicity of gels on L929, Miné,

and HepG2 cell lines as well as glucose uptake experiment on HepG2 cell lines.

2.3.  Experimental Section
2.3.1. Materials

Analytical grade reagents were purchased and used without any further purification. Rink amide AM
resin (200-400 mesh, 0.8 mmol/g loadings) was bought from Novabiochem. Fmoc-Tyr(tBu)-OH, Fmoc-
Trp-OH, Fmoc-His(Trt)-OH, anhydrous N,N’-dimethylformamide (DMF), trifluoroacetic acid (TFA),
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)  diammonium  salt (ABTS), 2',7'-
dichlorodihydrofluorescein diacetate (DCFDA), and (z)-6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox) were procured from Sigma-Aldrich. The 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide hexafluorophosphate (HATU), N,N-
diisopropylethylamine (DIEA), 1,2-ethanedithiol (EDT), triisopropyl silane (TIS), glimepiride, 1,1-
diphenyl-2-picrylhydrazyl free radical (DPPH) were purchased from TCI Chemicals, India.
Dichloromethane (DCM), dimethyl sulfoxide (DMSO), and HPLC grade acetonitrile, methanol, and
isopropyl alcohol were procured from Merck. Diethyl ether and piperidine were bought from Rankem
and Spectrochem. Bio-Rad PolyPrep chromatography columns were used for the solid-phase peptide
synthesis (SPPS). HPLC grade solvents were utilized for reverse-phase high-pressure liquid
chromatography (RP-HPLC). Deionized water (DI, 18.2 MQ.cm) was obtained from a Milli-Q system
and used in all experiments. For cell culture studies, L929, Min6, HepG2 cells were used. L929 cell line
was a generous gift from Dr. Durba Pal, Assistant Professor, DBME, IIT Ropar. Min6 and HepG2 cell
lines were purchased from NCCS, Pune. RPMI 1640, DMEM, fetal bovine serum (FBS), 0.25%
trypsin/EDTA, Penstrep, MTT reagent, 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-

glucose (2-NBDG) used in cell culture studies were procured from Thermo Fisher Scientific.

2.3.2.  Synthesis of peptides

Fmoc-Tyr-Tyr-NHz (YY), Fmoc-Trp-Trp-NH2 (WW), and Fmoc-Trp-Trp-His-NH, (WWH) were
synthesized following the protocol reported by our group earlier.®® Standard 9-
fluorenylmethoxycarbonyl (Fmoc)-based SPPS method was employed using the Rink amide AM resin
as a solid support. Fmoc-protected amino acids (3 equiv.) were coupled to the resin using a mixture of
HATU (2.85 equiv.) and DIEA (5.7 equiv.) in anhydrous DMF for 4 h. After each coupling reaction,
the Fmoc group was deprotected by mixing the resin with 20% piperidine in DMF for 50 min at room

temperature. Each step was followed by washing the resin with DMF and DCM for 3 times to remove
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the unreacted reagents. Finally, the deprotection of side chains and cleavage of peptides from the solid
support was performed by using a mixture of TFA:TIS/EDT:water (95:2.5:2.5) for 3.5 h at room
temperature. The peptides were precipitated from cold diethyl ether, washed several times, and dried in
a vacuum. The purity of crude peptides was determined by RP-HPLC (XBridge BEH Cis column, 250
x 4.6 mm, 5 um) using acetonitrile/water (50:50) with 0.1% TFA as a mobile phase at a flow rate of 1
mL/min. The peptides were characterized by mass (XEVO G2-XS QTOF) and *H NMR (JEOL JNM-
ECS NMR, 400 MHz).

2.3.3. Gelation

Self-assembled Y'Y, WW, and WWH (2% wi/v) gels were fabricated in DMSO/H.0 in a ratio of 50:50
(v/v) for YY and WW gels, and 30:70 (v/v) for WWH gels. The peptides (2 mg) were dissolved in
DMSO and DI water was added to it dropwise. The solution was allowed to stand at 37 °C for 0.5-6 h
to form gels. The glimepiride-loaded gels were prepared by adding glimepiride solution (2 mg/mL for
dipeptides and 3.33 mg/mL for tripeptide in DMSO) to the peptide solution, followed by the dropwise
addition of water. Each gel contained 100 pg of the drug. Minimum gelation concentration (MGC) of
peptides was also determined using different quantity of peptides (0.5, 1, 1.5, and 2 mg).

2.3.4. Morphology of gels

The morphologies of all gels (YY, WW, and WWH) were investigated by scanning electron microscopy
(SEM). The gels (without and with drug) were prepared on metal stubs, dried for 24 h under vacuum,
and coated with platinum by sputtering. Micrographs were recorded using a JEOL JSM-6610LV

microscope with a tungsten filament at an accelerating voltage of 10 kV.

2.3.5.  Spectroscopic studies

The following spectroscopic studies were performed.

Circular dichroism (CD). Peptide solutions (0.1 mM) were prepared in acetonitrile/water and CD
spectra were acquired using JASCO J-1500 circular dichroism spectrophotometer in the range of 200-

300 nm at a continuous scanning rate of 200 nm/min.

Fourier transform infrared (FTIR). FTIR spectra of peptides were recorded in the ATR mode (Bruker
Tensor 27) between 400-4000 cm™.

Thioflavin-T (ThT) binding assay. ThT assay was performed as reported earlier, with slight
modifications.3* A stock solution was prepared by dissolving ThT (8 mg) in DI water (10 mL) and
filtering through a 0.2 pum syringe filter. A 1 mL of this stock solution was taken and diluted to 50 mL
with water to prepare the working solution. To 100 pL of each sample (gels and drug-loaded gels), 900
pL of the working solution of ThT was added and incubated for 6 h at room temperature. Tecan
multimode microplate reader was used to record the fluorescence spectra from 450 to 600 nm at an
excitation wavelength of 440 nm to measure the binding of ThT to the secondary structure of peptides.

ThT solution without peptide was considered as a blank.
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2.3.6. Zeta potential
Zeta potential of the peptide solutions (1 mM) of pH 5, 6 and 7.4 were measured using a Particle-Matrix

zeta sizer. The effect of pH on the ionization of peptides was also determined.

2.3.7.  Rheology

Viscoelastic properties of the peptide gels were investigated by rheometer (Anton Paar MCR 102) with
a 25 mm parallel-plate configuration. The gels with and without the drug (2% w/v, 200 pL) were
prepared and kept at 37 °C for overnight. All measurements were carried out at room temperature with
a shear gap of 0.3 mm. Liquid paraffin was added around the plate to restrict the evaporation of water
during measurements. An amplitude sweep test was conducted at a constant frequency of 10 rad/s with
a varying strain of 0.01 to 100% to determine the linear viscoelastic range (LVR) of gels. Frequency
sweep study was carried out at a constant amplitude of 1% and angular frequency was varied from 0.1
to 100 rad/s. Self-healing properties of gels were determined by applying six alternative cycles of

extreme (30%) and mild strain (0.1%) at a constant angular frequency of 10 rad/s.

2.3.8.  Swelling and degradation

The peptide gels (2% w/v, 100 uL, free and drug-loaded) were formed using the method mentioned
earlier and immersed in a buffer solution (1 mL) of pH 5 (acetate), 6, and 7.4 (phosphate). Next, the gels
were incubated at 37 °C with constant shaking at 100 rpm and media was withdrawn after each time
interval, blotted carefully, and weighed. The amounts of media absorbed by the gel was calculated

gravimetrically and expressed in terms of swelling percentage using Equation 2.1 below:

We—W;

% Swelling /Degradation = x 100 Equation 2.1

i

where, W, is the weight of swollen gel at time t and Wi is the initial weight.

2.3.9. Drug release

The drug-loaded (glimepiride) peptide gels (2% w/v) were used to measure the in vitro drug release at
acidic (pH 5 and 6) and neutral (pH 7.4) pH. Peptide gels were washed initially with buffer to remove
any loosely bound drug. The release media (1 mL, acetate buffer of pH 5, and phosphate buffers of pH
6 and 7.4) was added to gels and incubated at 37 °C with a constant shaking rate of 100 rpm. The release
media was completely aspirated and replenished with the same amount of fresh buffer at each time
interval for 28 days. The amount of released drug in the media was quantified by HPLC against a

standard curve of glimepiride, and the drug was detected by measuring the absorbance at 231 nm.

2.3.10. Antioxidant properties
The antioxidant properties of the peptides and gels were assessed by ABTS and DPPH assays.

ABTS assay. The experiment was carried out using a method reported earlier with few modifications.3®
ABTS (7 mM) was dissolved in water and mixed with an equal volume of potassium persulfate (2.45
mM). The mixture was kept at room temperature for 12 h in the dark to generate ABTS*. Next, the

radical solution was diluted with PBS of pH 7.4 and the absorbance was adjusted to 0.8 at 734 nm. A
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200 pL of this diluted ABTS* solution was added to 100 pL of samples (peptides and gels) and
incubated at 37 °C in dark for 1 h. Thereafter, 100 uL of the solution was removed and absorbance was
measured at 734 nm using a plate reader. An equivalent volume of PBS without sample was taken as a
blank and ABTS radical without sample was considered as a control. Ascorbic acid (1 mg/mL) was used
as a standard antioxidant for comparison. The ABTS radical scavenging potential of the materials was

calculated using the Equation 2.2:

% Radical Scavenging Ef fect =

ACA_AS x 100 Equation 2.2

where, Acis the absorbance of the control and As is the absorbance of the sample.

DPPH assay. The scavenging capability of peptides and gels against 1 -diphenyl-2-picrylhydrazyl
(DPPH) radicals were investigated.*® The sample (100 puL) was immersed in the solution of DPPH (200
pL, 0.1 mM) in methanol and incubated at 37 °C for 2 h in dark. The absorbance of the solution was
measured at 517 nm and DPPH radical scavenging activity was calculated using Equation 2.2. DPPH
solution without sample was taken as a control and Trolox (25 uM) was used as a standard antioxidant
for comparison. I1Cso values of all peptides were evaluated to estimate the DPPH scavenging capacity.
Different quantity of peptides, ranging from 0.05-2 mg, were used and they were incubated with DPPH

solution as mentioned earlier.

2.3.11. Cell viability

The viabilities of murine fibroblast (L929), mouse pancreatic beta (Min6), and human liver carcinoma
(HepG2) cell lines in the presence of peptides and gels were evaluated by MTT assay with slight
modifications.®*37 L929 was cultured in RPMI medium, supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotic. Min6 was cultured in high glucose Dulbecco’s Modified Eagle Medium
(DMEM) containing 15% fetal bovine serum, 1% antibiotic, and 50 uM of -mercaptoethanol, and
HepG2 in DMEM with 10% FBS and 1% antibiotic solution. All cell lines were incubated at 37 °C in a
humidified environment containing 5% CO.. Cells were maintained by passaging at regular intervals till
they reached 75-80% confluency. Peptides and gels (2% w/v, freeze-dried) were fabricated as described
earlier and sterilized by exposing under UV for 30 min. They were immersed in complete media
(RPMI/DMEM) for 24 h at 37 °C, and the media were filtered using a 0.2 pm syringe filter to remove
particles. Meanwhile, cells were seeded in treated 96 well plates with a seeding density of 10* cells/well.
After 24 h of incubation, the medium was replenished with sample extracts (200 puL/well) and the cells
were again incubated at 37 °C in a humidified environment containing 5% CO,. The sample was
incubated for 24 and 48 h. The cells incubated with the complete medium without sample extracts were
considered as a positive control. Following incubation, MTT solution (20 pL, 5 mg/mL in PBS) was
added to each well and incubated for 3.5 h. After that, the medium with MTT solution was carefully
withdrawn and 100 puL of DMSO was added into each well followed by gentle shaking of plate for 15

min at room temperature to dissolve the formazan crystals. The absorbance was measured at 570 nm
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using a plate reader. Cell viability was measured by the ratio of absolute absorbance of cells incubated

with the extracts of peptide gels to that of the cells incubated with the culture medium only.

2.3.12. Live-dead staining

The cytotoxicity of peptide gels was observed using live/dead staining (LIVE/DEAD Cell Imaging Kit,
Molecular Probes) according to the manufacturer’s protocol. After sterilization of samples, extracts were
collected as mentioned earlier. L929 and Min6 cells were seeded in a 48 well plate at an initial density
of 2 x 10* cells/well and incubated at 37 °C in a humidified environment containing 5% CO- for 24 h.
Following incubation, culture media was replaced with extracts from peptides and gels and incubated
again for 24 h. A 150 pL solution containing calcein AM and ethidium bromide dissolved in PBS (pH
7.4) was added, followed by 30 min of incubation. A fluorescence microscope was used to image the

live and dead cells.

2.3.13. ROS scavenging assay

The oxidant-sensitive fluorescent probe, H.-DCFDA, was used to determine the intracellular reactive
oxygen species (ROS) level in living cells.®® HepG2 (1 x 10*) cells were incubated in Nunc-coated 96
well black plates at 37 °C in a humidified environment containing 5% CO,. Following 24 h of
incubation, media was removed and 100 pL. of sample extracts (samples with incomplete media for 24
h and syringe filtered) were added to each well and incubated for 24 h. The cells were exposed to 0.5
mM of H,O. to induce ROS production and then incubated with 2°,7’-dichlorofluorescein diacetate
(DCFDA) at a concentration of 25 uM in dark for 45 min. Media was withdrawn and PBS was added.
Finally, fluorescence intensities were determined at an emission wavelength of 530 nm using an
excitation wavelength of 485 nm, on a plate reader. Cells without sample extract were taken as a control.

Ascorbic acid (Img/mL) was treated as a positive control.

2.3.14. Glucose uptake assay

Glucose-stimulated insulin secretion from pancreatic B-cells (Min6) was determined by treating the cells
with the drug release media (pH 5, 6, and 7.4) and the free drug.**“° The supernatant released by the
cells was collected and added to HepG2 cells for the glucose uptake study in the presence of insulin
secreted by pancreatic B-cells. Min6 cells were seeded in 24-well plates at a density of 5 x 10* cells/well.
After 48 h, media was aspirated and cells were incubated with the drug release media of pH 5, 6 and 7.4
along with the incomplete DMEM containing 4.5 g/L of D-glucose for 12 h to initiate the glucose-
stimulated insulin secretion. Uptake of fluorescently labelled glucose, 2-NBDG, by HepG2 cells was
performed as described earlier in literature.** The HepG2 cells were seeded at a density of 10* cells/well
in Nunc-coated 96 well black plates at 37 °C in a humidified environment containing 5% CO.. Following
24 h of incubation, media was removed and cells were washed with DPBS and starved with glucose-
free DMEM for 4 h. The supernatant collected from Min6 cells was added to each well and incubated
for 40 min. A 100 nM insulin solution was considered as a positive control and cells without external

insulin or secretory media were considered as a negative control. The 2-NBDG (50 uM in incomplete
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glucose-free DMEM) was added to each well followed by the incubation for 20 min at 37 °C. The cells
were washed and the fluorescence intensity of cells containing 2-NBDG was measured immediately at
535 nm using a microplate reader and an excitation wavelength of 485 nm.***3 The cells were also

imaged under a fluorescence microscope to confirm the 2-NBDG uptake using the FITC channel.

2.3.15. Statistical analysis

All experiments were performed in triplicates. Comparisons between two groups were carried out using
Student’s t-test. The results were presented as mean + SD. p < 0.05 was considered statistically
significant.

2.4. Results and discussion

The objective of this work was to develop pH-sensitive, self-assembled, injectable peptide gels with
potent antioxidant properties, which can physically encapsulate glimepiride, an antidiabetic drug, and
subsequently release it in a sustained manner in diabetic patients to overcome the side effects of this
drug, such as hypoglycemia (Figure 2.1). We have focused on short peptide sequences where the N-
terminus is capped with an aromatic moiety, Fmoc, which is expected to reinforce intermolecular

interactions through -7 stacking and promote self-assembly and gelation in the peptide sequence.
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Figure 2.1. A pH-sensitive, self-assembled peptide gel for the delivery of glimepiride, an anti-diabetic

drug.

We have focused our attention on the selection of hydrophobic amino acids, such as tyrosine and
tryptophan, which are expected to produce intermolecular as well as intramolecular hydrophobic
interactions with the Fmoc group, resulting in self-assembling of the ultra-short peptide sequence into
supramolecular gels. We also included histidine, as it is expected to make the gel pH- sensitive.***> The

charged state of the amino acids is expected to be controlled by the pH of the medium and affect the
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molecular interactions, thus directing the formation or breaking of self-assembly.*® Based on these
considerations, we developed gels from the following peptides: Fmoc-Tyr-Tyr-NH; (YY), Fmoc-Trp-
Trp-NHz (WW), and Fmoc-Trp-Trp-His-NH, (WWH).

2.4.1. Peptides

Using the Fmoc-based SPPS procedures, we synthesized and characterized two dipeptides, YY and
WW, and a tripeptide, WWH, to increase drug release from gels at acidic pH (Figure 2.2A-C). RP-
HPLC analysis of all peptides revealed greater than 95% purity (Figure A1, Appendix). Retention times
were determined to be 6.1, 15.7, and 5.7 min for YY, WW, and WWH, respectively. Due to the inclusion
of the polar amino acid histidine in WWH, the hydrophobicity of WW was reduced compared to Y.
Inferred from mass spectrometry, the observed molecular weights of peptides matched the calculated
molecular weights (Figure A2-A4, Appendix). The 'H NMR spectra of the peptides with the assigned
peaks are provided in Figure A5-A7, Appendix.

2.4.2.  Self-assembled gel

The peptides (2% wi/v) were self-assembled into gels using ag. DMSO and glimepiride was encapsulated
into it (Figure 2.2D). In 50% ag. DMSO at 37 °C, the Y'Y and WW formed opaque gels in 30 min but
the WWH formed transparent gel in 6 h under comparable conditions (Figure 2.2E-G). For each
peptide, the minimal gelation concentrations (MGC) were calculated. At 1% (w/v), no gels were formed.
When the concentration was raised to 1.5% (w/v), the self-assembly process began, and gels began to
form, although they were unstable (Figure A8, Appendix).
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Figure 2.2. Structures of peptides used to form self-assembled gels and glimepiride. (A) Fmoc-Tyr-Tyr-
NHz (YY). (B) Fmoc-Trp-Trp-NHz (WW). (C) Fmoc-Trp-Trp-His-NH, (WWH). (D) Glimepiride. (E-
G) Images of free and drug-loaded peptide gels (2% wi/v).

Scanning electron microscope (SEM) was used to study the morphology of gels, and the results showed
that they had a porous matrix-like morphology (Figure 2.3A-C). Pores were seen in the WW and WWH
gels, whereas the Y'Y gel showed entangled networks with tiny pores. The porous and entangled network
morphology of gels was not disrupted after encapsulation of drug, which confirms no interference
exerted by the drug on their morphological characteristics (Figure A9, Appendix).

2.4.3. Secondary structures of peptides

Intermolecular interactions that provide information regarding the formation of secondary structure were
investigated to better understand the mechanism of peptide self-assembly. The primary use of circular
dichroism (CD) is the analysis of peptide secondary structures. Signals from the n-7 system primarily
affect the CD spectrum because of their high extinction coefficient and associated n-n coupling. A large
negative peak at 200-220 nm, which corresponds to an anti-parallel B-sheet structure, was present in the
dipeptides (YY and WW), whereas, WWH exhibited random coil like structure.?” Local peaks at 235

nm demonstrated amino acid side chain stacking (Figure 2.3D).
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To identify the H-bonding connections that peptides form, FTIR spectroscopy was employed. The amide
| peak is mainly used for the identification of stretching vibrations attributable to C=0, which can
quickly identify the formation of a sheet-like structure via hydrogen bonding (Figure A10, Appendix).
The amide | area corresponds to peaks at 1620-1690 cm?, indicating the presence of sheet-like
structures.*’*® The characteristic B-sheet structure was confirmed by assigning the amide I1 (1480-1575
cm?) and 111 (1229-1301 cm™) peaks due to the bending motion of the N-H coupled to C-N stretching.*
It is very difficult to conclusively state the secondary structure of such extremely short peptides since
the peaks representing amide | are not so prominent and the n-stacking effects can possibly obscure the
underlying beta-sheet secondary structure.
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Figure 2.3. (A-C) Scanning electron microscopy (SEM) images of dried peptide gels (2% w/v). (A) YY.
(B) WW. (C) WWH. Scale bar 10 um. (D, E) Secondary structures formed by peptides/gels. (D) CD
spectra. (E) Thioflavin T assay.

The sheet-like structures were further confirmed using the thioflavin-T (ThT) assay. ThT binds to the
hydrophobic areas of the peptide, increasing its fluorescence intensity compared to unbound ThT.345051
In our case, the presence of B-sheet like structures considerably boosted the fluorescence intensity of
ThT in drug-loaded gels compared to unloaded gels (Figure 2.3E). In case of drug-loaded WW gel, the

B-sheet structure is more prominent as it exhibited the highest fluorescence intensity in ThT assay.

2.4.4. Viscoelastic properties

Another aspect of the gel that is impacted by the peptide-based self-assembled structure is its mechanical
strength. Using a parallel plate geometry and a rheometer at 37 °C, the rheological behavior of gels
made from YY, WW, and WWH was investigated. To measure the storage modulus (G') and loss

modulus (G") of gels as a function of strain, angular frequency, and time, dynamic oscillatory
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experiments were carried out. The storage modulus was greater than the loss modulus, indicating that
all gels exhibited a mostly elastic behavior. Due to the greater hydrophobic contacts induced by the
aromatic amino acids, tyrosine, and tryptophan, the YY and WW gels were relatively stiff, with the
storage modulus ranging from 4-5 kPa at a frequency of 10 rad/s (Figure 2.4A-F). High mechanical
rigidity gives biomaterials strength but it also slows down their rate of degradation, which is partially
necessary for drug delivery.>? To reduce stiffness and increase disintegration at acidic pH, we added a
third hydrophilic amino acid, histidine, to the WW sequence at the C terminus. The storage modulus
(92.93 Pa) of the WWH gel significantly decreased over time with constant frequency, which can be
attributed to the fact that the peptide became amphiphilic in nature and the hydrophobic interactions
were hindered by the presence of histidine residue. The pH of the gel was found to be around 6.2, which
can protonate the imidazole ring of the histidine residue, causing the ionic repulsion during the self-
assembly process. It can reduce the strength of the gel, thus lowering the storage modulus as compared
to the other two gels (Y'Y and WW). The storage modulus of this gel (WWH) was roughly equivalent
to the storage modulus of K»(SL)3SA(SL):K; and Kz(SL)2(SA)2(SL)2K gels reported by Li et al.>® The
data is also comparable with the storage modulus of short peptide gels (WLVFFK)?% used for the
sustained release of antitumor, antimicrobial, and protein molecules, and two-component co-assembled
peptide gels reported by Rosa et al.>* This gel is better than the supramolecular hydrogel of RGD-
derived peptide conjugate used for the pH-responsive drug delivery.®® After glimepiride was
encapsulated in gels, the storage and loss modulus of the gels increased, providing further evidence that
the drug participates in the self-assembly process by taking part in hydrophobic and hydrogen bonding

interactions.

Self-healing feature is advantageous for injectable gels, which are used to encapsulate cargoes like
biomolecules, cells, or medications and delivering them to the systemic circulation.%® The self-healing
properties of gels was also evaluated by subjecting the gels to alternating cycles of high (30%) and mild
strain (1%) at a constant frequency. After the high strain was removed, gels were able to regain their
storage modulus (Figure 2.4G-1). We loaded and extruded the gel into syringes in order to assess its
injectability. The WWH gel's thixotropic feature was demonstrated by its ability to extrude out of the
syringe while maintaining its gel-like state (Figure All, Appendix).
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Figure 2.4. Rheological properties of peptide gels, YY, WW, and WWH (2% wi/v) with and without
drug. (A-C) Amplitude sweep studies exhibiting storage and loss modulus of gels and corresponding
crossover values at a constant angular frequency of 10 rad/s. (D-F) Frequency sweep of peptide gels at
a constant strain of 1%. (G-I) The storage modulus of gels at alternating strains of 30% and 1% for 6

cycles.

2.4.5. In-vitro drug release

In order to evaluate the acid sensitivity of peptide gels, they were exposed to a wide range of pH (5, 6,
and 7.4). The pH value decreased to roughly 5 in hyperglycemic situations as a result of accumulating
gluconic acid produced by the enzymatic conversion of glucose, according to Fu et al.'s**® findings on
the relationship between pH and glucose concentration. The pH-dependent swelling and degradation
patterns of gels were examined to assess the impact of pH on the dissociation of peptide gels (Figure
Al12, Appendix). The degradation rates of Y'Y and WW gels were higher at pH 7.4 than pH 5 and 6,
and the WWH gel exhibited higher degradation at acidic pH 5. This phenomenon could be attributed to
the protonation of the imidazole ring of histidine residue in mildly acidic condition, which interrupts the

self-assembling process and disintegrate the gels.>>’

We have investigated the release of glimepiride in the drug delivery experiment using release media
with three distinct pH values: 5, 6, and 7.4 to simulate healthy tissues and glucose concentrations in
diabetic circumstances, respectively. The gels were fully submerged in one of the buffers (1 mL) and
incubated at 37 °C while being constantly shaken. At certain intervals, the release media was removed

and replaced with new media. RP-HPLC was used to measure the drug content in the release media
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using the standard curve of glimepiride (Figure A13, Appendix). The WWH gel provided a higher drug
release at acidic pH, which is far better than the previously reported materials used for glimepiride
delivery in terms of pH-responsiveness and sustained release profiles, as shown by the plotting of
cumulative release against time. Only 30% of the drug from the Y'Y gel was released at pH 5, 70% at
pH 6, and 95% at pH 7.4 over the course of 7 days (Figure 2.5A). In contrast, 36% of the drug in the
WW gel was released at pH 5, and 56% and 75% were simultaneously released at pH 6 and 7.4 (Figure
2.5B). The WWH gel provided 96.9, 77.4 and 62.37% of the medication at pH 5, 6, and 7.4 in 28 days
and showed a stronger pH-responsive release (Figure 2.5C). The slower disintegration of gels may be
the cause of the lower release rates. The initial burst release of the drug is influenced by its presence at
or near the gel-solvent interface and the subsequent slower release of the drug is caused by the drug
being embedded in the gel matrix and having to diffuse out to the gel surface through the mesh. The pKa
values of the side chains, which are 10.6 and 16.9 for Y and W, can be used to explain the distinctive
releasing behavior of peptide gels.® We propose that tyrosine and tryptophan are uncharged below the
pKa value, specifically at acidic pH but start to get charged when the pH rises. Zeta potential
measurements of Y'Y and WW, which were -13.9 and -34.93 mV at pH 7.4, served as the confirmation.
On the other hand, the pKa of histidine being 6.0 and the zeta potential of WWH was found to be 32.03,
12.98, and 7.5 mV at pH 5, 6, and 7.4, respectively, indicating that at low pH, the imidazole ring of
histidine gets protonated, generating electrostatic repulsion that causes the self-assembly to breakdown

and release the medication.
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Figure 2.5. Percentage cumulative release of glimepiride (0.1 mg) from peptide gels (2% wi/v) at pH 5,
6,and 7.4. (A) YY. (B) WW. (C) WWH.

In order to better understand the process of release, many kinetic models were used to match the release
data. It was found that the Weibull model, which is regarded as one of the most suited models for
protracted drug release matrices, best fits the release data.®® It has been determined that the exponent b
in the Weibull equation has a value in the range of 0.75 to 0.88, which shows that both a Fickian diffusion
and the case Il transport technique are involved in the mechanism of glimepiride release from the gel

matrix. Additionally, the swelling and degradation of the gel matrix regulate drug release.

2.4.6. Antioxidant properties
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Even at a concentration of 2%, all peptides, and free and drug-loaded gels displayed strong antioxidant
activities (>90%) within 1 hour of incubation with ABTS™ solution (Figure 2.6A).
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Figure 2.6. Antioxidant activities of peptides and peptide gels (unloaded and drug-loaded). (A) ABTS
assay. (B) DPPH assay. ABTS and DPPH refers to negative control (radicals without sample) and
Ascorbic acid and Trolox are used as positive control. Data reported are mean + SE (n = 3). Comparisons
between two groups (samples to control) were carried out using Student’s t-test. *p < 0.05 indicates

statistically significant data.

The presence of histidine and the glimepiride had no negative impact on the antioxidant qualities. The
activities were equivalent to or superior to ascorbic acid (1 mg/mL), which was considered as a positive
control, whereas ABTS™ was the negative control, where no sample was used. A DPPH assay was also
performed and the results showed that, in comparison to the ABTS assay, the scavenging capabilities of
gels against DPPH were a bit lower. After 2 h of incubation, the YY and WW gels showed 85% DPPH-
scavenging capacity but the WWH gel only displayed about 70% activity (Figure 2.6B). The radical
scavenging capacities were equivalent to the positive control, and Trolox (25 M) and DPPH- were
regarded as negative controls. The antioxidant potential of peptide gels is significantly higher than the
antioxidant activities of peptides and peptide gels reported by Wei et al., Samaei et al., and Hussain et

al., which were respectively 80%, 85%, and 71%.50-¢

2.4.7.  Cell viabilities

The cell viabilities of the peptides and gels (both free and drug-loaded) were analyzed by MTT assay
on different cell lines, such as mouse fibroblast (L929), mouse pancreatic beta (Min6), and human liver
cancer (HepG2). The cell viability of L929 cells was between 90% and 120%, as can be seen in Figure
2.7. The metabolic activity of Min6 and HepG2 cells could be maintained, and they displayed viabilities
of 95-116% and 110-140%, respectively. Images of L929 and Min6 cells after being exposed to peptides
and gels (both free and drug-loaded) revealed that the cells were alive and widely distributed. No
discernible alterations in cellular morphology were seen following the treatment for 24 h (Figure Al4,
Appendix). The live/dead experiment has further confirmed the cytocompatibility of peptides and gels

(both free and drug-loaded) (Figure Al5, Appendix). L929 and Min6 cells were cultivated in extract
59



media made from samples for 24 and 48 h. Cell viability was then examined under a fluorescence
microscope. The morphology of the cells was always retained, and the presence of live cells was shown
by the dominance of green color in both the control and test samples (Figure 2.8). The viability of all

cell lines was unaffected by drug encapsulation in peptide gels.
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Figure 2.7. Evaluation of cell viabilities by MTT assay after exposure to peptides and gel extracts for
24 and 48 h. (A, D) L929. (B, E) Miné6. (C, F) HepG2. Data reported are mean = SE (n = 3). Comparisons
between two groups (samples to control) were carried out using Student’s t-test. *p < 0.05 indicates
statistically significant data.
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Figure 2.8. Live/dead assay of cells treated with glimepiride-loaded peptide gel (YY, YYW, and WWH,
2% wiv) releasates. (A) L929. (B) Min6. Scale bar: 100 um. Fluorescence images of live and dead cells
stained with calcein AM and ethidium bromide were acquired after 24 h of treatment. Cells without gels

were considered as a control.
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2.4.8. Reactive oxygen species (ROS) scavenging

To reduce intracellular ROS activity, we fabricated gels using naturally antioxidant amino acids. H,O>
(0.5 mM) was used in this work to cause oxidative stress in HepG2 cells and 2°,7’-dichlorofluorescein
diacetate (DCFDA) was used to evaluate the ROS scavenging capacity of the peptide gels. The 2°,7°-
dichlorofluorescein was generated upon oxidation by ROS and the intracellular level of ROS was
visualized by fluorescence microscopy. The formation of intracellular ROS was successfully inhibited
by the addition of antioxidant peptides and peptide gels, resulting in a low fluorescence intensity (Figure
2.9A). When compared to controls, the fluorescence intensity of samples with cells exposed to only
H»0O, was practically halved. Drug incorporation had no effect on fluorescence intensity, demonstrating
that it lacks an innate capacity to scavenge free radicals.
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Figure 2.9. Effect of releasates of peptides and peptide gels (free and drug-loaded) on reactive oxygen
species (ROS) in HepG2 cells. (A) Fluorescence intensity of cells incubated with DCFDA. (B) Images
of cells treated with drug-loaded peptide gels, YY, WW, WWH, and then DCFDA. Control is cells
treated with H,O, only. Data reported are mean + SE (n = 3). Comparisons between two groups (samples

with control) were carried out using Student’s t-test. *p < 0.05 indicates statistically significant data.

Fluorescence microscopy images were acquired and a lot of green fluorescence in the control group
denoted higher levels of ROS formation in the cells (Figure 2.9B). HepG2 cells displayed very little
green signal after being treated with peptide gel releasates, confirming the ability of peptides and gels
to scavenge intracellular free radicals. The cytotoxicity of the samples in the presence of H.O, was
assessed using the MTT assay, which revealed that peptide gels reduced the effects of oxidative stress,
lowered cell mortality, and improved the ability of HepG2 cells to survive in the presence of H,0O;
(Figure A16, Appendix). Therefore, peptide gels reduced the ROS levels in diabetes patients in addition

to releasing the drug in a pH-sensitive manner.

2.4.9. Glucose uptake study
Glucose uptake studies were conducted on HepG2 cells to assess the efficacy of the drug delivery vehicle
to release the cargo in its active form. We chose Min6 cell line for glucose-stimulated insulin secretion

by glimepiride and HepG2 cells to study the uptake of fluorescent labelled analog of glucose (2-
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NBDG).** HepG2 cells tend to absorb glucose in the presence of insulin (100 nM, positive control),
which accounts for the greater fluorescence intensity compared to the negative control, where insulin is
absent. Additionally, glimepiride (0.1 mg/mL) stimulated the insulin secretion in Min6 cells, thus,
increasing the fluorescence intensity (Figure A17, Appendix).*’ Since the drug release profile at acidic
media was enhanced compared to neutral pH, which was maintained for up to 28 days, the drug release
media also showed increased uptake of glucose in acidic media (pH 5 and 6) (Figure 2.10A). The
efficacy of drug release media to stimulate glucose uptake was further confirmed using fluorescence
microscopy images by visualizing the intracellular localization of fluorescent probe, 2-NBDG. Strong
green signals validated the pH-responsive increased absorption of 2-NBDG in cells treated with pH 5

and 6 extracts, showing a better release profile of gels in a slightly acidic media (Figure 2.10B-E).
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Figure 2.10. Glucose uptake of HepG2 cells treated with releasates of glimepiride-loaded WWH gels.
(A) Uptake of 2-NBDG on incubation with drug release media of pH 5, 6, and 7.4. (B-E) Fluorescence
microscopy images of HepG2 cells incubated with 2-NBDG for 5 days in presence of: (B) Culture media
(negative control), (C) Drug release media (pH 5), (D) Drug release media (pH 6), and (E) Drug release
media (pH 7.4). Scale bar: 100 um. Data reported are mean = SE (n = 3). Comparisons between two
groups (samples with negative control) were carried out using Student’s t-test. *p < 0.05 indicates

statistically significant data.

2.5.  Conclusions

In conclusion, we have effectively designed and constructed drug delivery platforms from ultra-short
peptide gels that can be utilized for the sustained release of a hydrophobic, anti-diabetic drug,
glimepiride. These gels can serve as effective injectable drug depots because of their excellent
viscoelastic, self-healing, and thixotropic properties. It is interesting that adding histidine to the di-
peptide backbone has helped to fabricate an acidic media-sensitive gel that can help diabetic patients by
avoiding the issue of nonspecific medication release from scaffolds. A long-acting, sustained release
profile of glimepiride is made possible by the tripeptide gel's slow rate of disintegration. All gels also
have good antioxidant properties, which is helpful in removing the significant amount of reactive oxygen

species (ROS) produced by the oxidation of glucose in diabetes patients. Additionally, all gels show pH-
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dependent glucose uptake in human liver cancer cell line and great biocompatibility with a variety of
cell lines. The adverse effect of glimepiride such as hypoglycemia can be resolved and the shortcomings
like the initial burst release and short-time release profile of glimepiride associated with the earlier drug
delivery vehicle can also be overcome. Therefore, the self-assembled tripeptide gel developed in this
work can be employed as an injectable device for the pH-sensitive, long-term controlled/sustained

release of glimepiride to reduce its adverse effects and frequency of dose in diabetic patients.
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Chapter 3

Self-assembled peptide gels for chronic wound healing

3.1. Introduction

3.1.1.  Chronic wound

Hemostasis, inflammation, proliferation, and remodelling are the four steps that make up the intricate
but well-structured process of wound healing.>? The constant interplay of numerous enzymes, cells,
chemokines, cytokines, and growth factors is essential for the tissue repair process, and a breakdown in
these intricate relationships results in non-healing chronic wounds. According to the literature, 4-10%
of diabetes patients experience chronic lesions, such as diabetic foot ulcers (DFU), which have a
negative impact on the quality of life of nearly 2.5% populations of the United States.* More than 80%
of DFU cases are removed surgically, and over the past five years, the mortality rate has stayed between
40 and 45%. More than 2% of the world's population currently has chronic wounds, and the annual cost
of treating them is $19 billion.* Bacterial infection, biofilm development, excessive production of pro-
inflammatory cytokines, reactive oxygen species (ROS), and secretion of numerous proteases are all
characteristics features of chronic wounds.®> Although inflammation is necessary for the wound healing
process in order to destroy bacteria, excessive and chronic inflammation slows down the healing process
and produces discomfort. In chronic wounds, the stalled inflammatory phase is more severe, difficult to
resolve, and hinders the healing process from advancing to the proliferation and remodelling phase.®
Despite attempts, it is difficult to successfully reverse the stopped healing associated with chronic

wounds.

3.1.2. Challenges

Reactive oxygen species (ROS) are necessary for cellular function but oxidative stress develops when
there is an imbalance in oxidative activity due to the ROS level exceeding the cellular antioxidant
defense.” It can cause harm to macromolecules, such as proteins, lipids, and DNA, which is strongly tied
to the emergence of chronic wounds associated with inflammation and the weakening of immune
defenses, thus, increasing susceptibility to infections. Additionally, it promotes bacterial colonization
near the wound. Staphylococcus aureus is known to worsen the healing of wounds in particular and the
tissue damage is associated with the release of inflammatory cytokines, which are invaded by bacteria
during wound infection.® S. aureus and other Gram-positive bacteria respond to this harsh environment
by forming a biofilm that shields them from the host's immune system. Early elimination of bacterial
adhesion and settling at the wound site is essential for successful wound healing. Antibiotics are used to
control, treat, and prevent bacterial infections but due to their extensive usage, multidrug-resistant
bacteria have emerged, posing a serious threat to human health.® Inside the biofilm, bacteria function as
multicellular organisms and generate defenses against drug penetration.® Inside the biofilm, they are in

a distinct metabolic state (the stationary phase), which causes a 100-1000-fold increase in their antibiotic
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resistance. Often, infection caused by biofilms cannot be treated with antibiotics that are effective

against planktonic bacteria.

3.1.3. Research gap

For the resolution of the inflammatory phase and to start the proliferative phase, it is required to scavenge
excessive ROS, limit bacterial infection, and remove biofilm to speed up the overall wound healing and
improve the quality of the repair.1®! Non-steroidal anti-inflammatory drugs (NSAIDs), naproxen (Npx),
and indomethacin (Ind) are examples of anti-inflammatory treatments that can reduce the levels of
inflammatory mediators (prostaglandins) and normalize chronic wounds that are associated with
significant inflammation and pain.'? Inhibition of the COX-2 enzyme causes a significant drop in the
amount of ROS, which in turn prevents the production of proinflammatory cytokines, like prostaglandin
E» (PGEy), nitric oxide (NO), tumor necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6). However,
Npx and Ind do not specifically inhibit COX-2, and instead, they also inhibit COX-1, which has
unfavorable side effects, such increased risks for gastrointestinal and renal problems. Chronic wounds
necessitate a multipurpose wound dressing. The dressings must be able to preserve moisture, absorb
excess exudate, reduce pain, exert antioxidant, antibacterial, and anti-inflammatory effects, and tolerate
protease enzyme-induced proteolytic destruction at the wound site. Biomaterials have been developed
to enhance the wound-healing processes, including smart hydrogels, antimicrobial foams,'* metal
nanoparticles,* injectable cryogels,®® bactericidal films,® and extracellular matrix (ECM)-based
scaffolds. To treat skin injuries, multi-responsive polymeric hydrogels with a high-water content, porous
structure, and exceptional biocompatibility have been developed.!” These biomaterials will need two to
three components or electrospinning technologies to generate nanofibrous structures in order to function
well.’31% Hydrogels also frequently exhibit poor mechanical performance, insufficient antibacterial

activity, and involve multistep production.®

3.1.4. Self-assembled peptide gel

Self-assembled antimicrobial peptide (AMP) gels have become a promising candidate in this situation
because of their capacity to mimic extracellular matrix, provide a moist wound environment, dynamic
transience, improve biocompatibility, and increase chemical functionality and adaptability.?* The
cationic and hydrophobic residues? of AMPs can help them to integrate into the bacterial membrane's
anionic phospholipid layers, which causes the membrane to rupture, release cytoplasmic material, and
lead to bacterial apoptosis. Bacteria find it difficult to modify or repair the elements of their membranes
through metabolic processes, which significantly reduces the emergence of drug resistance.?® Based on
the supramolecular self-assembly of AMPs, several wound repair gels have been reported. Some of
these gels additionally contain antibiotics** and growth hormones.”® These gels can only destroy
planktonic microorganisms but cannot completely remove biofilms that have been already formed,
which restricts their usage in chronic wounds.?® Most of these AMP gels have a single function, such as
to promote cell growth or have antibacterial properties. In order to treat chronic wounds, Hussain et al.,®

Chen et al.,?” Cui et al.,® and Wang et al.’ have created supramolecular AMP gels that either have
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antibacterial, biofilm suppression, and antioxidant capabilities, or they have anti-inflammatory effects.
Literature report reveals a complete absence of versatile peptide-based scaffolds that may address
various elements of chronic wounds. Proteolytic stability also continues to be a significant issue with

antimicrobial peptides.

3.2. Objectives

To address the problem of poor selectivity of NSAIDs, Npx and Ind, towards COX-2 enzyme and the
inability of AMPs to target diverse aspect of chronic wounds, we decided to conjugate the anti-
inflammatory drugs to peptides with inherent antibacterial, antibiofilm, antioxidant characteristics, and
higher selectivity towards COX-2 enzyme. We have developed drug peptide conjugates, naproxen--Tyr-
LTyr-PLys-NH,  (Npx-YYK), naproxen--Tyr-tTyr-PArg-NH, (Npx-YYTr), indomethacin-“Tyr--Tyr-
PLys-NH: (Ind-YYK), and indomethacin--Tyr--Tyr-PArg-NH, (Npx-YYr), and self-assembled them
into nanostructured, supramolecular gels to obtain multifunctional wound healing scaffolds for chronic
wounds. In order to design the peptides, the cationic amino acid k or r was used for their antibacterial
characteristics and the amino acid Y for its capacity to form gels and antioxidant capabilities. Since it is
well known that the inclusion of D-amino acids in a sequence boosts the proteolytic stability and
selectivity towards COX-2 enzyme, the cationic amino acids were integrated into the peptide sequence
in D-form. The scaffolds' ability to aid in wound healing was thoroughly characterized and examined in
cell culture. The Npx- and Ind-conjugated peptides have shown good antibacterial, antibiofilm, ROS
scavenging, anti-inflammatory, and wound healing capabilities, and as a result, they have a significant

potential as chronic wound healing scaffold.

3.3.  Experimental Section
3.3.1. Materials

Reagents of analytical grade were purchased and used without purification. Rink amide AM resin (200-
400 mesh with a loading of 0.8 mmol/g) was purchased from Novabiochem. Fmoc-Tyr(tBu)-OH, 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTYS), 27"
dichlorodihydrofluorescein diacetate (DCFDA), and (%)-6-hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox) were procured from Sigma-Aldrich. Fmoc-Lys(Boc)-OH, naproxen,
indomethacin, trifluoroacetic acid (TFA), 1-bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]
pyridinium 3-oxide hexafluorophosphate (HATU), N,N-diisopropylethylamine (DIEA), 1,2-
ethanedithiol (EDT), triisopropyl silane (TIS), 1,1-diphenyl-2-picrylhydrazyl free radical (DPPH) were
purchased from TCI Chemicals, India. Fmoc-PLys(Boc)-OH, Fmoc--Arg(Pbf)-OH, Fmoc-Arg(Pbf)-
OH were procured from BLD Pharmaceuticals. Dichloromethane (DCM), anhydrous N, N’-
dimethylformamide (DMF), and diethyl ether were bought from Rankem Laboratories. Dimethyl
sulfoxide (DMSO) and HPLC grade solvents, acetonitrile, methanol, and isopropyl alcohol were
purchased from Merck and used for reverse phase high-pressure liquid chromatography (RP-HPLC).

Piperidine was bought from Spectrochem. PolyPrep chromatography columns from Bio-Rad were used
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for solid-phase peptide synthesis (SPPS). Deionized water (DI, 18.2 MQ cm) was obtained from a Milli-
Q system and used in all experiments. L929 and RAW 264.7 cells used in the study were a generous gift
from Dr. Durba Pal, Assistant Professor, DBME, IIT Ropar. RPMI 1640, DMEM, 0.25% trypsin/EDTA,
penstrep, lipopolysaccharide from E. coli were purchased from Thermo Fisher Scientific. MTT reagent,
ascorbic acid, DAPI (4',6-diamidino-2-phenylindole, dihydrochloride) and fetal bovine serum (FBS)
were procured from Himedia. COX fluorescent inhibitor screening assay kit was obtained from Cayman
chemicals. LIVE/DEAD™  BacLight™  Bacterial Viability Kit and LIVE/DEAD™
Viability/Cytotoxicity Kit for mammalian cells, and Alexa Fluor™ 488, Phalloidin were purchased from

Invitrogen.

3.3.2.  Synthesis of drug-peptide conjugates

The peptides were synthesized and conjugated with NSAIDs (naproxen and indomethacin) employing
standard 9-fluorenylmethoxycarbonyl (Fmoc)-based SPPS method using a Rink amide AM resin as a
solid support. After coupling of all the amino acids on the solid support, the drugs, Npx and Ind, were
incorporated at the N-terminus of peptides, followed by cleavage from support using a mixture of
TFA:TIS:water (90:5:5) for 3.5 h at room temperature to produce amide-terminated peptide conjugates.
Npx-YYK-NHz, Npx-YYk-NHz, Npx-YYR-NH2, Npx-YYr-NH:, Ind-YYK-NH, Ind-YYK-NH_, Ind-
YYR-NH,, and Ind-YYr-NH; conjugates obtained were precipitated from cold diethyl ether, washed
several times, and dried in a vacuum. The purity of the drug-peptide conjugates was determined by RP-
HPLC using Xbridge BEH Cis column (250 x 4.6 mm, 5 um) and acetonitrile/water (50:50) with 0.1%
TFA as a mobile phase at a flow rate of 0.8 mL/min for Npx-YYR and Npx-YYTr, and 1 mL/min for
other conjugates. The conjugates were further characterized by mass (XEVO G2-XS QTOF) and 'H
NMR (JEOL JNM-ECS, 400 MHz) analysis.

3.3.3.  Preparation of supramolecular gels

All conjugates were self-assembled into gels by pH-triggered induction and solvent-switch methods.
NpX-YYK-NHz, Npx-YYk-NHa, Npx-YYR-NH,, and Npx-Y'Yr-NH; were fabricated using a pH-switch
method. The conjugates (2 mg) were completely solubilized in 150 uL DI water at pH 9 and 5 uL of 1M
NaOH was added to form homogeneous gels within 0.5 h at a concentration of 1.33% (w/v). Ind-YYK-
NHa, Ind-YYk-NH,, Ind-YYR-NH_, and Ind-Y'Yr-NH; were self-assembled into gels by solvent-switch
method using DMSO/H20 (30:70 v/v). In this case, 2 mg of conjugates were solubilized in 30 uL of
DMSO, followed by dropwise addition of 70 pLL DI water with gentle tapping to form gels (2% w/v) in
2 h.

3.3.4.  Morphological analysis of gels

The morphologies of Npx-YYK-NH., Npx-YYr-NH,, Ind-YYk-NH;, and Ind-YYr-NH, were observed
under scanning electron microscope (SEM) and high-resolution transmission electron microscope (HR-
TEM). For SEM studies, gels were prepared on metal stubs, air dried for 48 h, and the surface was

sputter-coated with platinum for few seconds under vacuum. Micrographs were acquired using JEOL
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JSM-6610LV microscope with a tungsten filament at an accelerating voltage of 10 kV. For HR-TEM
experiments, gels (2% w/v) were diluted and 10 pL of gel solution was placed on the copper grid and
left for drying. Micrographs were acquired using HR-TEM JEM-2100 Plus instrument operating at 200
kV.

3.3.5.  Spectroscopic studies
The following spectroscopic studies were performed to understand the secondary structures of Npx-
YYk-NH2, Npx-YYr-NHz, Ind-YYk-NH, and Ind-YYr-NH..

Circular dichroism (CD). CD analysis was carried on a CD spectrometer (JASCO J-1500) using a 0.1
cm path length quartz cuvette. The measurements were performed at 37 °C and spectra of conjugates
were acquired at of concentration of 0.5 mM in the range of 195-350 nm at a continuous scanning rate
of 200 nm/min. Solutions were prepared in DI water and incubated at room temperature for 5 days

before the study.

Fourier transform infrared (FT-IR). FTIR spectra of all the drug-peptide conjugates were recorded in
the ATR mode using Bruker Tensor 27 spectrometer between 400-4000 cm'™,

Thioflavin-T (ThT) binding assay. Binding of conjugates with ThT were measured by fluorescence
spectra, using a reported method.?® The fluorescence spectra were recorded in a range of 430-700 nm
using a Tecan multimode microplate reader at an excitation wavelength of 440 nm to quantify the
binding of thioflavin T with the secondary structures of conjugates. ThT solution without any peptides

were considered as a blank.

Zeta potential. The zeta potential of conjugate solutions (1 mM) was measured using the Malvern
Zetasizer Nano ZS instrument at room temperature. Sample solutions were equilibrated overnight in

alkaline borate buffer of pH 8.5, before the measurement.

3.3.6. Rheology experiments

All rheological studies were carried out on an Anton Paar MCR 102 rheometer with 25 mm parallel
plate configuration and a shear gap of 0.3 mm to determine the viscoelastic properties of gels. The
conjugate gels were prepared at a concentration of 1.33 or 2% w/v and kept at 37 °C for overnight. A
200 pL of gel was sandwiched between the plates at room temperature and liquid paraffin was added
around the plate to limit the evaporation of water during measurements. The storage modulus (G’) and
loss modulus (G’”) were obtained as function of strain (0.01-100%) for amplitude sweep studies. The
linear viscoelastic range (LVR) of gels were determined from amplitude sweep study by keeping angular
frequency constant at 10 rad/s. Dynamic oscillatory frequency sweep measurements were conducted at
a constant amplitude of 1%, with angular frequency varying from 0.1-100 rad/s. The self-healing
properties of gels were investigated by applying six alternative cycles of extreme (30%) and mild strain

(0.1%) at a constant angular frequency of 10 rad/s.
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3.3.7.  Swelling and degradation

The gels (1.33 w/v or 2% w/v, 100 uL) were prepared as mentioned earlier and immersed in a 1 mL
buffer solution of pH 7.4 (phosphate) and 8.5 (borate). The gels were incubated at 37 °C with constant
shaking of 100 rpm and media was removed after each time interval (6, 12, and 24 h), blotted carefully
to remove any trace of buffer solution, and weighed. The amounts of media absorbed by the gels
gravimetrically were calculated and expressed in terms of swelling/degradation percentage using the
following equation:

Wi—=W;

% Swelling /Degradation = x 100 Equation 3.1

i

where, W, is the weight of swollen gel at time t and Wi is the initial weight.

3.3.8.  Proteolytic stability

A proteolytic mixture containing a mocktail of proteolytic enzymes was used to assess the proteolytic
stability of gels (both D- and L). A stock solution was prepared using 1.87, 1.49 and 1.45 U of enzymes,
proteinase K, chymotrypsin, and pepsin, in PBS and 1 mL of this mocktail was added to gels (100 pL),
and incubated at 37 °C under 100 rpm in an orbital shaker. After specified time intervals (0, 6, 12 and
24 h), the samples were centrifuged (10000 rpm, 4 °C, 10 min), washed with DI water for three times,
and freeze-dried. The freeze-dried samples were dissolved in 500 puL of methanol, syringe filtered (0.2
W), and degradation was monitored by RP-HPLC using ACN:water (50:50) with 0.1% TFA as a mobile
phase. To compare the proteolytic stability of D- and L-amino acid containing conjugate gels, percent
of peptide remaining undegraded was determined by calculating the area under the curve in

chromatogram. The following formula was used to determine the percent of remaining peptide:

Area under the peak at time t

% Remaining Peptide = x 100 Equation 3.2

Area under the peak at time O h

where, t =0, 6, 12 and 24 h.

3.3.9. Antioxidant properties
Two different in vitro antioxidant assays (ABTS and DPPH) were carried out to evaluate the antioxidant

capacity of gels.

ABTS assay. The scavenging capacity against the ABTS radicals was assessed according to the method
mentioned earlier.?® An equivalent volume of PBS without sample was taken as a blank and ABTS
radical without sample was taken as a control. Ascorbic acid (1 mg/mL) was used as a standard
antioxidant for comparison. The ABTS radical scavenging activity of materials was calculated using the

following equation:

Ac—As

% Radical Scavenging Ef fect = - X 100 Equation 3.3

where, Acis the absorbance of the control and As is the absorbance of the sample.
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DPPH assay. The 1,1’-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity of conjugates and
gels were evaluated according to the method as mentioned earlier. The reduction of DPPH free radicals
was determined by measuring the absorbance of the solution at 517 nm using a plate reader. The ability

to scavenge the DPPH radicals was calculated using Equation 3.3.

3.3.10. Cyclooxygenase (COX) enzyme inhibition assay

Conjugates with both D- and L-amino acids were evaluated for their COX inhibition potential against
COX-1 and COX-2 enzymes using a COX Fluorescent Inhibitor Screening Assay kit. All reagents were
prepared according to the protocol mentioned in the kit. COX-1 (SC-560) and COX-2 (DuP-697)
inhibitors, potassium hydroxide (KOH), and DMSO were used as supplied. The assay buffer, hemin,
and arachidonic acid were prepared as per the instructions mentioned in kit. The supplied inhibitors and
conjugates were incubated with both enzymes at room temperature. A 10 pL of 10-acetyl-3,7-
dihydroxyphenoxazine (ADHP) was added followed by 10 pL of arachidonic acid (reaction initiator).
The black plates were incubated for 2 min at room temperature and fluorescence spectra was recorded
at an excitation wavelength of 530 nm and emission wavelength of 585 nm using a plate reader. The

percentage of COX-1 and COX-2 inhibition was calculated using the following equation:

Sy g COX activity no inhibitor—NSAID /peptide activit .
% COX Inhibition = ( i — . ./? 4 Y) % 100 Equation 3.4
COX activity no inhibitor

Selectivity index, S (% COX-2 inhibition/% COX-1 inhibition), of all conjugates towards both enzymes
was also measured, and the fluorescence of the background was subtracted from fluorescence obtained
for samples. The percentage inhibition of conjugates was compared with the provided test inhibitors and
NSAIDS (Npx and Ind) alone to determine whether the conjugation of NSAID to peptides altered their
selectivity towards COX-2 enzyme. The assay was done in triplicates. The in silico molecular modelling

studies were also carried out, and the details are provided in the Appendix.

3.3.11. Invitro antibacterial activity

The antibacterial activities of conjugates and gels were evaluated against Gram-positive bacterial strain,
Staphylococcus aureus, by optical density (OD) and colony counting method. S. aureus was cultured in
Luria-Bertani (LB) culture medium (37 °C and 100 rpm) for overnight to reach the mid-log phase. The
resulting bacterial suspensions were diluted to adjust the ODgqo Value to 0.1 AU (1 x 107 cfu/mL) using
the fresh LB medium. A 100 pL of gel was prepared in 96 well plate, dried under vacuum for 72 h,
followed by UV sterilization for 30 min. The dried gels were equilibrated with 50 uL of fresh LB media
for 2 h, and 100 uL of bacterial suspension was added to it and kept inside a constant temperature shaker
(37 °C, 100 rpm) for incubation. ODsgo Values of supernatants were recorded at 0, 2, 4, 6, 12, and 24 h,
using a multimode plate reader. The percentage bacterial inhibition was calculated using the following

equation:

0D of negative control—0D of sample

% Antibacterial Activity = x 100 Equation 3.5

OD of negative control
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Fresh LB was considered as a blank, whereas bacterial strain in LB was taken as a negative control and
gentamycin sulfate (0.1 mg/mL) was taken as a positive control. After 12 h, the bacterial solution in
both controls and samples were serially diluted for 10* times and 100 pL solution was plated on Luria-
agar plates. These plates were incubated at 37 °C until the colonies were properly visible. The number

of colonies grown in sample plates were compared with that of negative control.

Bacterial viability by live-dead staining. To investigate the viability of S. aureus in presence of
conjugates and gels, the live/dead assay was done. After incubating bacterial solution with samples for
12 h, as described earlier, 100 pL of bacteria was withdrawn from each well and treated with a 50 uL of
SYTO 9 (ExXEm = 483/503) and Pl (Ex/Em = 535/617) mixture (1:1 in DI water) followed by an
incubation of 15 min in dark at RT. A 10 pL of stained bacterial cells were mounted on glass slides and

images were acquired using a Leica microscope.

Morphology of bacteria. The change in morphology of bacteria before and after contact with gels was
investigated by high resolution transmission electron microscope (HR-TEM). Gels (1.33 or 2% wi/v)
were treated with bacterial suspension for 12 h, and the suspension was collected and centrifuged (10000
rpm, 4 °C, 10 min) to obtain bacteria in pellet. Multiple batches of samples were treated with bacterial
suspension to collect enough number of bacteria for HR-TEM study. The pellet was resuspended in 500
uL of PBS (pH 7.4) and centrifuged three times for washing. A 3.5% v/v glutaraldehyde solution was
added for fixation and kept at 4 °C for overnight. The samples were washed again with PBS and stained
with 1% osmium tetroxide solution for 30 min, followed by dehydration using the graded ethanol (30,
50, 70 and 90%). The pellet was finally suspended in 100% ethanol and about 5 uL. of sample was placed
on a carbon-coated copper grid (mess size: 300), air dried, and imaged using HRTEM.

3.3.12. Inhibition of biofilm formation

Gels (1.33 or 2% wi/v) were formed in a 48-well plate, dried under vacuum for 72 h, UV sterilized, and
200 pL of S. aureus suspension (ODgoo = 0.1) and 50 pL. of LB media was added to each well and kept
at 37 °C inside an incubator under static condition to allow the biofilm formation. In case of conjugates,
a suspension was prepared in 50 pL of LB followed by the addition of 200 pL of bacterial suspension.
After 48 h of incubation, the wells were gently washed with PBS for three times to remove the samples
and planktonic cells, and 200 puL of 0.1% (w/v) crystal violet solution in ethanol was added to each well
and incubated again for 15 min in dark. The excess crystal violet was aspirated and wells were washed
with PBS and air dried. The cell bound crystal violet was dissolved in 30% acetic acid and the growth
of biofilm was observed by measuring the absorbance at 570 nm using a plate reader. Biofilm without

any sample was considered as a negative control.

3.3.13. Biofilm eradication
The conjugates and gels were UV sterilized. A 200 uL of S. aureus suspension (ODeggo = 0.1) was added
to a 48 well plate and incubated at 37 °C for 48 h under static condition to allow the formation of

integrated SA biofilm. The same method as described earlier was used for this study. In addition, the
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effect of these materials on the viability of biofilm was also determined by LIVE/DEAD (SYTO
9/propidium iodide) staining.*® After 24 h of treatment of matured biofilm with samples, the wells were
gently washed with PBS. Staining solution was prepared in DI water at a concentration of 5 uL/mL for
each dye from a stock solution of 3.34 mM of SYTO 9 and 20 mM of PI. A 10 pL of this solution was
added to each well with 190 pL of DI water and incubated in dark for 30 min. The wells were rinsed

with DI water to remove the excess dye and biofilm was analyzed using a fluorescence microscope.

3.3.14. Cell viability
The cytocompatibility of conjugates and gels were evaluated on mouse fibroblast (L929) and
macrophage-like (RAW 264.7) cell line by MTT, CCK-8, and live/dead assays.

MTT and CCK-8 Assay: L929 was cultured in RPMI medium and RAW was cultured in DMEM
medium. Complete media was prepared by supplementing 10% fetal bovine serum (FBS) and 1%
antibiotic. Both cell lines were incubated at 37 °C in a humidified environment containing 5% CO..
Cells were passaged at regular interval until they reached 80% confluency. Conjugates and gels were
prepared (1.33 or 2% w/v, 100 pL, freeze dried) and sterilized, as described earlier. Samples were
immersed in 1 mL of complete media (RPMI/DMEM), extracted for 24 h at 37 °C, and passed through
a syringe filter to remove particulates. Cells (L929/RAW) were seeded in a 96 well plate with a seeding
density of 10* cells/well, and the original cell culture media were replaced by sample extracts (200 pL)
after 24 h of incubation, and cells were incubated with sample extracts for another 24 h. MTT solution
(20 uL, 5 mg/mL in PBS) was added into each well and incubated for 4 h in dark. The media with MTT
solution was aspirated without disturbing the formazan crystals formed in wells. A 100 uL. DMSO was
added to each well, and the plate was shaken gently at room temperature for 15 min to dissolve the
crystals, which led to the development of purple color. The absorption was measured by a plate reader
at 570 nm. Cell without any sample extract was considered as control. The cell viability was calculated

using the following equation:

Absorbance of sample

% Cell Viability =

X 100 Equation 3.6

Absorbance of control

Cell proliferation properties were also determined by cell counting kit-8 assay. Cells (L929) were
seeded in a 96 well plate and treated with sample extracts. After 24 h of incubation, 10 uL. of CCK-8
solution was added to each well followed by another incubation of 3.5 h. A 100 puL of medium from
each well was transferred to another 96 well plate and optical density of the orange color solution present

in each well was measured at 450 nm. The cell viability was calculated using the equation 3.6.

Live-Dead Staining. Live/dead staining was done using manufacturer’s protocol. Conjugates and gels
were sterilized and extracts were collected as mentioned earlier. Cells (L929/RAW) were seeded at a
density of 2 x 10* cells/well in a 48 well plate at 37 °C in a humidified environment containing 5% CO,
for 24 h. Media was aspirated and 200 pL of sample extract was added to each well and further incubated

for 24 h. Samples were withdrawn and 150 pL of dye solution containing a mixture of calcein AM and
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ethidium bromide in PBS was added and incubated for another 30 min avoiding any exposure to light.

A fluorescence microscope was used to image cells.

3.3.15. Cytoskeletal staining

Immunostaining was performed on L929 cells to investigate the shape and structure of cells after
treatment with gel extracts. To image F-actin filaments in live cells, Alexa Fluor 588 phalloidin was
used. Cells were seeded on a coverslip and incubated for 24 h at 37 °C in a humidified environment
containing 5% CO,. The media was replaced with gel extracts and incubated for 24 h. The sample extract
was aspirated, washed with PBS, and cells were fixed with 4% solution of paraformaldehyde for 30 min.
Next, cells were washed with PBS, and 0.1% triton X-100 was used to permeabilize cells for 15 min. A
working solution of Alexa Fluor 488 phalloidin was prepared by diluting the stock solution (66 uM) 40
times with DPBS to stain F-actin and 300 nM DAPI solution was prepared in DPBS to stain the cell
nuclei. After cell permeabilization, 200 pL of dye was added and kept under dark for 30 min, followed
by washing with PBS and incubation with 200 pL. of DAPI for 10 min. The coverslip was fixed on to

the glass slide with the help of mounting solution and imaged under a fluorescent microscope.

3.3.16. In vitro wound healing

The in vitro wound healing potential of the drug-peptide conjugate gel was confirmed by scratch assay
following a reported protocol.** L929 cells were seeded into a 6 well plate with a density of 10° cells/well
and incubated until the cells reached 100% confluency. A cell monolayer was scraped in a straight line
with a sterile 200 pL tip to develop a distinct scratch. The cell debris was removed by gently washing
every well with 1 mL of PBS, and the extract media was added and incubated at 37 °C. After 12 and 24
h, images were acquired by an inverted microscope (Evos XL core, Invitrogen) to monitor healing, and
compared to a control well (cells without treatment with extract media). The percentage wound healing
was calculated in terms of the percentage of initial scratch area using ImageJ software and following

equation:

Area at time t

% of Initial Scratch Area = ~eaaron X 100 Equation 3.7

where, t = 12 and 24 h.

3.3.17. ROS scavenging assay

The impact of gels on the level of intracellular reactive oxygen species (ROS) in living cells was
evaluated in H2O; stressed RAW 264.7 macrophages using the oxidant-sensitive fluorescent probe Ha-
DCFDA. Cells (1 x 10%) were incubated in Nunc-coated 96 well black plates at 37 °C in a humidified
environment containing 5% CO,. After 24 h of incubation, the media was aspirated, and 100 pL of
sample extracts (samples incubated for 24 h with incomplete media and syringe-filtered) were added to
each well and again incubated for 24 h. Next, cells were exposed to 0.5 mM of H,0O, solution to induce
the production of ROS, and the media was aspirated, washed with PBS, and finally treated with 25 uM

of DCFDA solution. After 1 h of exposure in dark, incomplete media containing DCFDA was
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withdrawn, PBS was added, and fluorescence intensity was measured on a plate reader at an excitation
and emission wavelengths of 485 and 530 nm. Cells without any sample extracts were considered as a
negative control and ascorbic acid (1 mg/mL) was taken as a positive control. The radical scavenging
was guantitatively estimated. For qualitative analysis of ROS production inside cells, same protocol was
followed as mentioned earlier. Instead of Nunc-coated black 96 well plate, 48 well plate was used and
2 x 10* cells/well were seeded. FITC channel in the fluorescence microscope was used to visualize the
intracellular DCFDA in cells. The protective effect of conjugates and gels on the viability of oxidative
stress induced macrophages was evaluated by MTT assay. A 100 ng/mL of lipopolysaccharide (LPS)

was used to inculcate oxidative stress into macrophages.

3.3.18. Invitro anti-inflammatory effect

The effect of gels on inflammatory (TNF-a and IL-6) and anti-inflammatory (IL-10) gene expressions
in RAW 264.7 was analyzed using Q-RT PCR methods. RAW 264.7 were cultured in 6 well plate and
exposed to LPS (100 ng/mL) in DMEM for 12 h before incubation with 1 mL of sample extracts. After
24 h, total cellular mRNA from each well was isolated using Trizol reagent (Invitrogen), and 1 pg of
this mRNA was converted to cDNA using BioRad cDNA synthesis kit, according to the manufacturer’s
instructions. Quantitative RT-PCR was performed using SYBR green to detect inflammatory and anti-
inflammatory markers. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a house
keeping gene for internal control. The primer sequences used for amplification are mentioned in Table
Al, Appendix. The results are presented as a fold-change relative to control cells (without any treatment

of LPS or sample extracts).

3.3.19. Statistical analysis
All experiments were performed in triplicates and data are presented as mean + standard deviation (SD).
Comparisons between two groups were performed using Student’s t-test, and p < 0.05 (*) was

considered as statistically significant.

3.4. Results and discussion

The objective of this work was to develop an antimicrobial supramolecular peptide gel to eradicate
biofilms and rescue stalled inflammation associated with chronic wounds. We have developed
supramolecular gels from naproxen (Npx)- and indomethacin (Ind)-conjugated peptides, Npx--Tyr-
LTyr-PLys-NH, (Npx-YYKk), Npx-tTyr-tTyr-PArg-NH, (Npx-YYr), Ind--Tyr-tTyr-PLys-NH; (Ind-
YYK), and Ind--Tyr--Tyr-PArg-NH; (Ind-YYT), and evaluated their antibacterial, antibiofilm, radical
scavenging, anti-inflammatory, and wound healing potential in cell culture (Figure 3.1). The two Ys in
the sequence were used for their antioxidant properties and ability to form gels, and cationic K and R
were used for their antibacterial and antibiofilm properties. The Npx and Ind conjugated to the peptide
are NSAIDs that exert anti-inflammatory effect by nonselective inhibition of COX-1 and COX-2

enzymes, which leads to side effects. K and R were used in the D-form to enhance the proteolytic
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stability of peptides and improve its selectivity for COX-2 enzyme. The nanofibers can mimic the

extracellular matrix structures, which can facilitate cell adhesion, migration, and proliferation.
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Figure 3.1. (A) Naproxen (Npx)- and indomethacin (Ind)-conjugated with peptides forming
supramolecular gels by non-covalent interactions for selective COX-2 inhibition (anti-inflammatory).
(B) Application of gel at the site of wound to promote healing by exerting antibacterial, antibiofilm,
antioxidant, and selective COX-2 inhibition (anti-inflammatory) activities.

3.4.1.

Peptides were synthesized utilizing a Fmoc-based solid-phase peptide synthesis technique. Non-

Synthesis and characterization of drug-peptide conjugates

steroidal anti-inflammatory drugs (NSAIDs), naproxen (Npx) and indomethacin (Ind), were conjugated
to peptides at the N-terminus to produce the following conjugates: naproxen--Tyr--Tyr-tLys-NH; (Npx-
YYK), naproxen-tTyr-tTyr-PLys-NH, (Npx-YYK), naproxen--Tyr--Tyr-*Arg-NHz.  (Npx-YYR),
naproxen--Tyr-"Tyr-PArg-NH, ~ (Npx-YYTr), (Ind-YYK),
indomethacin--Tyr--Tyr-PLys-NH, (Ind-YYk), indomethacin--Tyr--Tyr-*Arg-NH, (Ind-YYR), and
indomethacin--Tyr--Tyr-PArg-NH, (Ind-YYr) (Figure 3.2A-D and Figure A18, Appendix).

Therefore, the peptide sequences were made up of positively charged K/k or R/r in L- or D- form for

indomethacin-tTyr-tTyr-tLys-NH,

increased antibacterial action and selective inhibition of COX-2 enzyme, and hydrophobic Y residues
as the center component to impart self-assembling property. The conjugates were characterized by RP-
HPLC, 'H NMR, and mass spectrometry. RP-HPLC analysis showed 90-95% purity and retention times
were found as 2.6 (Npx-YYK), 2.5 (Npx-YYKk), 3.9 (Npx-YYR), 3.9 (Npx-YYT), 4.6 (Ind-YYK), 4.6
(Ind-YYKk), 4.4 (Ind-YYR), and 4.4 min (Ind-YYr) (Figure A19, Appendix). Due to its increased
hydrophobicity, indomethacin increased the retention period. The molecular weights of conjugates

determined by mass spectrometry matched those predicted by theory (Figure A20-27, Appendix). The
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1H NMR spectra of conjugates along with their peak assignments are included in the Appendix (Figure
A28-35).

3.4.2. Preparation and characterization of gels

The amphiphilic peptide-conjugates were self-assembled into supramolecular gels. The Npx-conjugated
gels were formed by using a pH-trigger approach and Ind-conjugated gels by a solvent-switch method
(Figure 3.2E, A36, Appendix). At pH 9 or higher, the Npx-conjugates produced clear solutions, and
gelation was induced by adding a drop of NaOH solution. At pH 9, Ind-conjugates were precipitated out
because it was slightly more hydrophobic than Npx and did not produce clear solutions. We employed
the solvent switch approach to gel these conjugates since they could be dissolved in DMSO. Within a
few hours, the gel formed after water was gradually added to the DMSO solution. A crucial balance
between the molecule hydrophilicity and hydrophobicity of the surrounding media, particularly water,
which creates hydrogen bonding connections, is needed for conjugates to self-assemble. Drugs' aromatic
rings and the amino acids in the peptide sequence induce hydrophobic n- stacking, which promotes

intermolecular interactions and aids in the formation of supramolecular gels.

(E)
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Figure 3.2. Structure of NSAID-peptide conjugates used to form supramolecular gels. (A) Npx-YYk.
(B) Npx-YYr. (C) Ind-YYk. (D) Ind-YYr. (E) Images of 2% (w/v) gels in inverted vials. (F-1) SEM
images. Scale bar: 10 pm. (J-M) HR-TEM images of dried gels (2% w/v). (F, J) Npx-YYk. (G, K) Npx-
YYr. (H, L) Ind-YYK. (I, M) Ind-YYT.
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To better understand the nanoscale architecture of molecular assemblies, images were obtained using
SEM (Figure 3.2F-1) and HR-TEM (Figure 3.2J-M). The SEM images of Npx-YYk and Npx-YYr
showed entangled, twisted networks, whereas the HR-TEM images demonstrated that the peptide
gelators self-assembled into thin, long, flexile nanofibers. These nanofibers ranged in width from 10 to
20 nm and were made to reach lengths of several micrometers. In order to create a nanofibrillar network
of gels, the self-assembling gelator molecules engage in non-covalent interactions, such as hydrogen
bonding and hydrophobic contact. A self-supporting gel is formed when water is trapped in the large
amount of space that the nanofiber network provides. In case of 2% Ind-conjugated gels, the
hydrophobic segments were packed densely away from the aqueous interface, generating non-
homogeneous, nanotape-like structure. The immobilization of surrounding solvent molecules inside

these networks lead to gel formation.
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Figure 3.3. (A-B) Secondary structures formed by peptide conjugate gels. (A) CD spectra. (B)
Thioflavin-T (ThT) binding assay. (C-H) Rheological analysis of gels (2% w/v). (C, F) Amplitude sweep
demonstrating storage and loss modulus, and crossover values at a constant angular frequency of 10 rad
s’ (D, G) Frequency sweep at a constant strain of 1%. (E, H) Storage modulus at alternating strains of
30% and 0.1% for 6 cycles.

To comprehend the mechanism of self-assembly, intermolecular interactions that reveal the formation

of secondary structure were examined. The primary function of circular dichroism (CD) is to investigate
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the secondary structures found in peptide conjugates. The signals in CD spectra were dominated by the
high extinction coefficient connected to collateral coupling of n-nm systems. Indomethacin conjugates
showed characteristic peaks for B-sheet conformations along with random coil. A large negative peak
around 200-220 nm and a positive peak close to 195 nm (Figure 3.3A). The formation of a B-sheet
structure by stacking phenyl rings found in the side chains of amino acids was indicated by a local-
maxima at about 235 nm. Naproxen conjugates exhibited random coil or disordered conformation. FT-
IR spectroscopy was used to study the hydrogen bonding interactions between the peptide backbones,
another factor that promotes self-assembly.! Characteristics peaks of amide I at 1620-1690 cm™, amide
Il at 480-1575 cm™, and amide 111 at 1229-1390 cm™ suggests the possibility of B-sheet like structures
in the peptide conjugates (Figure A37, Appendix). Owing to the less intense peak of amide I, one
cannot claim the presence of f-sheets only. The thioflavin-T (ThT) assay was also used to verify 3-sheet
like structures. The presence of -sheet conformation in self-assembled structures, arising from n-n
interactions, is suggested by the fact that ThT's fluorescence intensity was greatly increased when treated
with gels (Figure 3.3B). At pH 8.5, all conjugates were found to have positive zeta potentials, however
those containing arg, such as Npx-YYr (30.9 mV) and Ind-YYTr (28.46 mV), showed more positive
charge due to the presence of guanidinium group than those containing lys, such as Npx-Y 'Yk (24.2 mV)
and Ind-YYk (14.33 mV).

3.4.3. Rheological studies

Rheological investigations were used to determine the stability and mechanical strength of gels. The 2%
(w/v) gels were used in this study and kept overnight at 37 °C before the experiment. In case of amplitude
sweep study, the storage modulus (G”) was higher than the loss modulus (G’”) suggested that gels have
an elastic quality. The maximal storage modulus of the Npx-conjugated gels, Npx-YYk and Npx-YYTr,
which was roughly seven to ten times higher than the maximal loss modulus (600-800 Pa),
demonstrating that these gels have the characteristics of a solid-like material (Figure 3.3C). G’ and G”’
were almost independent of angular frequency for the frequency sweep experiment, demonstrating a
good tolerance to external shear force (Figure 3.3D). As a result of the presence of Npx and aromatic
group in tyrosine, there were greater n-n and van der Waals' intermolecular interactions, which caused
the fibers to grow longer and become entangled. According to McCloskey et al.,?® gels made from Npx-
FFKK exhibited less storage and loss modulus compared to what we presented here. It might be caused
by the replacement of phe with tyr. Gels can become more robust by hydrogen bonding, which is induced
by the -OH in the side chain of tyr. The storage modulus of these gels is nearly identical to the Nap-
GFFKH gel, reported by Cui et al.,?® and the viscoelastic properties are comparable to the dopamine
substituted multidomain hydrogel reported for wound healing applications earlier.® When compared to
Npx-conjugated gels, the Ind-YYk and Ind-YYr gels showed a lower storage and loss modulus, which
can be explained by the creation of shorter nanotape structures rather than the longer, entangled
nanofibers seen in Npx-containing gels (Figure 3.3F, G). Higher storage modulus was found in arg-
containing gels, indicating that it is preferable to build intermolecular hydrogen bonds and start the self-

assembling of gels.
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A significant high strain (30%) reduced the storage modulus but after the strain was relieved (0.1%),
the gels recovered their storage modulus, demonstrating their self-healing abilities (Figure 3.3E, H). In
order to make a direct comparison, the viscoelastic properties of gels containing only L-amino acids
were also assessed. These gels displayed significantly higher storage moduli than gels containing a D-
amino acid, which could be explained by the stronger non-covalent interactions in the L- conformation

that promotes a stronger self-assembly and higher storage modulus (Figure A38, Appendix).

As previously described, a chronic inflammatory wound's pH changes to an alkaline pH of 8.5 or
higher.®? The cause of this elevated pH is the bacteria's synthesis of the enzyme urease, which catalyzes
the generation of ammonia from urea and raises pH levels that encourage bacterial adhesion and
development at the wound surface. In comparison to 30-40% degradation at neutral pH, gels degraded
by about 20% at pH 8.5 (Figure A39, Appendix). K, R, and Y have pK, values of 10.53, 12.48, and
10.07 for their amino acid side chains, respectively. Peptides continue to be more protonated at pH 7.4

compared to 8.5, which results in the dissociation of self-assembly in supramolecular gels at neutral pH.

3.4.4. Proteolytic stability

After being exposed to a simulated cocktail of proteolytic enzymes, proteinase K, chymotrypsin, and
pepsin in PBS (pH 7.4) at 37 °C for up to 24 h, all four D-amino acid gels showed extraordinary
resistance to proteolysis. RP-HPLC analysis was performed at various time points to assess the peptide
breakdown and digestion by enzymes, and the RP-HPLC profiles of digested conjugates are presented
in the Appendix (Figure A40-43). The percentage of conjugate that is still undegraded or remaining
was calculated using the area under the curve. Only 15-25% of the conjugates with peptides including a
D-amino acid was degraded, while 40%-50% was degraded for control conjugates with all L-amino
acids (Figure 3.4A, B). The outcomes are equivalent to those of peptide gels made of D/L(FKFE),-NH,
as reported by Swanekampet et al.,* and those of Baral et al.,** who used a combination of natural and
synthetic amino acids. These gels are also equivalent to the ay-peptide gels that our group previously

reported in terms of proteolytic stability.

3.4.5. Radical scavenging activity

Antioxidant material insertion has proven to be a successful method for accelerating the healing of
chronic wounds. By using ABTS and DPPH assays, the free radical scavenging capacity of conjugates
and gels was assessed. All conjugates and gels exhibited more than 90% ABTS™ radical scavenging
activities, and 70-75% of DPPH™ scavenging activity (Figure 3.4C, D). The results for both assays were
compared with ascorbic acid (1 mg/mL), which was considered as a positive control and ABTS and
DPPH radical without samples were taken as a negative control. Conjugation of antioxidant peptides
with NSAIDs like Npx and Ind can decrease the chance of ulcers developed by NSAIDs. The gels
mentioned here have antioxidant capabilities that are superior to those of peptide gels published by Wei

et al.,* Araujo et al.,®> and comparable with the scaffold reported by Csire et al.®
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Figure 3.4. Proteolytic stabilities and antioxidant activities. (A, B) Proteolytic stabilities of gels (2%
wi/v) treated with a mocktail of proteolytic enzymes at pH 7.4. (C, D) Antioxidant activities of peptide
conjugates and gels. (C) ABTS assay. (D) DPPH assay. ABTS and DPPH were used as negative controls
(radicals without sample) and ascorbic acid (1 mg/mL) as a positive control. Data are presented as mean
+ SE (n = 3). Comparisons between two groups (samples to control) were performed using Student’s t-

test. *p < 0.05 indicates statistically significant data.

3.4.6. Cyclooxygenase enzyme inhibition

COX-2 suppression is advantageous since its activity is linked to the erroneous formation of scar tissues
during the later stages of wound healing. The structural distinction between COX-1 and COX-2 binding
sites has a significant impact on the development of selective COX-2 inhibitors. The second pocket in
the cyclooxygenase binding site, which is easier to access in COX-2 due to the replacement of ile523
(found in COX-1) with val523, a smaller side chain residue, is the main difference. Small peptides were
conjugated to the carboxylate group present in Npx and Ind in order to specifically bind to the large
open region of COX-2 isoform. The selectivity towards COX-2 was found to be enhanced by amino

acids in the D-isoform.

To assess the effectiveness of NSAID-peptide conjugates for selective COX-2 inhibition, we carried
out in vitro inhibition assays for both COX-1 and COX-2 (Figure 4A). With selectivity indices of 0.74
and 0.87 (S = % COX-2 inhibition/% COX-1 inhibition), Npx and Ind inhibited COX-1 more effectively

than COX-2. In comparison to NSAIDs alone, NSAID-peptide conjugates showed improved selectivity
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for COX-2. In contrast to their L-isoforms, Npx and Ind conjugated to peptides containing D-amino
acids improved their selectivity towards COX-2 (Figure 3.5A). COX-1 and COX-2 were not
significantly inhibited by peptides without NSAID conjugation (Figure A44, Appendix). Witha S value
of 2.47, Npx-YYk had the maximum selectivity, while its L-isoform (Npx-YYK) only displayed a S
value of 1.07. The conjugates containing arg showed a more profound cyclooxygenase inhibition
property than the lys-containing analogs, which can be attributed to the better H-bonding property of R
with amino acids present inside the active binding pocket of COX-2 enzyme. As compared to NSAID-

peptide conjugates previously reported, the selectivity towards COX-2 inhibition is nearly equal.?%

In silico molecular docking investigations were also carried out to comprehend the selective COX-2
inhibition displayed by conjugates. The ligand binding sites of the COX-1 (6Y3C) and COX-2 (1PXX)
enzymes were docked with Npx, Ind, and their conjugates using AutoDock (Figure A45, Appendix).
In appendix (Table A2), all ligands for both enzymes have been listed together with their binding
energies, interactions, and selectivity indices. This work further demonstrated that conjugates have
stronger selectivity for COX-2 than free drugs, and that the selectivity is enhanced by the inclusion of a

D-amino acid in the peptide sequence.

3.4.7. Invitro antibacterial study

The antibacterial activity of these gels was examined against Gram-positive bacteria, S. aureus, which
is the primary pathogenic organism linked to chronic wound infection, in order to study the possibility
that the NSAID-peptide conjugate gels can be employed as an antibacterial scaffold. As a positive
control, gentamycin sulphate (0.1 mg/mL) was utilized. The optical density (OD) and colony counting
methods were used to evaluate the antibacterial property. According to the OD experiments, the 2% wi/v
gels Npx-YYK, Npx-YYr, Ind-YYk, and Ind-YYr exhibited 60-65% antimicrobial activity after just 3 h
and more than 95% activity in just 12 h. All conjugates and gels had antibacterial characteristics that
lasted for 24 h, and the findings were comparable to those obtained with 0.1 mg/mL of gentamycin
sulphate (Figure 3.5B). The two NSAIDs had very little inhibitory efficacy (15-20%) against S.
aureus,® but >90% antibacterial activity was shown by peptides without NSAID conjugation (Figure
A46, A47 Appendix). The positive charge of the cationic amino acid residues, k and r, which aids in
penetrating the negatively charged bacterial cell membrane, may be the cause of the superior
antibacterial activity of gels and peptides. The interaction with thick bacterial lipid layers can also be
facilitated by hydrophobic tyr residues and drugs, Npx and Ind. Gels with arg residue demonstrated
greater antibacterial action than peptides with lys, suggesting that the guanidinium group in arg has a

higher positive charge than the amine group in lys.?

The antibacterial activity was further confirmed by colony count method on agar plate (Figure 3.5C).
After being treated with Npx-YYr and Ind-YYT, the agar plate containing the bacterial solution showed
no visible colonies, indicating the outstanding antibacterial action of these gels, whereas, a significant
reduction of colonies was observed for Npx-YYk and Ind-YYKk. The activity against S. aureus is like

the activity reported by Cao et al.,*® Hou et al.,*® Gahane et al.,** Wang et al.,*? and Bai et al.*
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Figure 3.5. Cyclooxygenase (COX) enzyme inhibition and antibacterial activities. (A) Percentage
inhibition of COX-1 and COX-2 enzymes by NSAID-peptide conjugates. S is the selectivity index, and
it is defined as the ratio of COX-2 to COX-1 inhibition. (B) Evaluation of antibacterial activities of gels
against S. aureus. Data are presented as mean £ SD, n = 3, and *p < 0.05 indicates statistically significant
data. (C) Images of bacterial colonies after treatment with gels. (D) Live/dead staining of bacteria after

treatment with gels. Scale bar: 50 pm.

Live/Dead cell staining of S. aureus treated with gels were performed with SYTO 9 and PI (Figure
3.5D) and fluorescence image of untreated S. aureus showed mostly green emission with very little red
emission, which indicates that the cells were still alive. In bacteria treated with 2% gels, red color was
frequently seen, signifying the presence of dead cells. This proved conclusively that the gel treatment

significantly damaged the bacterial membrane.
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Figure 3.6. HR-TEM images of S. aureus bacteria. (A-C) Untreated. (D-O) Treated with 2% w/v gels:
(D-F) Npx-YYK, (G-I) Npx-YYTr, (J-L) Ind-YYk, and (M-O) Ind-Y'Yr.

HR-TEM studies were carried out to investigate the mechanism of antibacterial effect of gels (Figure
3.6). It is evident from HR-TEM images that there are significant changes in bacterial cell wall
morphology after treatment with gels. Micrographs of untreated S. aureus shows smooth and intact
surface but upon interaction with gels, bacteria lose the structural integrity and surface intactness, which
triggers the leakage of metabolites from bacterial cells. Adsorption of peptide on the bacterial surface is
mainly driven by electrostatic interaction between cationic amino acids (lys and arg) in peptide and

lipoteichoic acids in Gram-positive bacterial cell wall, leading to the formation of a transmembrane pore

90



in the peptidoglycan layer.*“5 Also, the hydrophobic amino acid, tyr can augment the diffusion through

the lipid layer of bacteria.

3.4.8. Biofilm inhibition

The capability of gels for eradication of biofilm and disruption of preformed biofilm developed by S.
aureus was examined using the crystal violet staining method. Around 80-90% of biofilm formation
was inhibited by conjugates and gels (Figure 3.7A). Short peptides with hydrophobic and cationic
residues typically have the strength to pierce and rupture bacterial membranes, resulting in the biocidal
qualities that aid in the prevention of biofilm development.
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Figure 3.7. Biofilm inhibition by gels using crystal violet staining assay. (A) Biofilm formation. (B)
Established biofilm. Data are presented as mean + SD, n = 3, and *p < 0.05 indicates statistically
significant data. (C) Representative fluorescence microscopy images of biofilm formed by S. aureus.

Control denotes the biofilm formed without any treatment with gels. Scale bar: 50 um.

The potential of antibacterial conjugates and gels in the destruction of preformed biofilms is illustrated

in Figure 3.7B. Npx-conjugates and gels exhibited about 60% biofilm eradication activity, while Ind-
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conjugates and gels had 85-90% activity. Bacteria secrete extracellular polymeric substances (EPS)
while developing an integrated biofilm, and it is difficult to remove, which may be the reason for the
reduced biofilm eradication efficacy. The ability of indole rings to prevent bacterial quorum sensing-
based signal transmission could be the reason behind the destruction of the biofilm by Ind-conjugates.
We hypothesize that incorporating positive charge and hydrogen bonding forming units to the peptide
backbone will increase the hydrogen bonds and electrostatic interactions with the extracellular matrix
components of the biofilm, like exopolysaccharides and extracellular DNA. Additionally, the lipophilic

component of conjugates improves the contact with the bacterial membrane even more.

Staining of the biofilm was carried out to assess the effectiveness of gels in eradicating the stationary
phase (metabolically inactive) cells and rupturing the produced biofilms of S. aureus (Figure 3.7C).
Green fluorescence indicates an even, non-destructive coating of biofilm on the untreated bacteria, while
red fluorescence indicates that the biofilm has been disrupted and bacterial cells have been killed on the
gel treatment. Very few antimicrobial peptides with remarkable biofilm suppression properties have
been reported till now and these gels are among those potential antibiofilm peptides that have been

reported so far.*

3.4.9. Cytocompatibility study

The cell viability of conjugates and gels were measured on murine fibroblast cells (L929), which is the
most important cell in wound healing process and murine macrophage-like cells (RAW 264.7), which
is involved in the inflammation stages of wound healing and gene regulation by MTT assay (Figure
3.8A, B). After 24 h of incubation, the compounds promoted proliferation in both the cell lines (up to
120% cell viabilities). CCK-8 assay also exhibited that gels are proliferative to L929 cells, when

compared to control (Figure 3.8C).

These findings were further confirmed by performing live-dead staining on both cell lines and the
fluorescence microscopic observation suggested that L929 cells grew well and showed spindle-like
healthy morphologies and RAW 264.7 cells retained its round-shape morphology upon being in contact
with the peptide-drug conjugates (Figure A48, Appendix) and gels (Figure 3.8D, E). Prevalence of
green colored cells suggests that both conjugates and gel extracts did not affect the viability of these cell
lines. Staining the F-actin and cell nucleus with Alexa Fluor 488 phalloidin and DAPI further confirmed
the morphology of L929 cells (Figure 3.9A). After being treated with gel extracts, L929 cells still had

a fibrous, spindle-shaped morphology that is equivalent to that of the untreated control group.
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Figure 3.8. Cell viability assay of conjugates and gel extracts at 24 h. (A-B) MTT assay with L929 and
RAW 264.7 cell lines. (C) CCK-8 assay with L929 cell line. Data are presented as mean + SD, n = 3,
and *p < 0.05 indicates statistically significant data. (D, E) Live/Dead staining of mammalian cells after
treatment with gel extracts for 24 h. (D) L929. (E) RAW 264.7. Cells were stained with calcein AM and

ethidium bromide. Cells without any treatment were taken as a control. Scale bar: (D) 100 um, and (E)

50 pm.

3.4.10. In vitro wound healing study
We further investigated the effect of these gels on two crucial factors of wound healing, cell migration
and proliferation using the scratch assay with L929 cells (Figure 3.9B). The monolayer of cells was

scratched, and then they were treated with gel extracts. Images of the scratch were taken at various time
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intervals, and it was clear that the extract-treated cells migrated more quickly and filled the gap in 24 h.
For Npx-conjugates, the scratch has healed to around 85-90% of its original extent, and for Ind-
conjugates, the wound has completely closed (Figure A49, Appendix). Ind-conjugates has the greatest
effect on cell migration and proliferation among the four gel groups when compared to the control group.
The reduction of the anti-proliferative effects of transforming growth factor-p isoforms on fibroblast
cells by Ind-conjugates is most likely the mechanism behind this increased wound healing response.
These gels' ability to promote cell migration and wound healing in vitro is comparable to those of

materials described by Wang et al.,® Lee et al.,*” and Wang et al.*®

( A) Control Npx-YYk Npx-YYr Ind-YYk Ind-YYr

DAPI
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488 Phalloidin

Figure 3.9. Cytoskeletal staining and in vitro wound healing in cells treated with gel extracts. (A)
Cytoskeletal staining of L929. Cell nuclei was stained with DAPI (blue) and F-actin stained with Alexa
Fluor 488 phalloidin (green). (B) Images of migration of L929 cells and healing of scratch at different

time intervals. Cells without any treatment were considered as a control. Scale bar: (A) 20 um, and (B)

100 pm.

3.4.11. Invitro ROS scavenging capability
Reactive oxygen species (ROS) and oxidative stress were induced in RAW 264.7 using H2O; or LPS,

and the effect of gels on the level of cellular ROS in H2O; stressed RAW 264.7 macrophages was
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assessed by DCFDA assay to determine whether conjugates and gels protect against cellular damage by
preventing ROS formation. RAW 264.7 macrophages were examined under a fluorescent microscope
to evaluate the intracellular ROS localization for qualitative analysis (Figure 3.10A). In contrast to
control cells, which has very little green fluorescence, H.Oo-treated cells displayed striking green
fluorescence, which indicated an increase in intracellular ROS levels. The macrophages treated with
gels reduced the green fluorescence, which indicated that all gels are efficient at scavenging free
radicals. Quantitative analysis revealed that the fluorescence intensity of cells after exposure to
conjugates and gels almost subsided by half when compared with H.O,-treated cells (Figure 3.10B).
This supports the previous data related to the potential role of this conjugate gels in scavenging of
intracellular ROS. Comparing the ROS scavenging potential of our compounds with the existing
literature, we discovered that the outcomes are consistent with the information previously reported.?4°

3.4.12. In vitro anti-inflammatory effect

In our investigation, LPS was used to preactivate macrophages (RAW 264.7) in order to simulate an
inflammatory microenvironment before they were incubated with gel extracts. By using the MTT assay,
the impact of these substances on the survival of LPS-induced inflamed RAW 264.7 cells were
examined. When compared to the control (without LPS treatment), the viability after LPS treatment was
significantly reduced to 40% after 24 h and the conjugates and their gels were able to significantly
increase survival rates in the region of 85-90%, suggesting their potential role in reducing macrophage
inflammatory responses (Figure 3.10C). On lipopolysaccharide (LPS)-induced RAW 264.7

macrophages, the gels' ability to modulate inflammation was investigated (Figure 9D-F).

Using non-activated macrophages as a reference, we verified the expression of pro-inflammatory
(TNF-o. and IL-6) and anti-inflammatory (IL-10) cytokines using real-time reverse transcriptase
polymerase chain reaction (RT-PCR). The production of pro-inflammatory cytokines increased
significantly after LPS activation, and the expression of anti-inflammatory cytokines decreased. TNF-o.
causes necrosis and IL-6 is elevated in bacterial infection, whereas 1L-10 plays important role in ECM
remodeling after injury. TNF-a expression was decreased in cells treated with gel extracts, while Npx-
Y'Yk gels showed a more pronounced downregulation (almost 40 folds compared to that of the LPS-
treated group) (Figure 3.10D). In LPS-induced highly inflamed macrophages, Npx-YYk extracts
likewise showed the strongest downregulation (31-folds) of IL-6, whereas other gel extracts only
showed a mild reduction of IL-6 production (Figure 3.10E). In addition, Npx-Y Yk extracts significantly
increased the production of IL-10 by almost 150 times compared to the stress-induced cells (Figure
3.10F). The expression of 1L-10 was increased in the other gel extracts, albeit only to a mild extent (12—
25 folds). These findings confirm conjugate gels' potent anti-inflammatory effects, which is the ideal
characteristic for scaffolds for chronic wound healing. These conjugates' and gels' anti-inflammatory
properties are likewise analogous to prior described scaffolds that were used to circumvent stalled

inflammation phases and advance the healing process.->%5

95



(A)

Control I

10000 -

(B)

Conjugate [l Gel

| O(Wm

Ind-YYk

120

[
[*] S
(=] (=}
' 1

Conjugate [l Gel

* .
n.s. n.S.
I I Iy %

©)

(=2}
(=}
1

% Cell viability

5000

N
<
N

Fluorescence intesity (AU)

IL-10

40 (D) 1

n.s.

50+

£ g
7 2
$ g
= =
g 909 5
« <
7 20 Z
% %
g ] =
@ £
2= =
£ =
= 4 =
S <
&~ =

Figure 3.10. Effects of conjugates and gel extracts on reactive oxygen species (ROS) and inflammation.
(A) Fluorescence microscopy images of RAW 264.7 cells treated with gel extracts, followed by
DCFDA. Scale bar: 100 um. (B) Fluorescence intensity of RAW 264.7 cells after treatment with extracts
and DCFDA. Cells without exposure to H.O, were considered as a control. (C) Viability of LPS-induced
RAW 264.7 cells after treatment with extracts for 24 h, using MTT assay. (D-F) Anti-inflammatory
properties of gel extracts in terms of TNF-a, IL-6, and I1L-10 expressions by RT-PCR analysis. Control
denotes the gene expression of cells without LPS induction. All experiments were performed in
triplicates (mean £ SD, n = 3), and *p < 0.05 indicates statistically significant data. ns indicates non

significance.

3.5. Conclusions

In this work, our goal was to develop a multifunctional wound healing scaffold for chronic wounds that

possessed antibacterial, antibiofilm, antioxidant, radical scavenging, and anti-inflammatory
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characteristics. It was accomplished by synthesizing peptides with two tyrosine, which are antioxidants
and have the capacity to create supramolecular gels, and a cationic amino acid, lysine or arginine, in the
appropriate order for antibacterial and antibiofilm capabilities. The cationic amino acids of the sequence
were chosen in the D-form to increase its resistance to proteolytic enzyme breakdown and its selectivity
for the cyclooxygenase-2 enzyme, which is crucial for inflammation. Two non-steroidal anti-
inflammatory drugs, naproxen and indomethacin were covalently conjugated to the tripeptides to
synthesize peptide-drug conjugates. The self-assembled supramolecular gels made from the peptide-
drug conjugates were investigated for their surface morphology, stability, viscoelastic properties,
swelling, and degradation profile. In cell culture, these potential of the gels as a scaffold for persistent
wound healing was also evaluated. As anticipated, naproxen- and indomethacin-conjugated peptide gels
showed high proteolytic stability and selective cyclooxygenase-2 enzyme inhibition, which will be
beneficial in scar-free wound repair. The gels demonstrated strong antibacterial activity against S.
aureus, the primary pathogen responsible for chronic wounds, through a mechanism including rupture
of cell wall and membrane as well as inhibition of biofilm development and disruption of established
biofilms. They displayed anti-inflammatory properties, provided protection against reactive oxygen
species, and oxidative stress, and promoted cell proliferation in mouse fibroblast and macrophage cells.
Overall, this work offers a promising method for creating multifunctional peptide-based scaffolds for
chronic wound healing that have the ability to reduce bacterial infections, the growth of biofilms, and

heightened inflammatory responses, to speed up the healing process.
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Chapter 4

Self-assembled peptides for bone tissue regeneration

|
4.1. Introduction

4.1.1. Bone disorders/osteoporosis

Bone is composed of four types of cells- osteoblast, osteoclast, osteocyte, and osteoprogenitor cells, and
the extracellular matrix (ECM), which has both organic and inorganic substances.* Each type of cell in
bones is present in various places and has a specific function. Osteoblasts help in bone formation,
osteoclasts are responsible for bone resorption, osteocytes maintain the mineral concentration in the
matrix, and osteoprogenitor or osteogenic cells help in the development of osteoblasts. Bone is a highly
neurovascularized, calcified tissue that can undergo self-healing and regeneration after injury. A wide
range of bone deformities caused by injury, illness, and ageing require clinical interventions, which
leads to long-term defects and persistent pain, thus, lowering the patient’s quality of life.? According to
the Global Burden of Disease (GBD) study 2019, 178 million new cases of bone fractures were reported
globally in 2019. The risk of fractures is exacerbated by osteoporosis, which results in the loss of bone
mass and renders the bone brittle. An osteoporotic fracture happens every 3 seconds and accounts for
more than 8.9 million fractures worldwide.? Osteoblast (OB) activity is outweighed by that of osteoclasts
(OCs) activity and the homeostasis between bone resorption and bone formation is lost in case of
osteoporosis, leading to reduction of bone mass and mineral density. One of the main causes of
osteoporosis is reactive oxygen species (ROS), which plays a significant role in osteoclastogenesis
because under normal physiological circumstances they can encourage the resorption of bone tissues,
which is necessary for the regular process of bone rejuvenation.* However, under stress conditions, such
as those caused by intestinal chronic illness and estrogen deprivation during menopause, ROS can
overcome natural antioxidant defense systems, leading to the death of OBs and osteocytes and the

promotion of OC formation (osteoclastogenesis) and activity.

4.1.2. Challenges

The use of an autologous bone transplant is currently regarded as the gold-standard treatment for most
of the bone abnormalities but this procedure is associated with numerous drawbacks, such as limited
availability, variable resorption, higher morbidity, and the need for subsequent surgery.® Allogeneic
bone grafts, a different option, however, carry the danger of transmission of disease and potential
immune rejection.® Tissue engineering techniques have been used to cure tissue defects in order to
overcome these difficulties. Bone tissue engineering entails using cells, biomaterials, and appropriate
growth factors to construct an environment that fosters the formation and regeneration of bone tissues.’
The basic element of bone tissue engineering includes a scaffold material that should mimic the traits
and properties of the extracellular matrix (ECM) found in natural bone to offer the proper biomechanical
support and metabolic environment for cell adhesion, migration, proliferation, and osteogenic

differentiation without fear of an immunological rejection.®®
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4.1.3. Biomaterials for bone tissue regeneration and research gap

Type | collagen is the most abundant protein, which forms 90% of the matrix.!® Other than this,
noncollagenous proteins and hydroxyapatite are the other constituents of bone matrix. Therefore,
scaffolds inspired from collagen and noncollagenous proteins with a binding affinity towards
hydroxyapatite (HAp) can mimic the biomineralization process and induce regeneration of bone and
increase its rigidity.1*'? The multipotent nature of mesenchymal stem cells has emerged as important
participants in tissue engineering and regenerative medicine.** They easily generate progenitors for a
variety of cell types, including myocytes, chondrocytes, adipocytes, and osteocytes. In the context of
bone tissue engineering, MSCs have been reported to differentiate into osteoblast-like cells in vitro upon
culturing with appropriate materials, capable of differentiating.’®

There are a variety of scaffolds tested to promote the regeneration of bone tissue and that includes,
natural biomaterials, like collagen,'® gelatin,’” chitosan'® or silk fibroin,'® ceramics, such as,
hydroxyapatite (HAp)? or tricalcium phosphate (TCP), synthetic polymeric materials, like poly lactic-
co-glycolic acid (PLGA)%, polylactic acid (PLA) or polyglycolic acid (PGA), and composite scaffolds.??
Gilarska et al. have fabricated hybrids composed of collagen/chitosan/hyaluronic acid and amine-
functionalized silica nanoparticles decorated with apatite to encapsulate alendronate for the repair of
small osteoporotic bone defects.?? Zhao et al. have developed a composite nanoparticle hydrogel by
combining carboxymethyl chitosan (CMCh) and amorphous calcium phosphate, which supports
adhesion and proliferation of MSCs and induce osteogenic differentiation.?* In a study by Liang et al.,
the immunomodulatory capability of gold nanoparticle-loaded mesoporous silica nanoparticles was
evaluated along with their osteogenic properties.?® Ullah et al. reported the preparation of Sr/Fe co-
substituted HAp bioceramics for applications in developing bone implant.?® Titanium and their alloys
are also reported by Attar et al. for their osteogenic potential due to their porous structure.?” Raja et al.
fabricated unique coiled-structure bioceramics encapsulated in alginate hydrogel beads as a new bone

substitute for simultaneous release of drug, quercetin and stem cells.?®

Majority of these kinds of materials suffer from disadvantages, like low mechanical properties (i.e.,
stiffness), immunogenicity, brittleness, limited biodegradability, drug-associated side effects, and
potential cytotoxicity. Growth factors, like bone morphogenic proteins (BMP) also play a leading role
in this field because of their propensity to promote the proliferation and differentiation of
osteoprogenitor cells.? Nevertheless, the use of growth factors, like BMPs suffer from serious
drawbacks, such as high costs and adverse effects, like heterotopic bone formation, pseudo arthritis,
problematic immune response, and local inflammation.*® As a result, alternative methods are required
to either completely eliminate or greatly minimize the amount of BMPs required in bone tissue
engineering procedures in order to promote tissue regeneration with high efficacy and minimal side

effects.

104



4.1.4. Self-assembling peptides

The biomaterial-based methods may benefit from the use of novel, small-scale osteoinductive
compounds that are cheaper to produce, safe towards immune system, and physiologically stable.
Another appealing and thoroughly investigated substitutes are ultrashort peptides, which can be evolved
from ECM proteins, soluble factors, engineered or naturally occurring.®! Peptides can be easily
synthesized by using cost-effective liquid- or solid-phase synthesis techniques and are less likely to
trigger immunological reactions due to their small size. In addition, more peptides can be grafted onto
a biomaterial per unit of surface area due to their small size, exposing target cells to higher densities of
active sites. Peptides are extremely adaptable tools, as they can be designed to stimulate cell adherence
to the implanted biomaterial, proliferation, differentiation, angiogenesis, or a combination of actions.*2
These ultrashort peptides have very less chance to initiate adverse immune response or tissue
inflammation when introduced into the body and no toxic substances are generated during degradation
since they are mainly composed of amino acids.” Therefore, peptides with various nanostructures are
emerging as biomaterials for bone tissue regeneration. Compared to other biomaterials, gels can be an
ideal choice for this because of their porous, nanostructured morphology like ECM, soft texture, which
can reduce the inflammatory response of neighboring cells and tissues, and they can also serve as a
carrier for cells and growth factors.®® Alshehri et al. rationally designed self-assembling tetrapeptide
(IVFK) for 3D cell culture, osteogenesis, and angiogenesis applications.® Immobilization of osteoblast
targeting peptide (SDSSD) on chitosan surface has been exploited by Tang et al. for macrophage
polarization and promoting the healing of bone defects.®* One of the pioneer works in this field is
reported by Pal et al., where they employed collagen-inspired peptide (NapFFGDO) with negative

charge for the mineralization of HAp to develop a bone-filling material %

4.2.  Objectives

Although several self-assembled, amphiphilic peptides have been reported in the literature with
significant osteogenic properties but the effect of charged amino acids in developing nanostructured
scaffolds to offer a closer structural support to native bone architecture is overlooked. Herein, our
objective was to develop injectable, self-assembled, nano-structured peptides, which can emerge as a
promising scaffold with an excellent mechanical and antioxidant properties, resemble ECM, and
stimulate cell growth as well as guide bone tissue regeneration. The defined structure of biomaterial
scaffolds can provide a sort of mechanical cue, which can modify the local microenvironment, affect

cell activity, and regulate crucial molecular and cellular characteristics.

Therefore, we have designed six amphiphilic tetrapeptides, where the first three amino acids (Trp, Trp
and His) are same in all the sequences and the fourth amino acid with different surface charges have
been used (Ser, pSer, Pro, Hyp, Asp, or Glu) to investigate their impact on the adsorption of HAp and
differentiation of MSCs for promoting bone tissue regeneration. Serine (Ser, S), phosphoserine (pSer,
J), aspartic acid (Asp, D) and glutamic acid (Glu, E) are the component of noncollagenous protein,

whereas proline (Pro, P) and hydroxyproline (Hyp, O) are the part of collagenous protein present in bone
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ECM. Out of these six peptides Fmoc-Trp-Trp-His-Ser-NH, (WWHS), Fmoc-Trp-Trp-His-pSer-NH>
(WWHJ), Fmoc-Trp-Trp-His-Pro-NH, (WWHP), Fmoc-Trp-Trp-His-Hyp-NH, (WWHO), Fmoc-Trp-
Trp-His-Asp-NH, (WWHD), and Fmoc-Trp-Trp-His-Glu-NH, (WWHE), four peptides (WWHS,
WWHO, WWHD and WWHE) were able to form hydrogels. The other two peptides (WWHJ and
WWHP) were self-assembled into various nanostructures with different morphologies. Interestingly, the
addition of charged amino acids allowed them to be adsorbed on the surface of HAp due to electrostatic
and hydrogen-bonding interactions. The osteogenic differentiation of MSCs by these peptides was
evaluated by ALP production, calcium deposition, and expression of various osteogenic markers. In
addition, the immunogenic response of these peptides was observed on macrophages by analyzing the
expression of M1 and M2 phase markers. The osteogenic and anti-osteoclastogenic activity of the
peptides were demonstrated in a co-culture model of osteoblast and macrophages. Therefore, our
strategy provides a rational design of bioinspired, ultrashort peptides for the construction of
nanostructured scaffolds to promote bone tissue regeneration.

4.3.  Experimental Section

43.1. Materials

All solvents and chemicals were of high analytical grade and utilized without additional purification
unless otherwise specified. Rink amide AM resins (0.80 mmol/g loading) was purchased from
Novabiochem. Fmoc protected amino acids, Fmoc-Trp-OH, Fmoc-His(trt)-OH, Fmoc-Glu(OtBu)-OH,
Fmoc-Ser(trt)-OH, Fmoc-Pro-OH, Fmoc-Asp(OtBu)-OH, anhydrous N, N-dimethylformamide (DMF),
2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), and 2',7'-
dichlorodihydrofluorescein diacetate (DCFDA) were acquired from Sigma Aldrich. Fmoc-O-phospho-
L-serine and Fmoc-Hyp(tBu)-OH were purchased from BLD Pharmaceuticals. 1-
bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide hexafluorophosphate
(HATU), trifluoroacetic acid (TFA), N, N-diisopropylethylamine (DIEA), triisopropyl silane (TI1S), 1,1-
diphenyl-2-picrylhydrazyl free radical (DPPH), and 4-nitrophenylphosphate (pNPP) were purchased
from TCI Chemicals, India. Dimethyl sulfoxide (DMSO) and HPLC grade solvents, acetonitrile,
methanol, and isopropyl alcohol were purchased from Merck and used for reverse phase high-pressure
liquid chromatography (RP-HPLC). Piperidine and dichloromethane (DCM) were bought from
Spectrochem and Rankem Laboratories. PolyPrep chromatography columns from Bio-Rad were used
for solid-phase peptide synthesis (SPPS). Deionized water (DI, 18.2 MQ cm) was obtained from a Milli-
Q system and used in all experiments. MC3T3-EL1 cells (CRL-2593, Subclone-4) were purchased from
ATCC. Minimum Essential Medium alpha (MEM-a), 0.25% trypsin/EDTA, penstrep, SYBR™ Green
Master Mix, and trizol were purchased from Thermo Fisher Scientific. MTT reagent (3-(4,5-
dimethylthiazol)-2,5-diphenyltetrazolium bromide), ascorbic acid, DAPI (4'6-diamidino-2-
phenylindole, dihydrochloride) and fetal bovine serum (FBS) were procured from Himedia.
LIVE/DEAD™ Viability/Cytotoxicity Kit for mammalian cells, and Alexa Fluor™ 488, and Phalloidin

were bought from Invitrogen. The iScript™ cDNA synthesis kit was procured from Bio-Rad.
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4.3.2. Peptide synthesis and characterization

The peptides were synthesized using standard 9-fluorenylmethoxycarbonyl (Fmoc)-based SPPS
method. Rink amide AM resin was employed as a solid support. A mixture of HATU (2.85 equiv.) and
DIEA (5.7 equiv.) was utilized for coupling amino acids, and 3 mL of 20% piperidine in DMF was used
to deprotect Fmoc group. A cleavage cocktail comprising 95% v/v TFA, 2.5% v/v TIS, and 2.5% v/v
water was utilized (3.5 h) to cleave the peptides from the resin. Subsequently, the amide terminated
peptides, Fmoc-Trp-Trp-His-Ser-NH, (WWHS), Fmoc-Trp-Trp-His-pSer-NH, (WWHJ), Fmoc-Trp-
Trp-His-Pro-NH, (WWHP), Fmoc-Trp-Trp-His-Hyp-NH> (WWHO), Fmoc-Trp-Trp-His-Asp-NH:
(WWHD), and Fmoc-Trp-Trp-His-Glu-NH, (WWHE) were precipitated in cold diethyl ether, which
was followed by centrifugation and drying under vacuum. The purity of these peptides was determined
by using a RP-HPLC equipped with Xbridge BEH Cis column (250 x 4.6 mm, 5 pm), and
acetonitrile/water (50:50) with 0.1% TFA was used as a mobile phase at a flow rate of 1 mL/min. The
peptides were further characterized by mass (XEVO G2-XS QTOF) and *H NMR (JEOL JNM-ECS,
400 MHz) analysis.

4.3.3. Supramolecular gel formation and characterization

A solution of NaOH (150 uL, pH = 9) was added to 2 mg of peptides to make a clear solution upon
heating. Out of six peptides, only WWHS, WWHO, WWHD, and WWHE were soluble. Next, 5 uL of
1M NaOH was added to the peptide solution with constant tapping. Self-assembled gels (1.33% w/v)
were formed from WWHS, WWHO, WWHD, and WWHE after vortexing the mixture for 5 min. The
vial inversion test was performed to confirm the gelation. The morphology of gels was analyzed by field
emission scanning electron microscopy (FESEM). The gels (1.33% wi/v) were diluted with water and
10 pL of gel solution was drop casted on silicon wafer and air dried. The surface was sputter-coated
with platinum for few seconds under vacuum. Micrographs were acquired using JEOL JSM-6610LV

microscope with a tungsten filament at an accelerating voltage of 10 kV.

4.3.4. Spectroscopic studies
The following spectroscopic studies were carried out to determine the secondary structures of WWHS,
WWHJ, WWHP, WWHO, WWHD, and WWHE.

Circular dichroism (CD). CD analysis was performed on a CD spectrometer (JASCO J-1500) using a
0.1 cm path length quartz cuvette. Peptide solutions were prepared in DI water and incubated at room
temperature for five days before the study to facilitate the formation of secondary structures. The
measurements were carried out at 37 °C and spectra of peptides were recorded at of concentration of 0.5

mM in the range of 195-350 nm at a continuous scanning rate of 200 nm/min.

Fourier transform infrared (FT-IR). FT-IR spectra of all peptides were recorded in the ATR mode using

Bruker Tensor 27 spectrometer between 400-4000 cm™.
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Thioflavin-T (ThT) binding assay. Binding of peptides with ThT were determined by fluorescence
spectra, using a method reported earlier.®” A solution of ThT was incubated with peptides for 6 h and
the fluorescence spectra were acquired in a range of 430-700 nm using a Tecan multimode microplate
reader at an excitation wavelength of 440 nm to estimate the binding of thioflavin T with the secondary

structures of peptides. ThT solution without any peptides was treated as a blank.

4.3.5. Zeta potential
The zeta potential of peptide solutions (1 mM) was measured using the Malvern Zetasizer Nano ZS
instrument at room temperature. Peptides were dissolved in phosphate buffer saline and equilibrated

overnight before the measurement.

4.3.6. Rheological analysis of gels

The shear-thinning behaviors of peptide gels ( WWHS, WWHO, WWHD, and WWHE) were analyzed
by conducting rheological measurements on an Anton Paar MCR 102 rheometer with 25 mm parallel
plate configuration and a shear gap of 0.3 mm. Oscillatory shearing tests were performed on 200 pL of
gels (1.33% wi/v) at room temperature. Amplitude sweep (0.01-100% of strain) and frequency sweep
(0.01-100 rad/s of angular frequency) studies were conducted to determine the linear viscoelastic (LVE)
region. Subsequently, the self-healing property of gels were assessed by applying six alternative cycles
of extreme (30%) and mild strain (0.1%) at a constant angular frequency of 10 rad/s.

4.3.7. Swelling and degradation study

For stability experiments, the gels (WWHS, WWHO, WWHD, and WWHE) were fabricated and
incubated at 37 °C with PBS (pH 7.4) in an incubator shaker (120 rpm) for up to 14 days and the weight
change of gels was monitored at various time periods to assess their stability. The swelling and

degradation of gels were measured using following equation:
We—W;

% Swelling /Degradation = x 100 Equation 4.1

4

where, W, is the weight of swollen gel at time t and Wi is the initial weight.

4.3.8. Antioxidant properties
ABTS assay was performed to evaluate the radical scavenging capacity of the peptides and gels

following the protocol reported earlier.%

4.3.9. Invitro binding of peptides towards hydroxyapatite (HAp)

Time-dependent adsorption of peptides to HAp was determined by RP-HPLC method. Peptides were
dissolved in phosphate buffer saline at a concentration of 0.5 and 1.0 mM upon heating. In a 2 mL
microcentrifuge tube, 5 mg of HAp and 1 mL of peptide solution at two different concentrations (0.5
and 1.0 mM) were mixed by vortexing for 1 min and the mixture was kept inside an orbital shaker at 37
°C with 100 rpm. Each mixture was cultured for 2, 4, and 12 h, and the tubes were centrifuged at 7000
rpm for 5 min. The supernatant was removed and syringe filtered. The concentration of peptide
remaining in the supernatant was determined by RP-HPLC using ACN:water (50:50) with 0.1% TFA
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as the mobile phase. Area under the curve (AUC) was measured from the HPLC chromatogram, which
was proportional to the concentration of the peptide. Standard peptide solutions with variable
concentrations were also prepared for calibration. The concentration of peptides adsorbed on the surface
of HAp was calculated as the difference between initial and unloaded concentration of peptides in
solution. To observe the effect of peptide concentration on adsorption phenomenon, 1 mL of peptide
solution of different concentrations (0.5, 1.0, 1.5 and 2.0 mM) were mixed with 5 mg of HAp and kept
inside an orbital shaker at 37 °C with 100 rpm for 12 h. Followed by centrifugation, the supernatant was
collected and syringe filtered. The concentration of peptides adsorbed on the HAp surface was
determined by RP-HPLC as described earlier. Binding affinities of the peptides were determined by
fitting the experimental data with following linearized form of Langmuir isotherm equation:

W_m, s
[SA]  Stot  Kads[Stotl

Equation 4.2

where, [A] and [SA] are the concentrations of adsorbate in solution and adsorbed on the HAp surface.
St is the total number of surface site available on HA and Kags is the adsorption or binding equilibrium
constant. The adsorption of peptides on HAp surface was further confirmed by FT-IR and thermal
gravimetric analysis (TGA). In TGA study, the temperature of the peptide bound HAp particles were

increased from 30 to 800 °C using a heating rate of 10 °C/min under N, atmosphere.

4.3.10. Cell culture studies

The murine pre-osteoblast cells (MC3T3-E1, passage 5-6) were cultured in MEM-a, supplemented with
10% FBS and 1% Pen-Strep antibiotic solution at 37 °C with 5% CO- in a humidified atmosphere. The
experiments involving long-term cell culture studies, medium was changed every 72 h and the cells were
harvested using a solution of trypsin-EDTA at around 70-80% confluency. The cells were further
redispersed in complete media and seeded in dishes or cell culture plates to conduct various cell culture

studies.

Cytocompatibility studies. The cytocompatible nature of peptides was evaluated via MTT and live-dead
staining assays as per the protocols reported earlier.® Pre-osteoblast cells were first seeded with a cell
density of 1 x 10° into a 96 well plate (100 pL/well) followed by an incubation for 24 h. Meanwhile,
peptides (2 mg) and peptide gels (1.33% w/v, 150 uL, freeze-dried) were sterilized under UV for 30 min
and 1 mL of complete MEM-a was added to it. Samples were incubated at 37 °C for 24 h and the extracts
were passed through a syringe filter for further use. Cells were incubated with these sample extracts
(200 uL) for 1, 3, and 7 days. The treated cells were incubated with MTT for 3.5 h to evaluate the
cytocompatibility. The reduced form of tetrazolium dye was converted into formazan crystals, which is
soluble in DMSO. The absorbance of the solubilized formazan in DMSO was measured at 595 nm,
which is directly correlated to cellular viability. The experiment was performed in triplicates and the

data were represented as mean + SD. The cell viability was calculated using the following equation:

Absorbance for sample

% Cell viability = x 100 Equation 4.3

Absorbance for control
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The live-dead staining of the pre-osteoblast cells were performed according to the protocol reported
earlier.®® The cells were seeded in 48 well plate at a density of 2 x 10 cells/well at 37 °C in a humidified
environment containing 5% CO- for 24 h. Followed by the withdrawal of media, sample extracts (200
pL) were added and incubated for another 3 days. Next, samples were aspirated and the adhered cells
were stained with a mixture (150 pL) of two dyes: calcein AM and ethidium bromide staining live and
dead cells. The cells were incubated for another 30 min avoiding any exposure to light. A fluorescence

microscope was used to visualize the stained cells.

Cytoskeletal staining. The F-actin filament of the live cells were stained with Alexa Fluor 588
phalloidin. To perform this experiment, the cells were seeded on a coverslip and incubated for 24 h at
37 °C in a humidified environment containing 5% CO.. The media was replaced with gel extracts and
incubated for 3 days. After the incubation period, cells were washed with PBS and fixed with 4%
solution of paraformaldehyde for 30 min, followed by washing with PBS. Next, 0.1% triton X-100 was
used to permeabilize cells for 15 min. The permeabilized cells were treated with a solution of Alexa
Fluor 488 phalloidin to stain F-actin for 30 min in dark conditions. DAPI solution (1 pg/mL) was used
to further stain the nuclei of the cells for 10 min followed by washing with PBS. The stained coverslips
were further mounted on to the glass slide with the help of a mounting solution and visualized under a

fluorescent microscope and the images were captured at a magnification of 63x.

In vitro cell migration. Migration of MSCs is a predominant phenomenon to promote intramembranous
ossification, which helps in bone regeneration. Scratch assay was carried out on pre-osteoblast cells to
assess the regenerative potential of peptides and gels. In a treated 6 well plate, MC3T3 was cultured at
a density of 1 x 10° cells/well until the cells achieved 100% confluency. A scratch in a form of straight
line was made on the monolayer of cells with a 200 uL sterile tip. The cells were washed with PBS to
remove the debris and peptide/gel extracts were added to the respective wells and cell migration was
observed for 48 h. Images were acquired at certain interval of time under inverted microscope (Evos XL

core, Invitrogen) to observe the healing of scratch due to the migration of cells.

Encapsulation of cells. Peptide gels (WWHS, WWHO, WWHD, and WWHE) were used as a scaffold
for the encapsulation of MSCs. Around 2 mg of peptides were dissolved in a 100 uL of NaOH solution
of pH 9 and mixed with 50 pL of cell suspension (5 x 10° cells/mL suspended in complete MEM-a
medium) followed by even distribution into the wells of 48-well plate to form a monolayer of cell. A
200 uL of complete media was added on gels and kept at 37 °C in a humidified environment containing
5% COs.. Cell viability was assessed by staining the cells with a mixture of calcein AM and ethidium

bromide.

4.3.11. ROS scavenging assay
The effects of peptides and gels on the scavenging of intracellular reactive oxygen species (ROS) in
living cells were quantitatively determined in H,O, stressed MC-3T3 cells using H.-DCFDA, which is

an oxygen sensitive fluorescent probe. A 100 uL of cell suspension with a density of 1 x 10* cells/mL
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were incubated in Nunc-coated 96-well black plate at 37 °C in a humidified environment with 5% CO..
After 24 h, the medium was removed and 100 pL of sample extracts (peptides/gels incubated for 24 h
with incomplete medium and syringe-filtered) were added to each well and incubated for another 24 h.
The cells were then exposed to H,O; solution (0.5 mM) to instigate ROS production, after which the
medium was removed, washed with PBS, and exposed to 25 pM of DCFDA solution for 1 h in dark
condition. The solution was aspirated and PBS was added followed by the measurement of fluorescent
intensity on a plate reader at excitation and emission wavelengths of 485 and 530 nm. Cells without any
sample extracts were treated as a negative control, whereas 1 mg/mL of ascorbic acid was considered
as a positive control. The same protocol as previously described was followed for qualitative analysis
of ROS production within the cells. A treated 48-well plate was taken instead of black 96-well plate and
2 x 10* cells/well were seeded. The fluorescence microscope’s FITC channel was utilized to visualize
the intracellular DCFDA in cells. The MTT assay was further performed to evaluate the protective effect
of peptides and gels towards the viability of the oxidative stress-induced MC-3T3-EL1 cells.

4.3.12. In vitro osteogenic activity

Alkaline phosphatase and calcium deposition assays, as well as gene expression analysis were performed
to assess the osteogenic potential of peptides and gels. Cells with a density of 1 x 10%mL were cultured
in a 48-well plate for 24 h. After aspirating the media, cells were treated with 200 uL extracts of peptides
and gels in complete MEM-a and incubated for 7 and 14 days. The cell media was replenished with
sample extracts, every 72 h. Osteogenic media (OM) composed of complete MEM-a containing 100 nM
dexamethasone, 50 pug/mL ascorbic acid, and 10 mM [B-glycerophosphate disodium salt hydrate was
considered as a positive control, while complete MEM-a without sample extracts was treated as the

negative control.

Alkaline phosphatase (ALP) estimation. In vitro ALP activity was estimated following the protocol
described earlier in the literature with little modifications.® Media was removed at day 7 and 14, and
cells were washed with DPBS followed by lysis of cells with 200 pL, 0.2% triton X for 30 min in order
to rupture the cell membrane and release the ALP molecules. Subsequently, 200 uL of p-nitrophenyl
phosphate (pNPP) solution was added to each well containing cell lysates and incubated at 37 °C for

another 90 min in dark. The final absorbance was measured at 405 nm using a plate reader.

Calcium deposition assay. Calcium deposition on the MC 3T3 cells were assessed by Alizarin Red S
(3,4-Dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid) stain. Alizarin Red S is commonly
used to stain deposits of calcium in tissues. It works by binding calcium species in cells and producing
red colored crystals under a bright field microscope. On day 7 and 14 of cell culturing, cells were washed
with DPBS and fixed with 4% paraformaldehyde solution for 10 min at 4 °C. Followed by washing with
DI water, fixed cells were stained with 500 pL of alizarin red S solution (40 mM, pH=4.1-4.3) for 1 h
in dark. After staining, the cells were washed with DI water to remove the excess dye and the cells were
visualized under an inverted microscope to observe the red crystals. To further quantify the total amount

of calcium deposited in the mineralized cells, 200 pL of 10% cetyl pyridyl chloride solution was added
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to each well and incubated for 30 min in dark condition. Around 100 pL of dissolved crystals were

transferred to 96-well plate and the absorbance was measured at 562 nm.

Effect on MC3T3-E1 differentiation. To evaluate the effect of peptide and gels on osteogenic
differentiation, the expression of osteogenesis related marker genes, such as alkaline phosphatase (ALP),
runt-related transcription factor 2 (RUNX2), collagen type | (COL 1) osteocalcin (OCN), and
osteopontin (OPN) at mRNA level were examined in MC 3T3 cells. In a 6-well plate, cells were seeded
at a density of 1 x 10* cells/mL and cultured for 24 h. Next, media was removed and 1 mL of extracts
of peptides and gels were added. After every 72 h, media was replenished and on day 7 and 14, and total
cellular RNA was isolated by lysis in TRIzol and subjected to cDNA synthesis. The levels of specific
genes were assessed by quantitative real-time polymerase chain reaction (QRT-PCR). The GAPDH was
used as a housekeeping gene to normalize expression levels. The sequences of gene primers are shown
in Table A4 in Appendix.

Effect on MC 3T3-E1/RAW 264.7 indirect co-culture. To further study the effect of peptides and gels on
osteogenic differentiation, 12 well plate with inserts of 0.4 pm pore size were used for the indirect
coculture study of MC-3T3 and RAW 264.7 (murine leukemic monocyte macrophage cell lines). RAW
264.7 cells with a concentration of 1 x 10° cells/mL were seeded on the 12-well plate and MC-3T3 cells
at a density of 1 x 10° cells/mL were placed on the inserts. The co-culture system was cultured in
complete MEM-a at 37 °C in 5% CO- and fully humidified atmosphere for 24 h to allow the cells to
form a monolayer. The co-culture system was maintained under both basal and osteogenic conditions
with and without 50 ng/mL of receptor activator of nuclear factor kappa B ligand (RANKL) protein.
MC 3T3 cells were incubated with the extracts of peptides and gels for 7 days and media was replaced
every 72 h. On day 7, expression of RANKL, a gene related to the differentiation state of osteoblasts
was measured in MC 3T3-E1 cells by RT-PCR. Simultaneously, the expression of TRAP (tartrate
resistant acid phosphate), a marker for osteoclast differentiation and resorbing activity of bone was
measured in RAW 264.7 cells by RT-PCR.

4.3.13. Polarization of macrophage and inflammatory response

The gene expression levels of the M1 phenotype macrophage marker, TNF-a, iNOS, and M2 phenotype
macrophage marker, IL-10, were measured by RT-PCR. Briefly, RAW 264.7 cells were incubated with
the extracts of peptides and peptide gels for 7 days. The cells were then collected and the total RNA was
extracted using TRIzol, followed by reverse transcription into cDNA using cDNA synthesis kit (Bio-
Rad). Finally, the quantitative analysis of gene was performed by RT-PCR. The results were normalized

to the expression levels of GAPDH.

4.3.14. Statistical analysis
The studies were performed in triplicates and presented as average values and standard deviations from
the mean value. The data were further analyzed by Student’s t-test. “p values < 0.05 were considered

significant and ns represents non-significant difference.
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4.4. Results and discussion

The aim of this work was to investigate the role of polar and charged amino acids in tetrapeptides for
their binding affinities towards HAp surface and promoting the differentiation of MSCs. Since the
mineralization of HAp crystals into the gaps of collagen fibrils enhances the rigidity of the bone, the
HAp binding peptides can offer a route for controlling the adsorption of calcium phosphate biominerals
and regulate the bone tissue regeneration process.** We have designed and developed six self-
assembling, nanostructured peptide scaffolds (WWHS, WWHJ, WWHP, WWHO, WWHD, and
WWHE) and evaluated their antioxidant, HAp binding, alkaline phosphatase increment, calcium
deposition, cell migration, immunomodulation properties, and inducing the expression of osteogenic

markers (Figure 4.1).
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Figure 4.1. Self-assembling peptides and their application in bone tissue regeneration by binding to the
hydroxyapatite (HAp) surface, potentiating the differentiation of mesenchymal stem cells (MSCs), and

inhibiting osteoclastogenesis.

4.4.1. Design of self-assembling peptides and characterizations

To prepare supramolecular scaffolds from ultrashort peptides, we have chosen a self-assembling,
aromatic tripeptide unit (Fmoc-Trp-Trp-His-NH,, WWH) as previously reported by our group® and
incorporated different polar and charged amino acids (Ser, pSer, Pro, Hyp, Asp, or Glu) at the C-
terminus to make it amphiphilic and anionic at physiological pH. It is evident from the literature that
peptides rich in negatively charged groups augment the bone mineralization process to a significant

extent.*142
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Extensive studies were also carried by researchers, which showed that collagen and non-collagenous
proteins (osteopontin, dentin, fetuin, bone sialoprotein, etc.) found in bone ECM play a pivotal role in
mineralization of bone by nucleating HAp crystals. So, in this work, we have designed the collagenous
and non-collagenous protein inspired peptides, Fmoc-Trp-Trp-His-Ser-NH, (WWHS), Fmoc-Trp-Trp-
His-pSer-NH,  (WWHJ), Fmoc-Trp-Trp-His-Pro-NH, (WWHP), Fmoc-Trp-Trp-His-Hyp-NH-
(WWHO), Fmoc-Trp-Trp-His-Asp-NH; (WWHD), and Fmoc-Trp-Trp-His-Glu-NH, (WWHE) by
integrating amino acids, which are present in these proteins (Figure 4.2A). Ser and pSer are found in
osteopontin, Pro and Hyp are the integral parts of collagenous protein, and Asp and Glu are present in
bone sialoprotein (BSP).** All peptides were synthesized using an Fmoc-based SPPS approach taking
rink amide resin as a solid support to generate amide group at C-terminus, which is reported to be
proteolytically stable compared to the peptide acids. The peptides were characterized by RP-HPLC, *H
NMR, and mass spectrometry. The RP-HPLC showed that peptides were 90-95% pure and the retention
times were found to be 3.9, 5.9, 4.1, 4.3, 4.0, and 5.4 min for WWHS, WWHJ, WWHP, WWHO,
WWHD, and WWHE (Figure A50, Appendix). The molecular weight derived from the mass
spectrometry matched with their theoretical values (Figure A51-56, Appendix). The *H NMR spectra
of peptides along with their assigned peaks are included in the Appendix (Figure A57-62).

Furthermore, the amphiphilic nature of peptides enables them to get self-assembled into various
nanostructures. We observed hydrogelation of four peptides, WWHS, WWHO, WWHD and WWHE,
in a pH-triggered approach. Vial inversion method was used to monitor the gel formation. The peptide
containing proline residue (WWHP) was in solution state even after changing the pH, whereas
phosphoserine containing peptide (WWHJ) was precipitated after adding NaOH solution of pH 9. This
is more likely due to the presence of highly negatively charged pSer group, which is hindering the self-
assembly process. WWHS and WWHO instantly formed gels, which can be attributed to the presence
of additional hydrogen bonding by the side chains of S and O. The zeta potential of peptides was
measured in alkaline borate buffer of pH 8 and all peptides were found to possess negative charge at
their surface as confirmed by negative zeta potential values (WWHS: -2.67 mv; WWHJ: -32.9 mV;
WWHP: -16.3 mV; WWHO: -18.8; WWHD: -29.0 mV, and WWHE: -30.7 mV) (Figure 4.2B). The
presence of phosphate and carboxylate group in WWHJ, WWHD, and WWHE decorate the surface of
peptides with more negative charges. According to the literature, negatively charged nanostructures
preferentially bind to the highly positively charged collagen fibrils and help in the nucleation of
biominerals for successful regeneration of bone.*? The nanoscale architecture of the self-assembled
peptide scaffolds was evaluated by SEM and FESEM. We envisioned that the amphiphilic structure of
peptides will guide the development of porous, nanostructured assemblies, which will benefit the stem
cell adhesion and proliferation by mimicking the composition and nanoarchitecture of bone and

providing biochemical cues.
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Figure 4.2. (A) Structure of self-assembling tetrapeptides, WWHS, WWHJ, WWHP, WWHO, WWHD,
and WWHE. (B) Zeta potential of peptides. (C-H) FESEM micrographs of self-assembled peptides.
Scale bar: 100 nm and 1 pm (inset). (C) WWHS. (D) WWHJ. (E) WWHP. (F) WWHO. (G) WWHD.
(H) WWHE.

The micrographs obtained from SEM reveals the porous morphology of peptide gels (WWHS,
WWHO, WWHD, and WWHE), which can provide a bone-like microenvironment and promote cell
infiltration and exchange of nutrients (Figure A63, Appendix). Interestingly, change of the 4" amino
acid in the tetrapeptide sequence altered their microscopic structure in self-assembled state as
demonstrated by the FESEM images (Figure 4.2C). The peptides with Ser (WWHS), Asp (WWHD),
and Glu (WWHE) form long, entangled nanofibrillar structure with a dimension of less than 100 nm,
which has the propensity to imitate bone ECM. Peptides comprising of pSer (WWHJ), Pro (WWHP),
and Hyp (WWHO) were self-assembled into nanorod-like structures, which can help in proliferation,
differentiation, and biomineralization of osteoblasts. The nanorods with a size around 200 nm were
present as cluster in the self-assembled form of WWHP, whereas WWHO exhibited nanorod structure
with less width (~ 100 nm) and were scattered. This phenomenon can be supported by the fact that a
slightly elevated hydrophilicity of WWHO due to the presence of hydroxy! group dispersed the nanorods
in aqueous solution and the absence of hydroxyl group in Pro made it less hydrophilic, which propagates
the self-assembly process into a shape of clustered nanorod. Large amount of negative charge on the
surface of pSer inhibited the self-assembly process and formed nanorods with a width of around 430 nm
in aqueous solution. Thus, these peptides can be used as an injectable scaffold (gels) or can be integrated

on the implant surface to promote ossification.
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Figure 4.3. (A-B) Secondary structure formed by peptides. (A) CD spectra. (B) ThT assay. (C-H)
Rheological analysis of supramolecular peptide gels, WWHS, WWHO, WWHD, and WWHE. (C, F)
Amplitude sweep depicting storage and loss modulus at a constant angular frequency of 10 rad s-1. (D,
G) Frequency sweep at a constant strain of 1%. (E, H) Storage modulus at alternating strains of 30 and

1% for six cycles.

The aromatic amino acids (Trp and His) and the Fmoc group at the N-terminus of the peptide sequence
induced the self-assembly process by facilitating intermolecular hydrophobic 7-x stacking interactions.
To confirm the secondary structure of peptides, CD, FT-IR spectroscopy, and thioflavin-T assay were
performed. 3-sheet structures of all peptides were evident from the CD spectra. A broad negative band
around 215-225 nm and a broad positive peak around 195-210 nm justified the presence of pB-sheet
structure in the nano assembly (Figure 4.3A). In case of WWHJ, WWHD, and WWHE, the negative
band around 220 nm, which confirms the assembly as disordered secondary structure or random coil,
was not prominent. The inter and intramolecular hydrogen bonding is an essential driving force for self-
assembly process of peptides, which is validated by the FT-IR spectra. The C=0 stretching vibration
was determined by the amide | region with distinct peak in the region of 1620-1690 cm, which
suggested the presence of B-sheet like secondary structure (Figure A64, Appendix). The characteristic
peak at amide Il (1480-1575 cm-1) and amide Il (1229-1390 cm-1) regions were dedicated to the
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bending motion of N-H coupled to C-N stretching, which opens a possibility of the presence of B-sheet
conformation in self-assembled peptides. Thioflavin-T (ThT) assay was further conducted to ascertain
the formation of B-sheet structures. The hydrophobic region of peptides was responsible for the binding
with ThT, which leads to significant enhancement of the fluorescence intensity (between 490-500 nm)
compared to unbound ThT and confirmed the presence of B-sheets in the self-assembled structures of
WWHS, WWHP, and WWHO peptides, whereas, the fluorescence intensity was not that much
augmented for WWHJ, WWHD, and WWHE, which further suggests the absence of prominent -sheet

structure in their assembly (Figure 4.3B).

4.4.2. Rheological measurements

The stability and mechanical stiffness of peptide gels were investigated by rheological studies (Figure
4.3C-H). The storage modulus of all gels were 10 times greater than their respective loss modulus,
which confirms the viscoelastic property of gels. Gels, fabricated from WWHS and WWHO exhibited
higher storage and loss modulus than those from WWHD and WWHE (G’: ~12 kPa and G’’ ~1.4 kPa
for Ser and Hyp containing peptides, whereas G’ ~2.3 kPa and G** ~0.2 kPa for peptide gels containing
Asp and Glu, Figure 4.3C, F). The linear viscoelastic region (LVR) was observed at around 6% strain
for WWHS and WWHO gels, which decreased to 4% and 0.4% for WWHE and WWHD gels. The
dynamic frequency exhibited that the storage and loss modulus have a good tolerance to external shear

stress and is essentially angular frequency independent. (Figure 4.3D, G).

The thixotropic properties of gels were measured by step-strain method, where gels were subjected to
high and low strain alternatively for six cycles (Figure 4.3E, H). The storage modulus was declined
upon administration of high strain but the gels were able to regain their storage modulus and get back
to their original shape after withdrawal of the strain. This phenomenon illustrates the self-healing
property of the peptide gels, which is an essential criterion for the injectable gels. The mechanical
stability of the Ser and Hyp containing peptide gels were found superior than peptide gels with Asp and
Glu because of the additional hydrogen bonding interaction with the hydroxyl group present in the side
chain of Ser and Hyp. The results are comparable with the peptide gels reported earlier for the purpose
of biomineralization.**** Swelling and degradation study of all these four gels was performed for 14

days and the data is reported in Figure A65, Appendix.

4.4.3. Hydroxyapatite binding studies

A major objective of our study was to produce peptides, which can physically or chemically bind with
HAp and demonstrate high attraction to bone. We hypothesize that the peptides will provide favorable
ionic and H-bonding interactions between the negative charges on the functional groups of amino acids
(hydroxyl, carboxylic, and phosphate) and calcium ions within the main mineral component of bone
(HAp at physiological pH).* Murphy et al. have reported that peptides containing poly(aspartic acid),
poly(glutamic acid) or bisphosphonates exhibited remarkable ionic attraction towards HAp.* Ling et al.
has also discussed the role of non-collagenous proteins enriched with acidic and phosphorylated amino

acid in regulating the nucleation and growth of HAp for bone mineralization.***” Bang et al. had
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compared the HAp binding affinities of a set of peptides with positive (containing basic amino acids)
and negative charge (containing acidic amino acids) and illustrated that the positively charged peptides
(KNFQSRSH) exhibited better binding signal towards HAp and utilized them for biomedical imaging
of bone.”® Gungormus et al. also reported the ionic interaction of positively charged histidine binding
peptides with phosphate ions of HAp.* Thus, the exact mechanism of binding of peptides towards HAp
is still controversial. The interaction of collagen peptides (Pro-Hyp-Gly) with HAp has been
demonstrated theoretically and experimentally.*°
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Figure 4.4. Binding of peptides on the surface of HAp. (A-F) Adsorption of peptides (0.5 and 1.0 mM)

on HAp surface at different time intervals. (G) Concentration (0.5, 1.0, 1.5 and 2.0 mM)-dependent
adsorption of peptides on HAp surface. (H) TGA data of bare HAp and peptide bound HAp.

In our case, we have determined the concentration of adsorbate bound on the surface of HAp by HPLC

method. As shown in Figure 4.4A-F, the concentration of adsorbate on the adsorbent surface was
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elevated with time and in case of WWHJ and WWHO, around 95% of peptide was bound on the surface
of HAp at both the concentrations (0.5 and 1.0 mM). This could be due to the higher interactions of
phosphate group of phosphoserine (J) and hydroxyl and amine group of hydroxyproline (O) with the
Ca%, POs* and OH" of HAp. The binding affinity of Ser and Pro containing residues were also
significant with more than 90% of peptide in bound state at 0.5 mM concentration and 60-75% binding
was observed when the initial concentration of peptide solution was increased to 1.0 mM. The peptides
containing Asp and Glu with carboxyl functionality also provided remarkable binding affinity towards
HAp surfaces. It has been observed in most of the cases that the concentration of peptides bound on the
HAp surfaces increased with the increasing concentration of the peptides in solution (Figure 4.4G). The
major interactions responsible for this binding are H-bonding and ionic interactions. The oxygen atom
of the carboxylate and carboxyl groups interacted with the surface calcium ions by ionic interactions
(Ca:---OCO-, Ca----0=C). Hydrogen bonding can form between hydrogen atoms of amine group and
phosphate and hydroxyl oxygen atoms (NH----OPQOs, NH----OH).%° The carboxyl group can also be
engaged with hydrogen bonding interactions with the surface hydroxyl group of HAp (-C=0----HO-).
The imidazole ring of histidine can also be protonated at physiological pH and take part in hydrogen
bond and ionic interactions. This study suggests that amino acids with side chains bearing either acidic
or basic residues are more prone to strong interaction with the HAp surfaces. Nano structures of the self-
assembled peptide can also have impact on the binding due to their enhanced surface area.

The data was fitted into the linear form of Langmuir adsorption isotherm and the binding constant (Kags)
was determined (Figure A66, Appendix).®! The binding affinities of peptides follow the sequence,
WWHP < WWHS < WWHE < WWHD < WWHJ < WWHO indicating the participation of all the side
chains of amino acids to some extent with a dominance of hydroxyl and negative charged functionalities
(Table A3, Appendix). The thermogravimetric analysis (TGA) was also performed with the peptide
bound HAp and a significant weight loss was observed around the region of 400-600 °C, which further
confirmed the binding of peptides to the HAp surface (Figure 4.4H). FT-IR spectra elucidated the
vibration of PO,* at 1030, 605, and 565 cm™ as well as bands corresponding to N-H stretching at 1640
cm? associated with adsorption of peptides on HAp surface (Figure A67, Appendix).>? Therefore, the
above-mentioned studies proved that these peptides can provide significant bone-binding properties and

can also be used further for targeted drug delivery and imaging to bone.

4.4.4. Cell viability and migration studies

Cell proliferation is the first stage of bone tissue regeneration. At this stage, the MSCs proliferate while
maintaining its potency. Biomaterials, intended for the ossification, should be biocompatible and safe
to ensure the proliferation of stem cells. To assess the cytocompatibility of peptides and gels, MTT assay
was performed on pre-osteoblast cell line (MSCs) and macrophages (RAW 264.7). The number and
viability of MSCs increased (1, 3 and 7 days) when treated with the extracts of peptide gels (WWHS,
WWHO, WWHD and WWHE) and peptides (WWHJ and WWHP) indicating the cytocompatibility of

the samples. Peptides containing proline and hydroxyproline exhibited highest proliferation of stem cells
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(>170%) after 7 days, whereas peptides composed of Ser, pSer, Asp, and Glu demonstrated 150%
proliferation of MSCs (Figure 4.5A-C). It is evident from the literature that collagen helps in spreading
and proliferation of pre-osteoblast cells and Pro and Hyp are the major residues of collagen, which
justifies the significant proliferative property of WWHP and WWHO. Since macrophages are the
precursors of bone absorbing cells, osteoclasts, we were interested to know the fate of macrophages after
treating with the extracts of peptides and peptide gels. The viability of RAW 264.7 was checked at 1%
and 3" day and the cells were found compatible with a viability of 90-100% (Figure A68, Appendix).
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Figure 4.5. (A-C) Cell viability of MC3T3-EL1 cells in the presence of the extracts of peptides (WWHJ
and WWHP) and gels (WWHS, WWHO, WWHD, and WWHE) using MTT assay at 1, 3, and 7 days.
Data are presented as mean = SD, n = 3, and *p < 0.05 indicates statistically significant data. (D)
Fluorescence microscopy images of MC3T3-E1 cells after live-dead staining at 3 days. Cells without

any treatment was considered as a control. Scale bar: 100 um.

The cytocompatible nature of peptides and gels were also verified by live/dead staining on MSCs. The
growth and spindle-shaped morphology of MC3T3-E1 were seen under the fluorescence microscope,
demonstrating that the peptides and gels were not cytotoxic and can promote cell proliferation. The
abundance of green emission indicated that the sample will not have an impact on the viability of pre-

osteoblast cells during the process of bone repair (Figure 4.5D).
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Figure 4.6. (A-G) Cytoskeletal staining of MC3T3-E1 cells with Alexa Fluor phalloidin (green) and
DAPI (blue) after treating with the extracts of peptides and gels. Cells without any treatment was

considered as a control. Scale bar: 25 pm.

The investigations conducted so far clearly demonstrated the cytocompatible nature of peptides and
peptide gels, which produced a desirable surface for the pre-osteoblast cells to support growth and

proliferation over a time period of 7 days. In order to visualize the morphology of MSCs
122



(mononucleated, fibroblast like shape with extended cytoplasmic projection) upon interaction with the
extracts of peptides and gels, cells were stained with Alexa Fluor 488 phalloidin, which turns the
cytoskeleton green and DAPI stains the nucleus blue (Figure 4.6). This intact morphology of MSCs

after treatment with peptides and gels for 3 days is related to the cellular viability.

Other than proliferation, migration of MSCs is a fundamental step in bone fracture healing because
MSCs need to firstly migrate to the bone surface before they can participate in bone formation. It is also
reported in the literature that enhancing migration of MSCs may offer a cutting-edge method for
restoring the bone loss and other bone diseases, such as osteoporosis, fracture, and osteoarthritis (OA).
Thus, we have investigated the potential role of our peptides and gels for endorsing the migration of
mesenchymal stem cells. From Figure A69, Appendix, we have observed that after the treatment of
cells with extracts of peptides and gels, the cells started migrating within 12 h and healed the scratch by
48 h as compared to negative control (untreated). The percentage area of healing of scratch was also
calculated using ImagelJ software and depicted in Figure A70, Appendix. After successfully completing
these preliminary requisites, these collagen and non-collagen derived peptides can be taken further for

developing materials to successfully regenerate bones.

4.4.5. Radical scavenging properties

Levels of reactive oxygen species (ROS) inside bone cells are one of the primary causes of osteoporosis.
Under stressed condition, ROS override the body’s natural antioxidant defenses, leading to bone loss
and skeletal fragility.* Thus, the introduction of antioxidant material has gained interest for decelerating
bone resorption process and evoke bone formation. The ROS scavenging activity of peptides and gels
were evaluated by ABTS assay. Figure 4.7A shows the antioxidant properties of peptides and gels by
scavenging the colored free radicals, ABTS* by reducing them into a colorless solution. They exhibited
more than 90% radical scavenging activities. The result was compared with ascorbic acid (1 mg/mL),
which was taken as a positive control and ABTS radical without samples were considered as a negative

control.

To verify the influence of the peptides and gels in reducing the level of intracellular ROS,
nonfluorescent dichloro-dihydro-fluorescent dichloro-fluorescein (DCFH-DA) was used, which gets
converted into fluorescent dichloro-fluorescein (DCF) in presence of ROS. As depicted in Figure 4.7B,
the fluorescence intensity was enhanced by the H.O> treatment, which was significantly reduced when
the MSCs were pretreated with the antioxidant peptides and gels. This result confirms the radical
scavenging potential of the peptides and gels by subsiding the ROS production caused by the H,O»
treatment. For qualitative analysis, MC3T3 cells were observed under the fluorescence microscope to
observe the intracellular ROS localization. As presented in Figure 4.7C, the H,O,-treated MSCs have
maximum green fluorescence, indicating an increase in the intracellular ROS as opposed to the control
(untreated), which showed much less green fluorescence. Pretreatment of cells with peptides and gels
guenched the green fluorescence, leading to the scavenging of free radicals. The viability of cells was

also determined in order to validate the protective quality of peptides and gels during the oxidative stress
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caused by the H,O, treatment. MTT (Figure A71, Appendix) assay suggested that peptides and gels

can effectively elevate the survival rate in the range of 75-90% compared to the control group.

4.4.6. Encapsulation of stem cells

We encapsulated MSCs into the peptide gels fabricated from WWHS, WWHO, WWHD, and WWHE
peptides to better understand the viability of MSCs inside the gel microenvironment. The cells were
stained using the live/dead staining protocol using a mixture of calcein AM and ethidium bromide. It is
evident from Figure 4.7D, that the MSCs are viable inside the three-dimensional matrix of gels. The
green fluorescence authenticates the presence of live cells inside the gel scaffold.
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Figure 4.7. (A) Antioxidant properties of peptides using ABTS assay, and ABTS™, and ascorbic acid
(AA) were used as negative and positive controls. (B-C) Effects of extracts of peptides and gels on ROS.
(B) Fluorescence intensity of MC 3T3 cells after treatment with extracts, followed by the treatment with
DCFDA. Cells without exposure to H,O, were considered as a control. Data are presented as mean +
SD, n = 3, and *p < 0.05 indicates statistically significant data and ns not significant difference. (C)
Fluorescence microscopy images of MC 3T3 cells treated with gel extracts and DCFDA. Scale bar: 100
um. (D) Fluorescence microscopy images of calcein AM and ethidium bromide-stained MSCs
encapsulated into the gels (WWHS, WWHO, WWHD, and WWHE). Scale bar: 100 um.
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4.4.7. Osteogenic differentiation studies

All the above findings encouraged us to further study the osteoinductive effects of peptides and gels on
pre-osteoblast cells. We performed experiments to quantify the traditional osteogenic biomarkers. We
anticipate that these studies will further demonstrate the successful use of these collagen and non-

collagen mimicking peptides for bone tissue regeneration.
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Figure 4.8. Osteogenic differentiation of MC3T3-E1 in the presence of extracts of peptides and gels.
(A) Alkaline phosphatase (ALP) activity of MSCs after 7 and 14 days. Alizarin Red S staining was used
to demonstrate the calcium deposition. (B) Quantitative analysis of calcium deposits on mineralized
MSCs after 7 and 14 days. Data are presented as mean + SD, n = 3, and *p < 0.05 indicates statistically
significant data and ns indicates non-significant difference. (C) Microscopic images of MSCs after 14
days of treatment. Red precipitates indicate the calcium nodules. Scale bar: 100 pm.

Alkaline phosphatase (ALP) estimation. During osteogenic differentiation, MSCs go through several
modifications including development into osteoprogenitor cells, differentiation into pre-osteoblasts, and
ultimately maturation into functional osteoblasts. Alkaline phosphatase (ALP) activity is considered a
biochemical marker for the initial involvement of MSCs along the osteoblast lineage. Elevated ALP
activity is considered a prerequisite for enriching the bone formation site with inorganic phosphates, as
it reflects the early stages of osteogenic differentiation. Over the course of 7 and 14 days, MSCs were
cultured with the extracts of peptides and gels and it was observed that on 7" day, almost all samples
exhibited similar activity to promote ALP in cells (Figure 4.8A). At 14" day, WWHJ demonstrated
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highest ALP activity, which was around 4.6-fold greater than the control (containing basal media) and
3.3-fold greater than the osteogenic media (OM). These data are comparable with the peptide gels
reported in the literature for the application in bone tissue engineering. Cells treated with the extracts of
WWHO and WWHS gels also significantly stimulated the ALP production in pre-osteoblast cells.
Unlike these compounds, WWHP, WWHD, and WWHE raised the ALP production in a good to
moderate manner. This result is attributable to the differentiating capabilities of the collagen and non-
collagen protein derived peptides. Since pSer containing peptide helped in stimulating the ALP level to
the most, we assume that it can catalyze the phosphate ester present in WWHJ to generate inorganic

phosphate, which can be used in the formation of hydroxyapatite in situ.

Estimation of calcium content. The differentiation of MSCs into osteoblasts causes significant changes
in several biological characteristics, including an increased rate of calcium deposition. Calcium ions are
required for the formation of HAp crystals, and the deposition of calcium in the ECM provides the
structural integrity and strength to the bone tissue. Alizarin Red S staining is generally used to
investigate the extracellular deposition of calcium because of its high affinity for calcium ions and it
forms a red-colored complex that can be visualized under a microscope or quantified using
spectrophotometry.®® The MSCs after treating with the extracts of peptides and gels act as biological
cues to induce osteogenic differentiation and showed a development of definite amount of calcium
nodules after 7 and 14 days of culturing. The deposited calcium nodule was quantified by solubilizing
them in 10% cetyl pyridyl chloride solution and measuring absorbance at 405 nm and it exhibited a
moderate increase in intensity with time (Figure 4.8B, A72, Appendix). Additionally, the red-stained
calcium nodules, which indicated the presence of extracellular calcium deposition, were seen using an
inverted microscope. The data were compared with cells treated with osteogenic media (OM), and it
was found that WWHO, WWHJ, and WWHS were more effective in increasing matrix mineralization
than other peptides. The negative charge of these peptides helps in the deposition of calcium ions,

resulting in highest mineralization.

Gene expression studies. The information gathered so far from the investigations motivated us to
scrutinize the impact of these peptides on the expression of standard osteogenic markers (ALP, RUNX
2, OPN, OCN, and COL 1) by real time PCR (RT PCR) studies. After incubation with the extracts of
peptides and gels for 7 and 14 days, expressions of typical osteogenesis-related mMRNAs were evaluated
in MC3T3-E1 cells and are depicted in Figure 4.9A-E. A significant change in gene expression occurred
after 14 days of culture. The maximum increase in fold of alkaline phosphatase (ALP) expression was
observed in case of WWHO, which was 11-folds higher than the control (basal medium without any
treatment) and 2-folds higher than OM at 14" day of incubation (Figure 4.9A). Expression of ALP was
also higher than OM in case of WWHJ (6-folds) and WWHP (8-folds). Runt-related transcription factor
2 (RUNX?2) is another critical transcription factor that regulates osteoblast differentiation, bone
development, bone remodeling, and bone repair, and plays a significant role in osteogenesis. Figure
4.9B displays excellent upregulation of RUNX 2 by the peptides and gels at both 7" and 14" day. WWHJ
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influenced the upregulation at the highest level (91-folds) compared to control, whereas other peptides
and gels also promoted the levels of RUNX 2 in the range of 45-75 folds at 14" day. Osteopontin (OPN),
a glycoprotein is also involved in the regulation of bone remodeling. WWHO, WWHJ, WWHS, and
WWHP helped in the potentiation of the OPN level in MSCs in the range between 40-90 folds. The
other two peptide gels, WWHD and WWHE, also increased its level by 35-folds (Figure 4.9C).
Osteocalcin (OCN) plays a role in calcium metabolism. It is known to interact with calcium ions, and it
has been suggested that OCN may help in regulating calcium homeostasis in the body and mineralization
of bone matrix. Peptides containing pSer, Asp, and Glu (WWHJ, WWHD and WWHE) demonstrated
the OCN upliftment to the maximum level (6-8 folds), which was comparable with osteogenic media
(Figure 4.9D). Collagen type | (COL 1) is the main component of the organic matrix of bone and
provides the structural framework for bone formation. It provides a favorable substrate for the
attachment and migration of cells involved in bone regeneration. Figure 4.9E, illustrates the impact of
the collagen and non-collagen derived peptides on the level of COL 1. WWHP and WWHO exhibited
the maximum rise in COL 1 level by 25-folds, which can be attributed to the fact that Pro and Hyp are
the integral part of collagen protein. Peptides (WWHD and WWHE) composed of noncollagenous
protein derived amino acids were also able to enhance the COL 1 level by 12 and 17-folds. Overall,
these data authenticate the differentiating capability of MSCs by our peptides, which is a desirable trait
for scaffolds to treat bone related disorders.

The effects of these peptides were assessed in a co-culture system of MC-3T3-E1 and RAW 264.7
cells because restoring the equilibrium between bone resorption by osteoclasts and bone formation by
osteoblasts is crucial for the treatment of bone-related disorders, particularly osteoporosis. RANKL
(Receptor Activator of Nuclear Factor Kappa-B Ligand) and TRAP (Tartrate-Resistant Acid
Phosphatase) are involved in the process of osteogenesis, which is the formation and development of
bone tissue.>* RANKL is secreted by osteoblast and binds to its receptor RANK, which is present on the
surface of osteoclast precursor cells, leading to their differentiation into mature osteoclasts, which are
responsible for bone resorption. TRAP, on the other hand, is an enzyme that is highly expressed by
mature osteoclasts and is involved in the degradation of bone matrix. It is often used as a marker for
osteoclast activity and upregulated in mature osteoclasts as they become active in resorbing bone during
osteogenesis. As displayed in Figure 4.9F, the expression of RANKL was downregulated in osteoblast-
like cells, which revealed an excellent inhibitory effect on RANKL induced osteoclastogenesis by the
peptide and gel extracts. The expression of TRAP in RAW 264.7 was also reduced at 7" day, which

further confirmed the retardation of bone resorption as desirable in the treatment of osteoporosis.
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Figure 4.9. qRT PCR data. (A-E) Expression of osteogenesis related genes (ALP, RUNX 2, OPN, OCN,
and COL 1) by MC3T3-E1 cells after culturing with osteogenic media (OM) and extracts of peptides
and gels for 7 and 14 days. (F) Relative mRNA expression of osteoclastic factors RANKL and TRAP
by MC3T3-E1 and RAW 264.7 after treatment for 7 days in an indirect coculture system. Data are
presented as mean £+ SD, n = 3, *p < 0.05 indicates statistically significant data and ns non-significant
difference.

The inflammatory response of macrophages was evaluated by RT-PCR. The expression of typical M1
related gene (TNF-a and iNOS) was distinctly downregulated after treatment with the extracts of
peptides and gels (Figure A73, Appendix). In contrast, the expression of IL-10, marker for M2
macrophage were significantly enhanced. Thus, it is obvious from the study that these collagen and non-
collagen protein derived peptides guided the phenotypic switch to M2 macrophages and augmented the
secretion of anti-inflammatory factors. The in vitro osteogenic differentiation potential of these
scaffolds are equivalent to the self-assembled peptide gels, polymeric and peptide modified polymer
derivatives, hybrid biopolymers, and nanoparticles reported in the literature by Alshehri et al.,

Mahendiran et al.>® Tang et al.*, and Gilarska et al.%.

45. Conclusions

In this work, we have developed ultrashort, amphiphilic peptide-based scaffolds capable of binding with
hydroxyapatite and promoting the osteogenic differentiation for the effective regeneration of bone. We
use a simple strategy of synthesizing six tetrapeptides inspired from collagen and non-collagenous
proteins, which contain overall negative charge and different functionalities, such as phosphate,
hydroxyl, and carboxyl groups. Out of six peptides, four peptides were self-assembled into gels with

distinct nanostructures and the other two were self-assembled into clusters with nanorod-like

128



morphology. The studies provided a critical insight on the role of amino acids, such as Ser, pSer, Pro,
Hyp, Asp, and Glu, on interactions with hydroxyapatite, the major inorganic content of bone, and
mineralization. The nanostructures fabricated from the self-assembly of peptides can mimic the
extracellular matrix and provide biochemical cue to the stem cells for adhesion and proliferation. In
vitro cell culture studies confirmed the cytocompatible nature of these peptides towards pre-osteoblasts
and their ability to promote cell proliferation and migration. It was also evident that the peptides after
incubation with pre-osteoblasts enhanced the production of alkaline phosphatase (ALP) and deposition
of calcium, which are the biochemical markers of ossification. They also provided protection against
reactive oxygen species/oxidative stress and promoted M2 macrophage polarization with
downregulation of TNFa and iNOS, and upregulation of IL-10. The differentiation of mesenchymal
stem cells to pre-osteoblasts and their role in accelerating the bone formation was further confirmed by
investigating the expression of several osteogenic biomarkers. The ability of these scaffolds to reduce
the osteoclastogenesis process was validated by coculturing pre-osteoblast and macrophages, which
highlights their excellent therapeutic value for osteoporosis. Overall, this work reports the rational
design and fabrication of self-assembled, short bio-inspired peptide motifs and their promising
application towards successfully developing scaffolds for bone-tissue engineering. This facile approach
put forward a cell free and growth factor free yet bioactive, nanostructured platforms to induce bone

regeneration.
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Chapter 5

Immobilization of self-assembling peptides on ceria for biocatalysis

|
5.1. Introduction

5.1.1. Biocatalysis

Biocatalysis refers to the use of natural catalysts, such as enzymes or whole cells, to perform chemical
transformations.! These catalysts accelerate the rate of chemical reactions by providing an alternative
pathway with lower activation energy, allowing reactions to occur under milder conditions. Enzymes
are proteins that act as highly efficient biocatalysts in living organisms.? They possess specific active
sites that can bind to substrates and facilitate their conversion into products. Enzymes are incredibly
selective, often catalyzing specific reactions and producing specific products, which makes them
valuable tools in various industries.® Biocatalysis offers several advantages over traditional chemical
catalysis. Firstly, enzymes are usually highly specific, which means they can perform reactions with
high selectivity, minimizing the formation of unwanted by-products.* Secondly, enzymes often work
under mild conditions, including lower temperatures and pressures, which can reduce energy
consumption and lower production costs. Moreover, biocatalysis is often more environment friendly as
it can avoid the use of toxic or hazardous chemicals, and it finds application in a wide range of industries,
including pharmaceuticals, agriculture, food and beverage, biofuels, and manufacturing. Examples of
biocatalytic reactions include the production of antibiotics, synthesis of fine chemicals, degradation of
environmental pollutants, and conversion of biomass into biofuels. Overall, biocatalysis harnesses the
power of biological catalysts to enable more sustainable and efficient chemical processes, with

significant potential for advancing industries and reducing environmental impact.

5.1.2. Challenges

While biocatalysis offers numerous benefits, there are also several challenges associated with the use of
biocatalysts. The lack of availability of these enzymes in large quantity is the major concern for the
industrial use.® Additionally, some enzymes may be derived from rare or difficult-to-cultivate
organisms, making them less accessible, which significantly increases their costs. Many biocatalysts,
especially enzymes, can be sensitive to environmental conditions such as temperature and pH.® They
may undergo denaturation or loss of activity over time, reducing their stability and shelf-life.
Maintaining the stability of biocatalysts during storage and industrial processes can be a challenge.
There are issues related to the use of enzymes in the development of heterogeneous catalysts.”® The
enzymes are attached to solid surfaces either through adsorption or covalent bonding. Adsorption-based
immobilizations invariably result in a loss of adsorbed protein during the course of subsequent cycles.
On the other hand, covalent connections are generated through numerous chemical processes that may
cause the connected enzyme to become denatured.® As a result, it is increasingly difficult to reuse the

catalysts and the cost-effectiveness of the final product purification is also reduced.
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5.1.3. Self-assembling peptides as biocatalyst

In order to surmount the challenges, artificial enzymes or compounds that mimic enzymes are a
promising alternative.11%! An enzyme's effective catalytic activity comes from supramolecular
interactions that form a three-dimensional structure within the protein molecule. The correct spatial
arrangement of the amino acids inside these structures produces the catalytic pockets needed to bind a
particular substrate and carry out chemical reactions.*? The minimalistic approach to develop artificial
biocatalysts that have the same catalytic efficiency, stereoselectivity, and specificity as genuine enzymes
is to imitate their catalytic site by incorporating the amino acids found in the catalytic pocket.

Self-assembling peptides can act as biocatalysts by organizing into well-defined structures or scaffolds
that provide an environment for catalytic reactions to occur.'*!* These peptides have the unique ability
to spontaneously form ordered structures through non-covalent interactions, such as hydrogen bonding,
electrostatic interactions, and hydrophobic interactions. The self-assembling peptides can be designed
to incorporate catalytic residues or functional groups within their sequence, allowing them to perform
specific enzymatic reactions. The catalytic activity of self-assembling peptides can be influenced by
factors such as the peptide sequence, secondary structure, and the microenvironment created by the self-
assembled structure.®® Proline-containing peptides, for instance, are known to catalyze the Mannich,
Michael, Aldol, and Acyl Transfer processes.'®" In a similar way, ester hydrolysis reactions are widely
known to be catalyzed by histidine (His).1®° For the regeneration of hydrolase and esterase activities, a
variety of His-containing hydrogels and nanofibrils have been developed. Similarly, hydrogel-trapped
hemin chloride has been found to have peroxidase-like activity.? In this regard, hydrolytic enzymes,
such as lipase and a-chymotrypsin, have drawn a lot of attention due to their prevalence in living things
and growing economic significance.?* Therefore, much effort has been made to develop artificial

esterase and phosphatase.?

Several design techniques have been used to generate peptide-based artificial enzymes, such as short
helices, a-helical coiled coils and barrels, B-hairpins, and B-peptide bundles. For instance, Korendovych
et al. developed a set of heptapeptides that form B-sheets and by the self-assembly of these peptides,
they obtained a Zn(I1)-coordinated structure.?® This structure mimicked the catalytic center of natural
carbonic anhydrase and demonstrated catalytic activity towards carbonic anhydrase substrates. Numata
et al. developed an enzyme-like catalyst by incorporating the conventional serine-protease catalytic triad
to peptides that can self-assemble into fibrils and resemble amyloids.?* The formation of this B-sheet
backbone was essential to imitate the protease binding site. Gulseren et al. reported esterase mimicking
catalytic nano-system with essential residues, Ser, His, and Asp in the peptide sequence.?® Mikolajczak
et al. developed peptide-gold nanoparticle conjugates as sequential cascade catalyst for hydrolysis
followed by hydrogenation reactions.?® Dowari et al. reported the immobilization of peptide amphiphile
containing Asp (Ser) His triad on silica surface for hydrolase mimicking properties.?” Reja et al. has
developed nanotubes from self-assembled lipidated short peptide (C1o-FFVK) for aldolase mimicking

properties.?® Overall, self-assembling peptide provide a versatile platform for creating functional
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materials with catalytic capabilities, and expanding the scope of biocatalysis beyond traditional

enzymes.

5.1.4. Research gap

There has been a lot of reports available in the literature, where self-assembled peptides have been
extensively explored to develop artificial enzymes. The major limitation associated with such system is
that they are in homogenous solution with the reaction mixture and cannot be removed once the reaction
is over. Unbranched, linear peptides reported so far can only expose their single binding pocket to the
substrate, which limits the rate of reaction. Additionally, there are very few reports on the use of these
artificial enzymes for societal welfare, and the potential of peptides to exhibit multiple catalytic activities
simultaneously. Developing multifunctional peptide catalysts that can perform multiple types of

reactions or exhibit synergistic effects has the potential to open new possibilities in biocatalysis.

5.2.  Objectives

The main aim of this work is to develop multifunctional, heterogenous catalyst with esterase,
phosphatase, and haloperoxidase mimicking potential and use them for pesticides detection
(organophosphorus and carbamate), bone tissue regeneration, and anti-biofouling applications. We have
immobilized self-assembled, nanofibrous catalytic peptide on ceria nanoparticle and evaluated their
potential to act as a biocatalyst. Ceria nanoparticles (CeNP) were fabricated using hydrothermal method
and thiolated (TC) using (3-mercaptopropyl)trimethoxysilane, which was further conjugated to peptide
amphiphile (PA) by “thiol-ene” reaction. The branched peptide amphiphile containing catalytic triad
‘Ser-His-Asp’, when immobilized on the thiolated ceria surface, generated a heterogenous catalyst
(TCP) with a greater number of catalytic sites. CeNPs were selected due to their haloperoxidase
mimicking properties. Peptide conjugated ceria nanoparticles were thoroughly characterized and they
were found to mimic esterase, phosphatase, and haloperoxidase enzyme. This enzyme mimicking
activity further motivated us to evaluate their role in pesticide detection, bone tissue regeneration, and
anti-biofouling material preparation. Therefore, our strategy addresses the aforementioned research gap
and contributes to advancing the field of peptide-based biocatalysis and unlock their full potential as

versatile catalysts.

5.3.  Experimental Section
5.3.1. Materials

All the solvents and chemicals were of high analytical quality and utilized without further purification
unless otherwise stated. Rink amide AM resins (0.80 mmol/g loading) was procured from Novabiochem.
Fmoc protected amino acids, such as Fmoc-Lys(Alloc)-OH, Fmoc-Lys(Fmoc)-OH, Fmoc-His(trt)-OH,
Fmoc-Ser(trt)-OH, Fmoc-Asp(OtBu)-OH were purchased from BLD Pharm, India. 1-
bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] pyridinium 3-oxide hexafluorophosphate
(HATU), trifluoroacetic acid (TFA), N, N-diisopropylethylamine (DIEA), triisopropyl silane (TIS),

lauric acid, 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) and 3-mercaptopropyl trimethoxysilane
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(MPTMS) were bought from TCI Chemicals, India. Dimethyl sulfoxide (DMSO) and HPLC grade
solvents, such as acetonitrile, methanol, and isopropyl alcohol were purchased from Merck and used for
reverse phase high-pressure liquid chromatography (RP-HPLC). Piperidine, N, N dimethyl formamide
(DMF), and dichloromethane (DCM) were bought from Spectrochem and Rankem Laboratories. p-
Nitrophenyl phosphate (pNPP) and p-nitrophenyl acetate (obNPA) were procured from Sisco Research
Laboratories Pvt. Ltd. (SRL), India. Cerium nitrate hexahydrate 99.9% AR and Irgacure 2959 were
purchased from Loba Chemie and Sigma Aldrich. PolyPrep chromatography columns from Bio-Rad
were used for solid-phase peptide synthesis (SPPS). Deionized water (DI, 18.2 MQ cm) was obtained
from a Milli-Q system and used in all experiments. MC3T3-E1 cells (CRL-2593, Subclone-4) were
purchased from ATCC. Minimum Essential Medium alpha (MEM-a), 0.25% trypsin/EDTA, penstrep,
SYBR™ Green Master Mix, and trizol were purchased from Thermo Fisher Scientific. MTT reagent (3-
(4,5-dimethylthiazol)-2,5-diphenyltetrazolium bromide), ascorbic acid, and fetal bovine serum (FBS)
were procured from Himedia. E. coli (MTCC 1687) were purchased from CSIR-IMTECH, Chandigarh.
For antibacterial studies, Luria broth (Himedia) was used as culture media.

5.3.2.  Synthesis of branched peptide amphiphile (PA) and characterization

The branched peptide amphiphile was synthesized using standard 9-fluorenylmethoxycarbonyl (Fmoc)-
based SPPS method. Rink amide AM resin was employed as a solid support. The amino acids were
coupled using a mixture of HATU (2.85 equiv.) and DIEA (5.7 equiv.) and 20% piperidine in DMF (3
mL) was used to deprotect Fmoc group. The synthesized peptide was cleaved from the resin by using a
cocktail comprising 3mL of 95% v/v TFA, 2.5% v/v TIS, and 2.5% v/v water. Subsequently, the amide
terminated peptide/PA (C1.-SHD).KK(Alloc)-NH; was cleaved, and precipitated from 30 mL of cold
diethyl ether, which was followed by centrifugation and drying under vacuum. The purity of these
peptides was determined by using a RP-HPLC equipped with Xbridge BEH C1g column (250 x 4.6 mm,
5 um) and a gradient flow of acetonitrile/water for 35 min with 0.1% TFA as a mobile phase at a flow
rate of 1 mL/min. The peptides were further characterized by mass (XEVO G2-XS QTOF) and *H NMR
(JEOL JNM-ECS, 400 MHz) analysis.

5.3.3. Secondary structures of the peptide

The secondary structure of the peptide was determined by circular dichroism (CD) and Thioflavin T
(ThT) assay. CD analysis was performed on a CD spectrometer (JASCO J-1500) using a quartz cuvette
with a 0.1 cm path length. In order to induce the formation of secondary structures, peptide solutions
were prepared in DI water and incubated at room temperature for five days prior to the investigation.
Spectra of the peptides were recorded at a concentration of 0.5 mM in the region of 195-350 nm at a
continuous scanning rate of 200 nm/min. Fluorescence spectra was used to analyze the binding of
peptides with ThT according to a previously described method.? The fluorescence was recorded using
a Tecan multimode microplate reader at an excitation wavelength of 440 nm. As a blank, ThT solution

was used that contained no peptides.
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5.3.4. Preparation of cerium oxide nanoparticles (CeNPs)

A conventional hydrothermal technique was used for the preparation of CeNPs.* A 60 mL of 4 M NaOH
was used to make a suspension of 0.4 g of cerium nitrate hexahydrate (1 mmol) followed by stirring for
30 min. The mixture was transferred to a 100 mL Teflon-lined stainless-steel autoclave and incubated
for 24 h at 100 °C. After centrifuging, the CeNPs were washed with water and ethanol, and dried at 70

°C to get a distinctive dark yellow powder.

5.3.5. Preparation of thiol functionalized CeNPs (TC)

The surface of CeNP was activated by dehydrating the sample at 80 °C overnight. Around 75 mg of
CeNPs were dispersed in 15 mL of toluene in a round bottom flask and ultrasonicated for 30 min.*! To
this suspension, MPTMS (0.6 mL) was added, and the suspension was refluxed at 110 °C overnight
followed by centrifugation. The resulting thiol functionalized ceria nanoparticles (TC) were washed

with toluene and ethanol and air-dried at 50 °C overnight.

5.3.6.  Synthesis of peptide conjugated ceria nanoparticles (TCP)

The branched peptide amphiphile was conjugated with the thiol functionalized ceria via thiol-ene
reaction.®3* In general, 20 mg of TC was dispersed in 1 mL of methanol and sonicated for 15 min
followed by the addition of 2 mM, 5 mL solution of PA. Radical initiator (Irgacure 2959, 0.2 equiv. 2.81
mg) was added to the mixture and the suspension was exposed to UV light (365 nm) with stirring at
room temperature for 1 h. The peptide-functionalized ceria nanoparticles (TCPs) were centrifuged at

6,000 rpm, washed thoroughly with methanol, and finally dried overnight at 50°C.

5.3.7. Characterization

All the materials (CeNPs, TCs, and TCPs) were characterized by various spectroscopic and microscopic

techniques for their chemical and physical properties.

Chemical properties. Crystallinity of all materials were determined by PXRD using Rigaku Miniflex
diffractometer in the range of 10-80 with Cu Ka (A = 0.154 nm) radiation. EDX (Bruker Splash 6130)
and XPS (Thermo Fisher Scientific, K-alpha) analysis were performed to confirm the elemental
distribution and electronic state of elements. Thermogravimetric analysis (TA Instruments, USA, SDT-
650) was done under N flow (100 mL/min) from 40-800 °C at a ramp of 10 °C/min to validate the thiol
modification on the surface of CeNPs and conjugation with the peptide amphiphile on thiolated ceria

surface.

Physical properties. Particle size distribution was measured on a DLS Microtrac/Nanotrac Flex
instrument. Field emission scanning electron microscope (FESEM) was used to study the morphological

characteristics of nanomaterials by employing the drop-casting method on silicon wafer.

5.3.8. Ellman’s assay
Ellman’s assay was used to quantify the functionalization of CeNPs with thiol group.® Working solution

of DTNB (Ellman’s reagent) was prepared by dissolving 4 mg of DTNB and 20.5 g of sodium acetate
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in 5 mL of DI water. About 50 pL of this Ellman’s reagent was mixed with 2.5 mL of tris buffer (1 M,
pH: 8) to make the blank solution. Samples were suspended in tris buffer and 250 pL of each sample (1
mg/mL) was added to the blank solution and incubated for 15 min at room temperature. The absorbance
was measured at 412 nm, and the quantity of the surface thiol group was determined by dividing

absorbance by the extinction co-efficient of the reagent (13,600 M~cm).

5.3.9. Measurement of the esterase-mimicking activity

The esterase-mimicking activity was measured using p-nitro phenyl acetate (p0NPA) as a substrate.?” All
the nanomaterials (CeNP, TC, TCP, and PA) were dispersed in 20 mM phosphate buffer of pH 7 at a
concentration of 1 mg/mL. The suspension was thoroughly vortexed and sonicated for 10 min to get a
homogeneous suspension. The catalytic suspension (100 pL) was added into the well of a 96-well plate
followed by the addition of 6 uLL of pNPA solution (12.5 mM in ACN). The absorbance was measured
at 405 nm, every 15 min for 150 min. Catalyst without pNPA was considered as the reference and its
absorbance was recorded simultaneously. The absorbance value of the reference well was subtracted
from the sample data to eliminate the contribution of the catalyst. Absorbance of the substrate without
catalyst was observed to check their self-hydrolysis potential and these values were further subtracted
to obtain the values coming from the catalysis only. The calibration curve of p-nitrophenol (pNP) was
used to determine the amount of pNP formed and subsequently the rate of hydrolysis was also calculated
using the extinction coefficient of pNP, which is 13014 M=cm™. In order to calculate the kinetic
parameters, pNPA concentrations between 0.2 and 1.5 mM were used and the data was fitted to the

Michaelis-Menten equation.

5.3.10. Measurement of phosphatase-mimicking activity
The phosphatase-mimicking activity was measured using p-nitro phenyl phosphate (pNPP) as a
substrate and its working solution was prepared (12.5 mM) in 25 mM tris buffer of pH 8. The experiment

was performed in the similar way as mentioned above.

5.3.11. Reusability of catalyst

We used a different method for the reusability test because the 96-well plate was not suitable for it. In
this instance, the catalysts were suspended (1 mg/mL) in 940 uL of 20 mM phosphate buffer, pH 7 using
the same procedure as previously described. Substrate (60 pL of a 12.5 mM solution of pNPA and pNPP
in ACN or Tris buffer) was added to this suspension, and the sample was agitated on a mechanical
shaker for 45 min. The sample was immediately centrifuged, the supernatant was transferred to the
cuvette, and the solution's absorbance was measured at 405 nm. The absorbances of only the catalyst
(same concentrations as used for the samples and similar treatment, without adding the substrate) or the
substrate (same concentrations as used for the samples) were recorded at 405 nm and subtracted from
the data obtained for the samples in order to remove any absorbance that might come from the catalyst
or the substrate. The entire process was carried out six times. PNP's calibration curve was used to

determine how much PNP was produced in each case. The catalysts were cleaned with water five times,
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then with ACN five times, and vacuum-dried at 50 °C for 12 h after each cycle. The dried catalyst was

then used in additional cycles using the same procedure.

5.3.12. Measurement of haloperoxidase-mimicking activity

The haloperoxidase-mimicking potential of the catalyst was investigated by a protocol reported earlier
with little modifications.® Initially, phenol red (0.6 mg, 50 uM) and ammonium bromide (0.1 mg, 25
uM) were dissolved in water, which was followed by the addition of H.O; (1 pL, 300 uM). The pH of
the solution was maintained between 5 and 6 and each sample (1 mg/mL) was incubated with this
reactant solution for 5 h at room temperature and the absorbance was recorded in the range of 400-600
nm using a UV-Vis spectrophotometer.

5.3.13. Acetylcholineesterase (AChE)-mimicking activity

Stock solutions of acetylthiocholine and DTNB (40 mg, 100 mM) were prepared in ImL DMSO. About
1 mg of each material (CeNP, TC, TCP, and PA) were suspended in 1 mL of PBS, and 10 uL. of DTNB
and acetylthiocholine were added to the suspension of catalysts and absorbance data was collected at
405 nm, every 15 min for 150 min. The rate of reaction was obtained by using molar extinction
coefficient of 13600 M-tcm™.

5.3.14. Ca mineralization

The capability of the catalysts to imitate alkaline phosphatase (ALP) enzyme was assessed by Ca
mineralization study.?>*” Wells of a 24-well plate were coated with 1 mg/mL suspension of all the
materials (CeNP, TC, TCP, and PA) and dried over night at 37 °C. An osteogenic solution was prepared
containing 15 mM of B-glycerophosphate as a source of Pi, 20 mM of CaCl; as a source of Ca?*in Tris-
HCI buffer (25 mM, pH 7.4). About 800 pL of this solution was added into each well and incubated at
37 °C for 7 days. Every day, osteogenic solution was replenished with fresh osteogenic solution. At 71"
day, after removing the solution, wells were washed with distilled water and allowed to air dry. The
mineralized calcium developed due to the ALP-mimicking enzyme was further measured by using 0.1%
Alizarin Red S (3,4-Dihydroxy-9,10-dioxo-9,10-dihydroanthracene-2-sulfonic acid) staining. After
staining, the excess dye was removed and wells were washed with distilled water and the 10%
cetylpyridinium chloride was added to dissolve the calcium-bound dye. Finally, the absorbance was
measured at 562 nm to quantify the mineralized calcium using a Tecan multimode microplate reader.

Wells containing only osteogenic solution without any sample were treated as a control.

5.3.15. Cell culture study

The murine pre-osteoblast cells (MC3T3-E1, passage 5-6) were cultured in MEM-a, supplemented with
10% FBS and 1% Pen-Strep antibiotic solution at 37 °C with 5% CO; in a humidified atmosphere. For
experiments involving long term cell culture studies, medium was changed every 72 h and the cells were
harvested using a solution of trypsin-EDTA at around 70-80% confluency. The cells were further
redispersed in complete media and seeded in dishes or cell culture plates to conduct various cell culture

studies. Osteogenic media (OM) composed of complete MEM-a containing 100 nM dexamethasone, 50
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pg/mL ascorbic acid, and 10 mM B-glycerophosphate disodium salt hydrate was considered as a positive

control, while complete MEM-a without sample was treated as the negative control.

Cytocompatibility study. The cytocompatible nature of the nanomaterials (CeNP, TC, TCP, and PA) was
evaluated via MTT assay as per the protocols reported earlier.®® Pre-osteoblast cells were first seeded
with a cell density of 1 x 10° cells into a 96 well plate (100 uL/well) and after an incubation for 24 h,
the media was replaced with the suspension of nanomaterials in varying amounts (50, 100, 300 and 500
pg). After 48 h of incubation, the treated cells were incubated with 20 uLL of MTT solution (5 mg/mL in
PBS) for 3.5 h to evaluate their cytocompatibility. The absorbance of the solubilized formazan in DMSO
was measured at 595 nm, which is directly correlated to the cellular viability. The experiment was
performed in triplicate and the data were represented as mean £ SD. The cell viability was calculated
using the following equation:

Absorbance for sample

% Cell viability = 100 Equation 5.1

Absorbance for control

Alkaline phosphatase (ALP) estimation. Alkaline phosphatase (ALP) is essential for bone remodeling,
resorption, and mineralization of carbonated apatite. In vitro ALP activity was estimated following the
protocol described earlier in the literature with little modifications.®! Cells with a density of 1 x 10°
cells/mL were cultured in a 48-well plate for 24 h. After aspirating the media, cells were treated with
suspension of nanomaterials (50, 100, 300, and 500 pg) in the complete MEM-a and incubated for 7
days. The cell media was replenished with nanoparticle suspension every 72 h. Media was removed at
day 7 and cells were washed with DPBS followed by lysis of cells with 200 uL of 0.2% triton X for 30
min in order to rupture the cell membrane and release the ALP molecules. Subsequently, 200 uL of p-
nitrophenyl phosphate (pNPP) solution was added to each well containing cell lysates and incubated at

37 °C for another 90 min in dark. The final absorbance was measured at 405 nm using a plate reader.

Calcium deposition assay. The propensity of the nanomaterials to mimic the ALP enzyme was further
confirmed by calcium deposition study on the MC-3T3 cells by Alizarin Red S staining. The media was
replaced with the suspension of nanomaterials and osteogenic media every 72 h. On day 7 of cell
culturing, cells were washed with DPBS and fixed with 4% paraformaldehyde solution for 10 min at 4
°C. Followed by washing with DI water, fixed cells were stained with 500 pL of alizarin red S solution
(40 mM, pH = 4.1-4.3) for 1 h in dark. After staining, the cells were washed with DI water to remove
the excess dye and then the cells were visualized under an inverted microscope to observe the red
crystals. To further quantify the total amount of calcium got deposited in the mineralized cells, 200 uL
of 10% cetylpyridyl chloride solution was added to each well and incubated for 30 min in dark condition,
and 100 uL of dissolved crystals was transferred to 96-well plate and the absorbance was measured at
562 nm.
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5.3.16. Anti-biofouling test

The anti-biofouling property of nanomaterials was evaluated using bacteria E. coli. Suspension of
nanomaterials (1 mg/mL) were casted on 24-well plates and air dried for 24 h.*® Meanwhile, E. coli was
grown till mid-log phase in Luria broth (LB) media overnight and optical density was adjusted to 0.1 at
600 nm. Samples were incubated with 500 uL of bacterial suspension, 4.4 mM NH4Br, and 0.42 mM
H20, for 24 h at 37 °C inside an incubator. Wells containing bacterial suspension, NH4Br, and H,0;
without samples were considered as controls. After 24 h of incubation, the suspension was removed and
the wells were gently washed with distilled water to remove the weakly attached bacteria. Afterwards,
the biofilm was air-dried and stained with crystal violet (0.1%) for 15 min and washed again with
distilled water to remove the excess dye. Finally, 33% acetic acid solution was added to dissolve the
crystal violet bound with the biofilm and the absorbance was measured at 590 nm to quantify the biofilm

formation.

5.3.17. Statistical analysis
The studies were performed in triplicates and presented as average values and standard deviations from
the mean value. The data were further analyzed statistically using Student’s t-test. * Represents p value

< 0.05, ns represents non-significant.

5.4. Results and discussion

(',./ " HS/\/\Si—o /\/\sn
Si—0 ; 0—Si
/—/_c') \O\ /07
HS A - 9
(g 0
4 M NaOH NETMS 1970 pol
Ce(NO;);. 6H,0 ——— “ : Si— —Si
_ _ 100°C,24h N . ke //f
Cerium (lll) nitrate Cerium oxide 110 °C,12h HS H
hexahydrate nanoparticle ’ "
O/\SH Thiolated ceria
nanoparticle (TC)
A Irgacure 2959
R Q| 365nmuv
' : ) 1h,rt 0
i ok 0'#‘0
S ) 0
NO, ~s S NO,

5 Esterase- s 5\ C) Phosphatase-
Peptide amphiphile (PA) | Mimicking ()/V y mimicking

s /9 e N

Peptide conjugated ceria nanoparticle (TCP)

NO, NO;
Haloperoxidase-

H,0, +H + BF  Mimicking H,0 + HOBr

145



Figure 5.1. Fabrication of thiol-functionalized ceria nanoparticles and their conjugation to branched

peptide amphiphile via thiol-ene conjugation for esterase, phosphatase, and haloperoxidase-mimicking
activity.

The aim of this work was to develop artificial enzyme as multifunctional biocatalyst to mimic esterase,
phosphatase, and haloperoxidase activity for pesticide detection, bone tissue regeneration, and anti-
biofouling material application. In order to achieve this goal, we have synthesized self-assembled,
branched peptide amphiphile (PA) containing the catalytic triad (Ser: S; His: H; and Asp: D) present in
serine protease enzyme and conjugated it on the surface of thiol-modified ceria nanoparticle (CeNP).
Immobilization of peptide on nanoparticles helps us to fabricate heterogenous biocatalyst that is
recyclable. The hydrolase-mimicking properties were rendered by the self-assembled peptide and CeNP
imparted the haloperoxidase-mimicking properties. These enzyme-mimicking properties were further
explored for various applications (Figure 5.1).
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Figure 5.2. Characterization of self-assembled, branched amphiphilic peptide (PA). (A) Structure. (B)
CD spectrum. (C) ThT assay. (D) FESEM micrograph. Scale bar 1 pum.

5.4.4. Design, synthesis, and characterization of peptide amphiphile (PA)
We have rationally designed the self-assembled, peptide amphiphile (PA) by incorporating the catalytic

triad (S, H, and D) to mimic the catalytic site of serine protease, which belongs to the class of hydrolase
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enzyme (Figure 5.2A). The branched peptide was synthesized in order to provide two catalytic sites in
a single molecule of peptide. Based on the literature review, we hypothesized that the participating
amino acids from the nearby peptides will work together to increase the activity of the peptide in its self-
assembled state and the local substrate concentration will be higher at the surface of the aggregates.
Therefore, we incorporated hydrophobic chain (Ci2) at the N-terminus of the peptide to make it
amphiphilic. As our aim was to conjugate the peptide to the nanoparticle by thiol-ene conjugation, we

did not deprotect the Alloc-protecting group in the peptide sequence.

Fmoc-based SPPS technique was used to synthesize the peptide and rink amide resin was used as a
solid support to generate carboxamide group at C-terminus. The peptide was characterized by RP-
HPLC, *H NMR, and mass spectrometry. The RP-HPLC showed that the peptide is 90-95% pure and
the retention time was found to be 4.6 min (Figure A74, Appendix). The MW derived from the mass
spectrometry matched with their theoretical values (Figure A75, Appendix). The *H NMR spectrum of
the peptide along with the assigned peaks is included in the Appendix (Figure A76). The secondary
structure of the self-assembled peptide was investigated by CD spectroscopy and ThT assay. A broad
negative peak around 215-220 nm signifies the formation of -sheet like morphology, and a negative
band in the range of 190-200 nm suggests the presence of random coil like structure (Figure 5.2B).
Thus, CD study confirms the presence of f-sheet morphology along with random coil like structure in
the self-assembled peptide. ThT assay demonstrated the enhancement in fluorescence intensity in the
range of 490-500 nm, which signifies the binding of the ThT to the hydrophobic region of the peptide
and further confirms the B-sheet morphology (Figure 5.2C). Unbound ThT without any sample was
considered as a control. The nanoscale architecture of the self-assembled peptide was evaluated by
FESEM investigations. The microscopic image suggests the formation of long nanofibers by the peptide
in its self-assembled form (Figure 5.2D). The width of the nanofibers was calculated by ImageJ software
and it was found to be below 20 nm, which can be attributed to the long hydrophobic carbon chain
attached at the N -terminus of the peptide.

5.4.5. Preparation and functionalization of ceria nanoparticles (CeNPs)

CeNPs were fabricated using hydrothermal method by hydrolyzing a ceria precursor, cerium nitrate
hexahydrate in a basic environment. The surface was modified post synthesis using MPTMS to obtain
thiol modified ceria nanoparticles (TCs). The thiol grafting on the surface was quantified by Ellman’s
assay, which suggested a 1306.88 pmol/g of thiol density. The nanoparticles were characterized by
XRD, TGA, elemental mapping, and XPS. The morphology and size of nanoparticles were confirmed
by FESEM and DLS, which have been discussed below.

5.4.6. Immobilization of peptide on ceria surface

Our objective was to develop a multifunctional peptide-based catalyst in which the hydrolase mimicking
peptide amphiphile (PA) was immobilized on a ceria surface to produce a heterogeneous catalyst.
Immobilization on solid surface is expected to maintain its catalytic efficiency. Additionally, the

assembly of catalytic peptides on a solid surface increases the proposed peptide catalyst's robustness
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and reusability features in an integrated manner. With this aim, peptide amphiphile (PA) was conjugated
on the surface of thiolated ceria (TC) via thiol-ene click reaction. The successful grafting was further
confirmed by Ellman’s assay, which showed that the free thiol density on the ceria surface has reduced
after conjugation with peptide.

5.4.7. Characterizations

All nanomaterials (CeNP, TC, and TCP) were characterized by PXRD, TGA, Elemental mapping,
FESEM, and DLS. XRD patterns of materials were investigated to determine their crystal structure
(Figure 5.3A). CeNPs showed characteristic sharp peaks at 28.38, 32.82, 47.16, and 56.1°
corresponding to 111, 200, 220, and 311 planes.® This data suggested that CeNPs have a fluorite-type
crystalline nature as per the JCPDS file no. 34-0394.%° Neither surface modification with thiol groups
nor further integration of peptide on it changed the PXRD patten or induced any new peak. However,
the intensity of the peaks was significantly reduced. This data suggests that after modification on the

surface of the ceria, the crystallinity was decreased.
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Figure 5.3. Characterization of Ceria nanoparticle (CeNPs), thiol-modified ceria nanoparticle (TC), and
peptide-functionalized ceria nanoparticle (TCP). (A) XRD patterns. (B) TGA curve. (C) DTG curve.
(D) Elemental mapping.
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Successful grafting of thiol group and peptide on the ceria surface was further confirmed by TGA. The
percentage mass loss was observed from the TGA curve (Figure 5.3B), whereas the derivative
thermogravimetry curve (DTG) demonstrated the rate of material weight change upon heating (Figure
5.3C). The weight loss at 100 °C signified the loss of adsorbed water molecules from the nanomaterials.
The weight loss from 250-400 °C in the DTG curve was due to the loss of organic moiety from the ceria

surface.?’ This data confirms the functionalization of CeNP with thiol (-SH) and peptide. EDX mapping
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was performed to understand the elemental distribution in all nanomaterials (Figure 5.3D). It was
observed from the elemental mapping that the CeNP surfaces were functionalized with thiol and peptide
amphiphile. FESEM images revealed that the CeNPs have a spherical morphology. Grafting of thiol
groups and peptide on the surface of CeNPs did not change the morphology of nanoparticles (Figure
5.4A-C). It is interesting to note that conjugation of branched peptide amphiphile on the surface of
CeNPs reduced their aggregation, thus increasing the stability. The size of nanoparticles increased a
little after functionalization. The particle size distribution is evident from the DLS study. The size of
CeNPs, TC, and TCP were found to be 41.6, 49.7, and 54.3 nm (Figure 5.4D-F).
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Figure 5.4. FESEM images and particle size distribution studies by DLS. (A, D) CeNPs. (B, E) TCs.
(C, F) TCPs. Scale bar: (A, C) 100 nm. (B) 1 pum.

The oxidation state of the components of the nanocomposite was revealed by XPS spectra (Figure
AT77, Appendix). High-resolution Ce 3D spectrum of TCP showed spin-orbit coupling peaks
corresponding to Ce 3ds» and Ce 3ds.. The peaks designated at 11 (884.9 eV), IV (898.0 eV), and VI
(903.0 eV) corresponds to the Ce3* oxidation state, whereas peaks at | (882.1 eV), 11l (888.5 eV), V
(900.6 eV), VII (907.0 eV), and VIII (916.3 eV) corresponds to the Ce** oxidation state.® The ratio of
Ce®* to Ce* was calculated as 0.57 (Table A5, Appendix). The oxygen vacancy in the material was
assessed using the expression Ce**/ (Ce** + Ce**) x 100, and found to be 37%. TCPs with 37% oxygen

vacancy can demonstrate efficient catalytic activity, as this activity is enhanced by oxygen vacancy.

5.4.8. Catalytic activity

The individual and cooperative role of amino acids in the catalytic pockets of enzymes are best
understood using peptide nano catalysts, which are simple to synthesize and modify. Histidine residues
can be used to create peptide amphiphile nano catalysts with catalytic domains. Here, we developed
branched, amphiphilic peptide with two catalytic domains, composed of Ser-His-Asp. The artificial

enzyme can undergo self-assembly to resemble the folding mechanism of the natural enzyme.
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Accordingly, we integrated a catalytic peptide on the surface of CeNPs to evaluate their multiple

enzymes mimicking properties.

The esterase-mimicking activity was assessed using pNPA as a substrate, which upon hydrolysis
generate yellow colored product, pNP (Amax = 405 nm). Autohydrolysis of pNPA was considered as a
blank and the value was subtracted from the final absorbance value (Figure 5.5A). The peptide
amphiphile exhibited maximum absorbance, which signifies the highest amount of p-nitrophenol
production due to hydrolysis of substrate by esterase-mimicking enzyme. The activity was reduced when
the PA was conjugated on the ceria nanoparticle surface but it was better than CeNPs and TCs. The
overall velocity was also determined and it was found to be 0.57, 0.64, 0.82, and 1.42 uM/min for CeNP,
TC, TCP, and PA (Figure 5.5B). The esterase-mimicking activity was comparable with the catalyst
reported by Gulseren et al.®
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Figure 5.5. Catalytic activity for pNPA hydrolysis. (A) Absorbance of pNP vs time. (B) Overall velocity
of the reaction catalyzed by CeNP, TC, TCP, and PA. (C-D) Catalytic activity for pNPP hydrolysis. (C)
Absorbance of pNP vs time. (D) Overall velocity of the reaction catalyzed by CeNP, TC, TCP, and PA.
(E) UV-Vis spectra for the haloperoxidase-mimicking activity indicating the conversion of phenol red
(Amax = 432 nm) to bromophenol blue (Amax = 590 nm).

The phosphatase-mimicking activity was determined using pNPP as a substrate. It was very fascinating
to note that the CeNPs exhibited the highest rate of hydrolysis of phophoester bond (Figure 5.5C). This
dephosphorylation by CeNPs was due to the reversible Ce**/Ce** redox pair and the oxygen vacancy of
the nanoceria was thought to be the active site of the dephosphorylation.** After the functionalization of
CeNPs with thiol and peptide, the phosphoesterase activity was reduced. Although, the overall velocity
of TCP was better than PA (Figure 5.5D). A catalyst's recyclability is one of the main issues for the
industrial use. We have carried out a single batch of catalysis followed by the removal of the catalyst by

filtration, washing, and drying in order to determine whether the heterogenous catalyst (TCP) can be
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recycled after each usage. The catalyst was reused for the subsequent batch after drying. The same
procedure was carried out five times (Figure A78, Appendix), and no significant loss of activity was
observed even during the fifth cycle. This demonstrates that the catalyst can be recycled using a simple

and affordable process.

A class of peroxidase enzyme called haloperoxidase catalyzes the oxidation of halides.* The material's
haloperoxidase-like activity was assessed utilizing the phenol red bromination assay. In the presence of
halide ions and peroxide, phenol red can be brominated to generate bromophenol blue using a catalyst
that resembles haloperoxidase. A successful reaction is indicated by a drop in the absorbance intensity
of phenol red (Amax = 432 nm) and a corresponding increase in the absorbance intensity of bromophenol
blue (Amax =590 nm). It can be observed from Figure 5.5E that CeNPs exhibited highest haloperoxidase-
mimicking activity with a shift of wavelength from 430 to 590 nm and the absorbance was highest at
590 nm among other nanomaterials. TCP also exhibited significant potential in bromination of phenol

red while showing haloperoxidase-mimicking activity.

5.4.9. Applications of biocatalyst

The heterogenous biocatalyst, developed in this work was explored for several applications.

Acetylcholine esterase mimicking activity. Acetylcholinesterase is an enzyme found on the postsynaptic
membrane and at the neuromuscular junction.*? Its primary function is to hydrolyze acetylcholine into
choline and acetate. The breakdown of acetylcholine by acetylcholinesterase allows for the precise
control over nerve impulses, preventing overstimulation or prolonged activation of postsynaptic
receptors. Additionally, by clearing acetylcholine from the synapse, acetylcholinesterase helps prepare
the postsynaptic neuron for subsequent signals, ensuring efficient synaptic communication. The two
main types of pesticides that have been frequently used in agricultural are organophosphates (Ops) and
carbamates, which can irreversibly inhibit AChE and pose a serious threat to human nervous,
respiratory, and cardiovascular system. Therefore, it is highly desirable to identify OPs and carbamates
selectively.®® In order to estimate the AChE-mimicking property of the catalyst, we carried out
experiment on acetylthiocholine, which is an analogue of acetylcholine and can produce thiocholine
upon hydrolysis by AChE. The generated thiocholine was estimated by colorimetric method using
Ellman’s reagent (Figure A79, Appendix). PA displayed highest efficiency in hydrolysis of
acetylthiocholine followed by TCP. CeNP and TC exhibited very less activity, which suggests the
importance of catalytic triad in the artificial enzyme. The acetylcholine esterase (AChE)-mimicking

potential of the catalyst was confirmed, which can be later investigated for pesticide detection.

Alkaline-phosphatase mimicking activity. Alkaline phosphatase (ALP) is an enzyme, which hydrolyses
the phosphoester bond, found in various tissues throughout the body, including the liver, bone,
intestines, and placenta.?>3"44 It plays several important roles in biological processes, such as energy
production, signal transduction, bone formation, and gene maintenance. It is particularly important in

bone formation and mineralization. ALP is produced by osteoblasts, which are responsible for building
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and maintaining bone. Alkaline phosphatase helps to remove phosphate groups from various molecules,
thus, allowing the deposition of calcium and phosphate ions to form hydroxyapatite, the mineralized
matrix of bone. Therefore, we assessed the potential of our catalyst to imitate ALP to further use it for
the application of bone tissue regeneration.
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Figure 5.6. (A) Cytocompatibility study on MC3T3-E1 cells in presence of nanomaterials (CeNPs, TC,
TCP, and PA) at different concentrations (50, 100, 300, and 1 pg/mL) using MTT assay at 48 h. (B)
Alkaline phosphatase (ALP) activity of nanomaterials on MC3T3-E1 cells on 7" day. (C-E) Evaluation
of the calcium deposited by Alizarin Red S staining. (C) On the surface of well plate. (D) On the surface
of MC3T3-E1 cells. (E) Microscopic images of MC3T3-E1 cells after 7 days of treatment with
nanomaterials. Red precipitates illustrate the calcium nodules. Data are presented as mean £ SD, n = 3,
and *p < 0.05 indicates statistically significant data.

We evaluated the cell viability of mesenchymal stem cells (MC3T3-E1) at different concentrations of
nanomaterials (50, 100, 300 and 500 pg/mL). It was evident from Figure 5.6A that with higher
concentration, CeNPs exhibited toxicity, whereas PA helped in the proliferation of cells upon increasing
the concentration. Surface modification of CeNPs with thiol and PA decreased its toxicity and enhanced
the cell viability. As far as ALP assay was concerned, CeNPs exhibited highest ALP activity on MSCs
at 300 pg/mL concentration, which can be attributed to their inherent phosphatase-mimicking properties
owing to their reversible Ce®*/Ce** redox pair and oxygen vacancy at the outer shell** (Figure 5.6B).
Modification of their surface with thiol and peptide could interfere with their oxidation state and
deteriorate their ALP-mimicking potential on MSCs.

Considering the phosphatase like catalytic behavior of nanomaterials, we anticipated that they will
have a great potential in stimulating osteogenic activity of natural ALP. In order to verify this, 24-well

plates were coated with nanomaterials and incubated with the osteogenic solution containing f-
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glycerophosphate and CaCl, for 7 days. Alizarin red S staining was carried out to quantify the amount
of calcium deposition on the surface of the well. As shown in Figure 5.6C, the deposited calcium on
the surface of well coated with nanomaterial was higher compared to the control (osteogenic media
without any sample) confirming the ALP-like catalytic property of the nanomaterials, which accelerated
the hydrolysis of -glycerophosphate. The phosphatase-mimicking activity was again evaluated on the
MC3T3-EL1 cells and similar trend was observed where TCP allowed significant calcium deposition
(Figure 5.6D). Control signifies the cells with complete media and OM denotes the cells treated with
osteogenic media. Furthermore, inverted microscopy revealed the red-stained calcium nodules
representing the extracellular calcium accumulation (Figure 5.6E). The results are comparable to the

work reported earlier by Wang and coworkers and Gulseren et al.*
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Figure 5.7. Anti-biofouling activity of CeNPs, TC, TCP, and PA against E. coli. Data are presented as

mean + SD, n = 3, and *p < 0.05 indicates statistically significant data.

Finally, the haloperoxidase-like activity of the nanomaterials was exploited for the development of
anti-biofouling materials.*® The non-specific surface adherence of microorganisms is known as
biofouling, which can harm the materials' performance and decrease its effectiveness by causing
corrosion on metallic surfaces and bacterial infections on surgically implanted medical equipment.*64’
Haloperoxidase can catalyze the oxidation of halides with hydrogen peroxide to generate hypohalous
acids, such as HOBr, which is known to disrupt the quorum sensing of microorganisms, thus inhibiting
biofilm formation, the initial step for biofouling of a surface. We determined the inhibition of biofilm
formation by crystal violet staining method and it was observed from the Figure 5.7, that the
heterogenous catalyst (TCP) demonstrated around 80% anti-biofouling activity. Therefore, the material
can be a good candidate to integrate on the surface of implant or any object as a coating material to

prevent the adhesion of bacteria.
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5.5.  Conclusions

In summary, we have developed self-assembling, branched peptide amphiphile containing catalytic
triad, ‘Ser-His-Asp’ to mimic the active site of serine protease, which can effectively bind with esters
and hydrolyze the bond. This hydrolase mimetic catalyst was immobilized on the surface of ceria
nanoparticles using thiol-ene click reaction, which exhibits haloperoxidase-mimicking properties due to
their reversible change between the two oxidation states, Ce**/Ce**. The nanofibrous morphology of the
self-assembling peptide was not retained upon conjugation with the ceria nanoparticles and the
heterogenous catalyst developed a spherical shape, with a diameter of 54.3 nm. Integration of the peptide
on the nanoparticle surface minimized the aggregation of nanoparticles and made the catalyst recyclable
without loss of activity. The peptide-based nanomaterial showed multifunctional catalyst activity by
mimicking the esterase, phosphatase, and haloperoxidase enzyme. The enzyme mimicking potential of
the biocatalyst was further explored for various applications. In future, the acetylcholinesterase (AChE)-
mimicking property can be used for the detection of pesticides, like organophosphates and carbamates.
Alkaline phosphatase (ALP)-like activity can be exploited to develop material for bone tissue
regeneration and anti-biofouling applications. Thus, the catalyst created might be quite valuable for
industrial applications. Overall, this work showcases benefits of developing multifunctional
heterogenous biocatalyst to reduce the problem of instability associated with peptide based homogenous
catalyst. We also exploited the potential enzyme-mimicking role of the catalyst in different fields for

human welfare.

154



References

(1) Hamley, I. W. Biocatalysts Based on Peptide and Peptide Conjugate Nanostructures.
Biomacromolecules 2021, 22 (5), 1835-1855. https://doi.org/10.1021/acs.biomac.1c00240.

(2) Yi, D.; Bayer, T.; Badenhorst, C. P. S.; Wu, S.; Doerr, M.; Hohne, M.; Bornscheuer, U. T. Recent
Trends in  Biocatalysis. Chem. Soc. Rev. 2021, 50 (14), 8003-8049.
https://doi.org/10.1039/D0CS01575J.

(3) Bell, E. L.; Finnigan, W.; France, S. P.; Green, A. P.; Hayes, M. A.; Hepworth, L. J.; Lovelock, S.
L.; Niikura, H.; Osuna, S.; Romero, E.; Ryan, K. S.; Turner, N. J.; Flitsch, S. L. Biocatalysis. Nat
Rev Methods Primers 2021, 1 (1), 46. https://doi.org/10.1038/s43586-021-00044-z.

(4) Schmid, A.; Dordick, J. S.; Hauer, B.; Kiener, A.; Wubbolts, M.; Witholt, B. Industrial Biocatalysis
Today and Tomorrow. Nature 2001, 409 (6817), 258-268. https://doi.org/10.1038/35051736.

(5) Rudroff, F.; Mihovilovic, M. D.; Groger, H.; Snajdrova, R.; Iding, H.; Bornscheuer, U. T.
Opportunities and Challenges for Combining Chemo- and Biocatalysis. Nature Catalysis 2018, 1
(1), 12-22. https://doi.org/10.1038/s41929-017-0010-4.

(6) Alvarez, G.; Shahzad, T.; Andanson, L.; Bahn, M.; Wallenstein, M. D.; Fontaine, S. Catalytic Power
of Enzymes Decreases with Temperature: New Insights for Understanding Soil C Cycling and
Microbial Ecology under Warming. Global Change Biology 2018, 24 (9), 4238-4250.
https://doi.org/10.1111/gcb.14281.

(7) Mokhtar, N. F.; Abd. Rahman, R. N.; Muhd Noor, N. D.; Mohd Shariff, F.; Mohamad Ali, M. S.
The Immobilization of Lipases on Porous Support by Adsorption and Hydrophobic Interaction
Method. Catalysts 2020, 10 (7), 1-14. https://doi.org/10.3390/catal10070744.

(8) Basso, A.; Serban, S. Industrial Applications of Immobilized Enzymes—A Review. Molecular
Catalysis 2019, 479, 110607. https://doi.org/10.1016/j.mcat.2019.110607.

(9) Sabater, S.; Mata, J. A.; Peris, E. Catalyst Enhancement and Recyclability by Immobilization of
Metal Complexes onto Graphene Surface by Noncovalent Interactions. ACS Catal. 2014, 4 (6),
2038-2047. https://doi.org/10.1021/cs5003959.

(10)Federsel, H.-J.; Moody, T. S.; Taylor, S. J. C. Recent Trends in Enzyme Immobilization—Concepts
for Expanding the Biocatalysis Toolbox. Molecules 2021, 26 (9), 1-20.
https://doi.org/10.3390/molecules26092822.

(11)Garcia, A. M.; Kurbasic, M.; Kralj, S.; Melchionna, M.; Marchesan, S. A Biocatalytic and
Thermoreversible Hydrogel from a Histidine-Containing Tripeptide. Chem. Commun. 2017, 53
(58), 8110-8113. https://doi.org/10.1039/C7CC03371K.

(12)Rufo, C. M.; Moroz, Y. S.; Moroz, O. V.; Stéhr, J.; Smith, T. A.; Hu, X.; DeGrado, W. F.;
Korendovych, I. V. Short Peptides Self-Assemble to Produce Catalytic Amyloids. Nature Chem
2014, 6 (4), 303-309. https://doi.org/10.1038/nchem.1894.

(13)Guler, M. O.; Stupp, S. I. A Self-Assembled Nanofiber Catalyst for Ester Hydrolysis. J. Am. Chem.
Soc. 2007, 129 (40), 12082-12083. https://doi.org/10.1021/ja075044n.

(14)Lou, Y.; Zhang, B.; Ye, X.; Wang, Z.-G. Self-Assembly of the de Novo Designed Peptides to
Produce Supramolecular Catalysts with Built-in Enzyme-like Active Sites: A Review of Structure—
Activity Relationship. Materials Today Nano 2023, 21, 100302.
https://doi.org/10.1016/j.mtnano.2023.100302.

(15)Pelin, J. N. B. D.; Gerbelli, B. B.; Edwards-Gayle, C. J. C.; Aguilar, A. M.; Castelletto, V.; Hamley,
I. W.; Alves, W. A. Amyloid Peptide Mixtures: Self-Assembly, Hydrogelation, Nematic Ordering,
and Catalysts in Aldol Reactions. Langmuir 2020, 36 (11), 2767-2774.
https://doi.org/10.1021/acs.langmuir.0c00198.

(16)List, B.; Lerner, R. A.; Barbas, C. F. Proline-Catalyzed Direct Asymmetric Aldol Reactions. J. Am.
Chem. Soc. 2000, 122 (10), 2395-2396. https://doi.org/10.1021/ja994280y.

(27)Miller, S. J. In Search of Peptide-Based Catalysts for Asymmetric Organic Synthesis. Acc. Chem.
Res. 2004, 37 (8), 601-610. https://doi.org/10.1021/ar030061c.

(18)Zhang, C.; Xue, X.; Luo, Q.; Li, Y.; Yang, K.; Zhuang, X.; Jiang, Y.; Zhang, J.; Liu, J.; Zou, G.;
Liang, X.-J. Self-Assembled Peptide Nanofibers Designed as Biological Enzymes for Catalyzing
Ester Hydrolysis. ACS Nano 2014, 8 (11), 11715-11723. https://doi.org/10.1021/nn5051344.

(19)Huang, Z.; Guan, S.; Wang, Y.; Shi, G.; Cao, L.; Gao, Y.; Dong, Z.; Xu, J.; Luo, Q.; Liu, J. Self-
Assembly of Amphiphilic Peptides into Bio-Functionalized Nanotubes: A Novel Hydrolase Model.
J. Mater. Chem. B 2013, 1 (17), 2297. https://doi.org/10.1039/c3tb20156b.

155



(20)Watkins, D. W.; Jenkins, J. M. X.; Grayson, K. J.; Wood, N.; Steventon, J. W.; Le Vay, K. K;;
Goodwin, M. I.; Mullen, A. S.; Bailey, H. J.; Crump, M. P.; MacMillan, F.; Mulholland, A. J.;
Cameron, G.; Sessions, R. B.; Mann, S.; Anderson, J. L. R. Construction and in Vivo Assembly of
a Catalytically Proficient and Hyperthermostable de Novo Enzyme. Nature Communications 2017,
8 (1), 358. https://doi.org/10.1038/s41467-017-00541-4.

(21)Patel, S. C.; Bradley, L. H.; Jinadasa, S. P.; Hecht, M. H. Cofactor Binding and Enzymatic Activity
in an Unevolved Superfamily of de Novo Designed 4-Helix Bundle Proteins. Protein Science 2009,
18 (7), 1388-1400. https://doi.org/10.1002/pro.147.

(22)Wang, Y.; Yang, L.; Wang, M.; Zhang, J.; Qi, W.; Su, R.; He, Z. Bioinspired Phosphatase-like
Mimic Built from the Self-Assembly of De Novo Designed Helical Short Peptides. ACS Catal.
2021, 11 (9), 5839-5849. https://doi.org/10.1021/acscatal.1c00129.

(23)Zozulia, O.; Korendovych, I. V. Semi-Rationally Designed Short Peptides Self-Assemble and Bind
Hemin to Promote Cyclopropanation. Angew. Chem. Int. Ed. 2020, 59 (21), 8108-8112.
https://doi.org/10.1002/anie.201916712.

(24)Wong, Y.-M.; Masunaga, H.; Chuah, J.-A.; Sudesh, K.; Numata, K. Enzyme-Mimic Peptide
Assembly To Achieve Amidolytic Activity. Biomacromolecules 2016, 17 (10), 3375-3385.
https://doi.org/10.1021/acs.biomac.6b01169.

(25)Gulseren, G.; Khalily, M. A.; Tekinay, A. B.; Guler, M. O. Catalytic Supramolecular Self-
Assembled Peptide Nanostructures for Ester Hydrolysis. J. Mater. Chem. B 2016, 4 (26), 4605—
4611. https://doi.org/10.1039/C6TB00795C.

(26)Mikolajczak, D. J.; Koksch, B. Peptide-Gold Nanoparticle Conjugates as Sequential Cascade
Catalysts. ChemCatChem 2018, 10 (19), 4324-4328. https://doi.org/10.1002/cctc.201800961.
(27)Dowari, P.; Kumar Baroi, M.; Das, T.; Kanti Das, B.; Das, S.; Chowdhuri, S.; Garg, A.; Debnath,
A.; Das, D. Development of a Hydrolase Mimicking Peptide Amphiphile and Its Immobilization on
Silica Surface for Stereoselective and Enhanced Catalysis. Journal of Colloid and Interface Science

2022, 618, 98-110. https://doi.org/10.1016/j.jcis.2022.03.076.

(28)Reja, A.; Afrose, S. P.; Das, D. Aldolase Cascade Facilitated by Self-Assembled Nanotubes from
Short Peptide Amphiphiles. Angewandte Chemie International Edition 2020, 59 (11), 4329-4334.
https://doi.org/10.1002/anie.201914633.

(29)Halder, M.; Bhatia, Y.; Singh, Y. Self-Assembled Di- and Tripeptide Gels for the Passive
Entrapment and PH-Responsive, Sustained Release of an Antidiabetic Drug, Glimepiride.
Biomater. Sci. 2022, 10 (9), 2248-2262. https://doi.org/10.1039/D2BM00344A.

(30)Trenque, I.; Magnano, G. C.; Bolzinger, M. A.; Roiban, L.; Chaput, F.; Pitault, I.; Briangon, S.;
Devers, T.; Masenelli-Varlot, K.; Bugnet, M.; Amans, D. Shape-Selective Synthesis of Nanoceria
for Degradation of Paraoxon as a Chemical Warfare Simulant. Phys. Chem. Chem. Phys. 2019, 21
(10), 5455-5465. https://doi.org/10.1039/C9CP00179D.

(31)Rasool, N.; Negi, D.; Singh, Y. Thiol-Functionalized, Antioxidant, and Osteogenic Mesoporous
Silica Nanoparticles for Osteoporosis. ACS Biomater. Sci. Eng. 2023, 9 (6), 3535-3545.
https://doi.org/10.1021/acsbiomaterials.3c00479.

(32) Aimetti, A. A.; Shoemaker, R. K.; Lin, C.-C.; Anseth, K. S. On-Resin Peptide Macrocyclization
Using Thiol-Ene Click Chemistry. Chem. Commun. 2010, 46 (23), 4061.
https://doi.org/10.1039/c001375g.

(33)Liu, Y.; Hou, W.; Sun, H.; Cui, C.; Zhang, L.; Jiang, Y.; Wu, Y.; Wang, Y.; Li, J.; Sumerlin, B. S ;
Liu, Q.; Tan, W. Thiol-Ene Click Chemistry: A Biocompatible Way for Orthogonal Bioconjugation
of Colloidal Nanoparticles. Chem. Sci. 2017, 8 (9), 6182-6187.
https://doi.org/10.1039/C7SC01447C.

(34)Li, Y.; Yang, M.; Huang, Y.; Song, X.; Liu, L.; Chen, P. R. Genetically Encoded Alkenyl—
Pyrrolysine Analogues for Thiol-Ene Reaction Mediated Site-Specific Protein Labeling. Chem. Sci.
2012, 3 (9), 2766. https://doi.org/10.1039/c2s5c20433a.

(35)Kalantari, M.; Ghosh, T.; Liu, Y.; Zhang, J.; Zou, J.; Lei, C.; Yu, C. Highly Thiolated Dendritic
Mesoporous Silica Nanoparticles with High-Content Gold as Nanozymes: The Nano-Gold Size
Matters. ACS  Appl. Mater. Interfaces 2019, 11 (14), 13264-13272.
https://doi.org/10.1021/acsami.9b01527.

(36)Wang, N.; Li, W.; Ren, Y.; Duan, J.; Zhai, X.; Guan, F.; Wang, L.; Hou, B. Investigating the
Properties of Nano Core-Shell CeO2@C as Haloperoxidase Mimicry Catalyst for Antifouling
Applications. Colloids and Surfaces A: Physicochemical and Engineering Aspects 2021, 608,
125592. https://doi.org/10.1016/j.colsurfa.2020.125592.

156



(37)Gulseren, G.; Yasa, I. C.; Ustahuseyin, O.; Tekin, E. D.; Tekinay, A. B.; Guler, M. O. Alkaline
Phosphatase-Mimicking Peptide Nanofibers for Osteogenic Differentiation. Biomacromolecules
2015, 16 (7), 2198-2208. https://doi.org/10.1021/acs.biomac.5b00593.

(38)Halder, M.; Narula, M.; Singh, Y. Supramolecular, Nanostructured Assembly of Antioxidant and
Antibacterial Peptides Conjugated to Naproxen and Indomethacin for the Selective Inhibition of
COX-2, Biofilm, and Inflammation in Chronic Wounds. Bioconjugate Chem. 2023.
https://doi.org/10.1021/acs.bioconjchem.3c00014.

(39)Hu, M.; Korschelt, K.; Viel, M.; Wiesmann, N.; Kappl, M.; Brieger, J.; Landfester, K.; Thérien-
Aubin, H.; Tremel, W. Nanozymes in Nanofibrous Mats with Haloperoxidase-like Activity To
Combat Biofouling. ACS Appl. Mater. Interfaces 2018, 10 (51), 44722-44730.
https://doi.org/10.1021/acsami.8b16307.

(40)Sreeremya, T. S.; Thulasi, K. M.; Krishnan, A.; Ghosh, S. A Novel Aqueous Route To Fabricate
Ultrasmall Monodisperse Lipophilic Cerium Oxide Nanoparticles. Ind. Eng. Chem. Res. 2012, 51
(1), 318-326. https://doi.org/10.1021/ie2019646.

(41)Dhall, A.; Burns, A.; Dowding, J.; Das, S.; Seal, S.; Self, W. Characterizing the Phosphatase
Mimetic Activity of Cerium Oxide Nanoparticles and Distinguishing Its Active Site from That for
Catalase Mimetic Activity Using Anionic Inhibitors. Environ. Sci.: Nano 2017, 4 (8), 1742-1749.
https://doi.org/10.1039/C7EN00394C.

(42)Sidhu, J. S.; Rajendran, K.; Mathew, A. B.; Igbal, T.; Saini, D. K.; Das, D. Acetylcholine Structure-
Based Small Activatable Fluorogenic Probe for Specific Detection of Acetylcholinesterase. Anal.
Chem. 2023, 95 (19), 7594-7602. https://doi.org/10.1021/acs.analchem.3c00099.

(43)Qian, S.; Lin, H. Colorimetric Sensor Array for Detection and Identification of Organophosphorus
and Carbamate Pesticides. Anal. Chem. 2015, 87 (20), 5395-5400.
https://doi.org/10.1021/acs.analchem.5b00738.

(44)Uslu, C.; Narin, S.; Demirsoy, Z.; Oksiiz, H. B.; Giilseren, G. Pectin Hydrogels Crosslinked via
Peptide Nanofibers for Designing Cell-Instructive Dynamic Microenvironment. International
Journal of Biological Macromolecules 2023, 233, 123604.
https://doi.org/10.1016/j.ijbiomac.2023.123604.

(45)Piitz, E.; Tutzschky, I.; Frerichs, H.; Tremel, W. In Situ Generation of H202 Using CaO2 as
Peroxide Storage Depot for Haloperoxidase Mimicry with Surface-Tailored Bi-Doped Mesoporous
Ce02 Nanozymes. Nanoscale 2023, 15 (11), 5209-5218. https://doi.org/10.1039/D2NR02575B.

(46) Xiong, H.; He, X.; Lou, T.; Bai, X. Synthesis and Characterization of New CNT-Loaded CeO2
Nanoparticles for Antibacterial Applications. Biochemical Engineering Journal 2023, 195, 108931.
https://doi.org/10.1016/j.bej.2023.108931.

(47)Herget, K.; Hubach, P.; Pusch, S.; Deglmann, P.; G6tz, H.; Gorelik, T. E.; Gural’skiy, I. A.; Pfitzner,
F.; Link, T.; Schenk, S.; Panthdfer, M.; Ksenofontov, V.; Kolb, U.; Opatz, T.; André, R.; Tremel,
W. Haloperoxidase Mimicry by CeO ,- x Nanorods Combats Biofouling. Adv. Mater. 2017, 29 (4),
1603823. https://doi.org/10.1002/adma.201603823.

157



158



CHAPTER -6

Conclusions and perspectives

159



160



Chapter 6

Conclusions and perspectives

6.1. Summary of the thesis

The aim of this thesis was to develop self-assembling peptide-based scaffolds for drug delivery, tissue
regeneration, and biocatalytic applications. The inherent biocompatibility, biodegradability and tunable
functionality make self-assembled peptide an ideal choice as a biomaterial. Although researchers are
developing several peptide-based scaffolds, their propensity to act as a drug delivery vehicle for
antidiabetic drug has been hardly explored. Moreover, peptides with only L-amino acids are more prone
to proteolytic degradation. Besides, potential role of polar and charged amino acids for facilitation of
bone regeneration has not been investigated. Therefore, we have developed rationally designed
constructs of supramolecular nanostructures involving non-covalent interactions between amino acids
with specific properties. By rationally choosing amino acids, we have integrated a wide range of
properties, like cell attachment, antioxidant, antibacterial, pH-responsiveness, biomineralization, and
catalytic activity along with the cytocompatibility into the peptide sequence and obtained diverse
supramolecular structures with multifunctional potential in biomedical field. In particular, we have
developed self-assemble peptide gel for the pH-responsive, sustained delivery of an anti-diabetic drug,
glimepiride, and a multifunctional wound dressing to address the off-target side effects associated with
the use of nonselective, anti-inflammatory drugs, naproxen, and indomethacin. In addition, we have
investigated the effects of polar and charged amino acids in a tetrapeptide sequence on hydroxyapatite
adsorption and bone tissue regeneration and have developed self-assembling peptide gel-based artificial
enzyme for catalyzing reactions like hydrolysis and halogenation of organic compounds in the presence
of halide ions and hydrogen peroxide. All the materials developed are summarized in the following table
(Table 6.1).

Table 6.1. List of self-assembled peptide-based biomaterials developed in this thesis for biomedical

applications.
Peptide Sequences Forms/Structures Functions
Fmoc-YY-NH: (YY) Gel forming entangled Release of antidiabetic drug,

networks with tiny pores glimepiride.
Fmoc-WW-NH; (WW) Gel with porous morphology Release of antidiabetic drug,
glimepiride.
Fmoc-WWH-NH; (WWH) Gel with porous morphology pH sensitive release  of
antidiabetic drug, glimepiride.
Npx-YYKk-NH. (Npx-YYk) Gel with thin, long, flexile Chronic wound healing

nanofibers
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NpX-YYr-NH; (Npx-YYT)

Ind-YYK-NH: (Ind-Y'Yk)
Ind-YYr-NH: (Ind-YYT)
Fmoc-WWHS-NH; (WWHS)

Fmoc-WWHJ-NH; (WWHJ)
Fmoc-WWHP-NH, (WWHP)
Fmoc-WWHO-NH; (WWHO)

Gel with thin, long, flexile
nanofibers

Gel with nanotape-like structure
Gel with nanotape-like structure
Gel

nanofibrillar structure

with  long, entangled
Nanorod
Nanorod

Gel with nanorod like structure

Chronic wound healing

Chronic wound healing
Chronic wound healing

Bone tissue regeneration

Bone tissue regeneration
Bone tissue regeneration

Bone tissue regeneration

Fmoc-WWHD-NH, (WWHD) Gel with long, entangled Bone tissue regeneration
nanofibrillar structure
Fmoc-WWHE-NH, (WWHE) Gel with long, entangled Bone tissue regeneration

nanofibrillar structure

(C12-SHD),KK(Alloc)-NH, Nanofibers Enzyme-mimetic activity
(PA)
Peptide (PA) conjugated ceria = Spherical Enzyme-mimetic activity

nanoparticles (TCP)

This thesis is organized into six chapters. Chapter 1 is introductory and it provides an overview on the
self-assembly process and self-assembling peptides along with an exhaustive literature review on the
use of self-assembling peptide in various biomedical field, in particular, in drug delivery, wound healing,
bone regeneration, and as enzyme mimics. The literature survey is followed by the identification of
knowledge gaps in different fields and specific objectives of this thesis. The hypothesis statement and
organization of the thesis are also included in this chapter. Chapter 2 deals with the development of
ultra-short peptide gels from Fmoc-YY-NH; (YY), Fmoc-WW-NH, (WW), and Fmoc-WWH-NH,
(WWH) peptides for the pH-responsive, sustained release of the hydrophobic anti-diabetic medication,
glimepiride. Gels hold promise as injectable drug repositories due to their favorable viscoelastic, self-
healing, and thixotropic properties. Incorporation of histidine to the dipeptide backbone aided in the
development of an acidic media-sensitive gel that can help diabetic patients by avoiding the issue of
nonspecific drug release from scaffolds. Tripeptide gel's slow rate of degradation makes it suitable for
a long-acting, sustained release of medication. All gels have excellent antioxidant properties, which is
helpful in removing the significant amount of reactive oxygen species (ROS) produced by the oxidation
of glucose in diabetes patients. All gel releasates induced pH-dependent glucose uptake in human liver
cancer cell line and showed great cytocompatibility to a variety of cell lines. In order to reduce side
effects and dosage frequency in diabetic patients, the self-assembled tripeptide gel developed in this
work can be employed as an injectable device for a pH-sensitive, long-term, controlled/sustained drug

release.
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In chapter 3, we have created multifunctional wound healing scaffolds that possess antibacterial,
antibiofilm, antioxidant, radical scavenging, and anti-inflammatory characteristics for chronic wounds.
It was accomplished by synthesizing peptides with two antioxidant tyrosine amino acids, which is likely
to form supramolecular gels and a cationic amino acid, such as lysine or arginine, to have antibacterial
and antibiofilm capabilities. To increase their stability against degradation by proteolytic enzymes and
selectivity towards the cyclooxygenase 2 enzyme, which plays a key role in inflammation, the cationic
amino acids were taken in the D-form. Peptide-drug conjugates, Npx-YYk, Npx-YYr, Ind-Y YKk, and
Ind-Y'Yr were synthesized by covalently attaching nonsteroidal anti-inflammatory drugs, indomethacin
and naproxen to tripeptides. The supramolecular gels obtained from self-assembling peptide-drug
conjugates were evaluated for their surface, stability, viscoelasticity, swelling, and degradation
characteristics. In cell culture, these gels' potential as a scaffold for persistent wound healing was
examined. As designed, naproxen- and indomethacin-conjugated peptide gels demonstrated great
proteolytic stability and selective cyclooxygenase 2 enzyme inhibition, which can be beneficial in scar-
free wound healing. The gels demonstrated strong antibacterial activity against S. aureus, the primary
pathogen responsible for chronic wounds, through a mechanism including cell wall and membrane
rupture, suppression of biofilm development, and breakdown of established biofilms. They also
exhibited anti-inflammatory activities, offered defense against reactive oxygen species/oxidative stress,
and promoted cell proliferation in mice fibroblast and mouse macrophage-like cells. Overall, this work
offers a viable method for creating multifunctional peptide-based scaffolds for wound healing that have
the ability to reduce bacterial infections, biofilm development, and heightened inflammatory responses,

resulting in faster wound healing.

The goal of chapter 4 was to fabricate ultra-short, amphiphilic peptide-based scaffolds that could bind
to hydroxyapatite and induce osteogenic differentiation for efficient bone repair. To achieve this, we
have synthesized six tetrapeptides, Fmoc-WWHS-NH; (WWHS), Fmoc-WWHJ-NH; (WWHJ), Fmoc-
WWHP-NH, (WWHP), Fmoc-WWHO-NH, (WWHO), Fmoc-WWHD-NH; (WWHD), and Fmoc-
WWHE-NH; (WWHE), inspired from collagen and non-collagenous proteins that have negative charge
with distinct functionalities, such as phosphate, hydroxyl, and carboxyl groups. Four out of six peptides
formed self-assembled gels with distinct nanostructures and the other two formed nanorod-like clusters.
The research sheds light on the role of amino acids, such as Ser, pSer, Pro, Hyp, Asp, and Glu, in
establishing interactions with hydroxyapatite, the main inorganic component of bone, and aiding in
mineralization. The nanostructures made from self-assembled peptides can mimic the extracellular
matrix and give stem cells biochemical cues for adherence and proliferation. Studies using cell culture
demonstrated that these peptides are biocompatible to pre-osteoblasts and induce their migration and
proliferation. The peptides increased the levels of biochemical indicators of ossification, alkaline
phosphatase (ALP) and calcium deposition, following 7 and 14 days of incubation with pre-osteoblast
cells. They promoted M2 macrophage polarization by downregulating TNF-a, iNOS, and upregulating
IL-10 in addition to providing the protection against reactive oxygen species and oxidative stress. The

differentiation of mesenchymal stem cells into pre-osteoblasts and their potential contribution to
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speeding bone production were further established by assessing the expression of a number of osteogenic
indicators. By coculturing pre-osteoblasts and macrophages, the capacity of these scaffolds to inhibit
the osteoclastogenesis process was also confirmed, highlighting their outstanding therapeutic value for
osteoporosis. Overall, this study describes the rational design and fabrication of self-assembled, short
bio-inspired peptide motifs as well as their promising potential in the development of bone-tissue
engineering scaffolds. The nanostructured platforms provide a cell-free and growth factor-free strategy

for bone regeneration.

Chapter 5 reports the development of a self-assembling, branching, peptide amphiphile,
(C12SHD);KK(Alloc)-NH, (PA) with the catalytic triad 'Ser-His-Asp' to mimic the active site of
esterase, which can successfully bind with esters and hydrolyze the bond. This hydrolase-mimicking
catalyst was immobilized on the surface of ceria nanoparticles through thiol-ene click reaction, which
have haloperoxidase-mimicking capabilities due to their reversible transition between two oxidation
states, Ce®*/Ce*". The self-assembling PA's nanofibrous morphology was not retained after conjugation
with the ceria nanoparticles, and the heterogeneous catalyst gained a spherical form with a diameter of
54.3 nm. The incorporation of the peptide on the nanoparticle surface reduced nanoparticle aggregation
and made the catalyst reusable, without loss of activity. Overall, the peptide-based nanomaterial
developed serves as a multifunctional catalyst capable of mimicking the enzymes, esterase, phosphatase,
and haloperoxidase. The enzyme-mimicking capability of biocatalyst was investigated further for a
variety of applications. In future, the acetylcholinesterase (AChE)-mimicking property can be exploited
to identify pesticides, such as organophosphates and carbamates. Due to their considerable alkaline
phosphatase (ALP) and haloperoxidase-mimicking characteristics, this heterogeneous biocatalyst can
be used to generate materials for bone tissue regeneration and anti-biofouling applications. The catalyst
developed can be highly valuable for industrial applications. The critical summary of the work done,
contribution to the existing knowledge, and perspectives are provided in this chapter, which is chapter

6 and the last chapter of this thesis.

6.2. Contribution to the existing knowledge

The aim of this thesis was to develop different types of self-assembling peptide-based scaffolds with
inherent activities to meet challenges associated with the diabetic drug delivery, wound healing, bone

tissue regeneration, and enzyme-mimics.

Researchers have developed formulations, such as self-assembled peptide gels, polymeric hydrogels,
glycopolymer nanoparticles, polymerosomes, and microneedle array patches for the treatment of
diabetes but these formulations are limited to the delivery of insulin. There are only few reports on
nanoparticulate systems for the delivery of glipizide and repaglinide in diabetes but these formulations
do not demonstrate long-term, controlled release patterns. Glimepiride-loaded formulations have been
developed and reported to control diabetes but they face restrictions, such as early burst release, usage

of plasticizers, and permeation enhancers. Our glimepiride-loaded self-assembled peptide gel provides
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a pH sensitive, long term, sustained release of glimepiride to address the problem of hypoglycemia due
to the high drug concentration. In addition, the gel possesses inherent antioxidant activity to provide
protection against reactive oxygen species/oxidative stress resulting from the free radicals generated

during oxidation of glucose, which can lead to organ damage.

Next, we have developed peptide-drug conjugate gels as multifunctional wound dressings for chronic
wounds. Majority of antimicrobial peptide gels reported in the field are unable to destruct biofilm, which
is critical in chronic wounds. Not much has been done for the selective inhibition of COX-2 enzyme to
treat stalled inflammation associated with the chronic wounds. To address these challenges, we have
developed gels from peptides with inherent antioxidant, antimicrobial, and antibiofilm properties, which
were conjugated to non-steroidal anti-inflammatory drugs, naproxen and indomethacin. Using an amino
acid in D-form, we were able to selectively inhibit COX-2 enzyme. The proteolytically stable conjugate
gels we have prepared can be potentially useful in the treatment of wounds with persistent infection,

where an increased inflammatory response to infection impairs healing.

There are various peptide-based scaffolds reported as potential materials for bone tissue regeneration
but the importance of charged and polar amino acids on the adsorption of hydroxyapatite, which is the
major inorganic component of bone and helps in biomineralization, has not been thoroughly investigated
so far. Using six tetrapeptides by changing a single amino acid in the sequence, we were able to detect
the change in morphology and functionality of the peptides with the change of a single amino acid and
their ability to provide biological cues to the differentiation of mesenchymal stem cells to promote bone
tissue regeneration. These cell- and growth factor-free, cost-effective scaffolds provide an avenue to
develop biomaterials by simply taking amino acids in the peptide sequence, which promote ossification.
These scaffolds also inhibit osteoclastogensis and do not provoke immunogenicity, which are two
important factors of any bone regenerating biomaterials but largely overlooked in many of the earlier

reports.

Lastly, we have developed a heterogenous, biocatalyst-mimic from self-assembling peptide to mimic
esterase, phosphatase, and haloperoxidase enzymes. The current research primarily focuses on
homogenous artificial enzymes, which encounter issues, such as lack of reusability and cost
effectiveness. In addition, the application of these biocatalyst-mimics in the field of human welfare is
also missing. We have overcome this challenge by immobilizing a catalytic peptide amphiphile on
catalytic nanoparticle, such as cerium oxide, and fabricated a heterogenous, biocatalyst-mimic, which
was explored in applications, like acetylcholinesterase-mimicking (for future use in pesticide detection),
bone tissue regeneration, and anti-biofouling application. Thus, our biocatalyst-mimic is not only

restricted to catalyzing reactions, it can also be used for therapeutic purposes.

6.3. Future perspectives

The thesis is focused on the development of biomaterials derived from self-assembled peptides to
overcome the challenges associated with antidiabetic drug delivery, wound healing, tissue regeneration,
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and biocatalyst-mimic. The peptide gels developed for glimepiride delivery is likely to address the
batch-to-batch variability difficulties, scale-up production, and regulatory constraints associated with
combination products due to their straightforward synthesis and gel fabrication procedures. However,
the usage of DMSO in gel fabrication may be a barrier to their translation and there is a need to reduce
the amount of DMSO to a clinically acceptable level or dry gels can be employed. The development of
multifunctional peptide-drug conjugate gels can address many critical issues related to stalled
inflammation in chronic wounds. Therefore, these gels can be evaluated in diabetic rat model to evaluate

their effect on diabetic wounds, which is a major challenge in chronic wound healing.

We have investigated the effect of polar and charged amino acids on bone mineralization and it has led
to the development of scaffolds for bone tissue regeneration. Peptides with phosphoserine and
hydroxyproline exhibited highest potential as bone tissue regenerating biomaterials. These two amino
acids can be used together to fabricate a scaffold for biomineralization and ossification in future. The
supramolecular gels reported in this work can also be used to coat the surface of bone implant and
evaluated in an osteoporotic animal model to better understand its bone forming capabilities and inhibit
bone resorption. Lastly, the acetylcholinesterase-mimicking property of the heterogenous, biocatalyst-
mimic can be exploited further for the selective detection of pesticides, such as organophosphates and
carbamates, which could be present in fruit juice and green tea. Moreover, its alkaline phosphatase-
mimicking activity can be integrated with other bone forming biomaterials for generating better
scaffolds for bone tissue regeneration. The anti-biofouling activity of the catalyst can be further
evaluated against different microorganisms responsible for the formation of biofilm and it can be mixed

with paints to explore it as an anti-biofouling coating material for implants or equipment.

The biomaterials and technologies developed in this thesis have demonstrated promising results and,

therefore, can be further evaluated in an animal model, followed by the clinical evaluation.
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Figure A2. Mass spectrum of Fmoc-YY-NH; peptide.
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Figure A4. Mass spectrum of Fmoc-WWH-NH; peptide.
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Figure A9. Scanning electron microscopy (SEM) images of dried glimepiride-loaded peptide gels (2% wi/v).

/#

) a

%2,000

10U —

SEI 10kV

WD1imm 8834

(A)YY. (B) WW. (C) WWH. Scale bar 10 pm.

Transmittance %

0.95 1

0.90 1

0.85

0.80 1

Amide |

Amide 11

Transmittance %

2000

1500

Wavenumber (cm”

L

1000

X2,000 10pm

SEI 10KV WD12mm S$S30 \x2/000

10pm

1.00

0.98 4

0.96 4

0.94 4

0.92 4

0.90 4

0.88 4

—Www

Amide IlI

1643
Amide |

1445
CHj stretching

2000

1500

Wavenumber (cm'l)

1.00+

0.95

0.90

0.85

Transmittance %

0.80

0.75

—WWH

Amide Il

CH3 stretch

1660
Amide |

2000

1500

Wavenumber (cm'l)

Figure A10. FTIR spectra of peptides. (A) YY. (B) WW. (C) WWH.

176

1000

1000



Figure All. Injectability of WWH gel.
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Figure Al12. Swelling and degradation of glimepiride-loaded peptide gels at pH 5, 6, and 7.4. (A) YY. (B)
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Figure A14. Images of cells after treatment with peptides, peptide gels, and glimepiride-loaded peptide gels
for 24 h. (A, B) Control of L929 and Min6 cells. (C-K) L929 cells. (L-T) Min6 cells. Cells without
peptides/gels were taken as a control.
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Figure A15. Fluorescence images of L929 cells stained with live and dead cell staining dyes, calcein AM
and ethidium bromide, and acquired after 24 h of treatment with the releasate of peptides/gels. (A) YY
peptide. (B) YY peptide gel. (C) WW peptide. (D) WW peptide gel. (E) WWH peptide. (F) WWH peptide
gel. Scale bar: 100 pum.
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Figure A16. Effect of glimepiride-loaded peptide gels on the viability of H,O,-treated HepG2 cells. Data
reported are mean + SE (n = 3). Comparisons between two groups (samples to control) were carried out
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Figure Al7. Fluorescence microscopy image of HepG2 cells incubated with 2-NBDG for 5 days in the
presence of glimepiride solution (0.1 mg/mL).
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Figure A20. Mass spectrum of Npx-YYK peptide.
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Figure A21. Mass spectrum of Npx-Y 'Yk peptide.

186



Sample Name : YS-MN-YYR IITRPR XEVO G2-XS QTOF
Test Name : D MASS-1
270121-YS-MN-YYR 11(0.197) 1: TOF MS ES+
g 71235 1.51e7
OH
(o] (0]
H H
N
e *é g
~o o] '\@\0 '\L
OH NH
HzN’gNH
71335
ey
714.35
33720
376.15 w0026 715.35
o_“"aasom.:z\ﬁs-io 25077 28433 | | L377.1ejz"-°° 126 54028 62022 %R [ 71638 " 82043 87541 524.43%443976 19,
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000

Figure A22. Mass spectrum of Npx-YYR peptide.
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Figure A23. Mass spectrum of Npx-YYr peptide.
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Figure A24. Mass spectrum of Ind-YYK peptide.
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Figure A25. Mass spectrum of Ind-YYk peptide.
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Figure A27. Mass spectrum of Ind-Y'Yr peptide.
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Figure A28. 'H NMR spectrum of Npx-YYK peptide.
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Figure A36. Images of supramolecular peptide-conjugate gels, Npx-YYK, Npx-YYR, Ind-YYK, and Ind-

YYR.
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Figure A38. Rheological analysis of peptide-conjugate gels, Npx-YYK, Npx-YYR, Ind-YYK, and Ind-
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Figure A39. Swelling and degradation of peptide-conjugate gels at pH 7.4 and 8.5. (A) Npx-YYk and
Npx-YYr. (B) Ind-YYk and Ind-YYr. Values above 0% indicate gravimetric water uptake (weight gain),
whereas negative values suggest degradation (weight loss). Data reported are mean + SE (n = 3).
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Figure A40. Proteolytic stability studies. Figure shows the RP-HPLC profiles of peptide-conjugate gels
(2% wiv) incubated with a mocktail of proteolytic enzymes (proteinase K, chymotrypsin, and pepsin) at
pH 7.4 for 0, 6, 12, and 24 h. (A-D) Npx-YYK. (E-H) Npx-YYk.
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Figure A41. Proteolytic stability studies. The figure shows the RP-HPLC profiles of peptide-conjugate
gels (2% wi/v) incubated with a mocktail of proteolytic enzymes (proteinase K, chymotrypsin, and pepsin)
at pH 7.4 for 0, 6, 12, and 24 h. (A-D) Npx-YYR. (E-H) Npx-Y'Yr.

Figure A42. Proteolytic stability studies. The figure shows the RP-HPLC profiles of peptide-conjugate
gels (2% wi/v) incubated with a mocktail of proteolytic enzymes (proteinase K, chymotrypsin, and pepsin)
atpH 7.4 for 0, 6, 12, and 24 h. (A-D) Ind-YYK. (E-H) Ind-YYk.
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Figure A43. Proteolytic stability studies. The figure shows the RP-HPLC profiles of peptide-conjugate
gels (2% wi/v) incubated with a mocktail of proteolytic enzymes (proteinase K, chymotrypsin, and pepsin)

atpH 7.4 for 0, 6, 12, and 24 h.(A-D) Ind-YYR. (E-H) Ind-YYTr.
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Figure A44. Percentage inhibition of COX-1 and COX-2 enzymes by peptides, YYK, YYKk, YYR, and
YYr. S is the selectivity index defined as the ratio of COX-2 to COX-1 inhibition. Data are presented as
mean £ SD, n = 3, and *p < 0.05 indicates statistically significant data.

Method for in silico molecular docking study

All structures of drugs (Npx and Ind) and drug-peptide conjugates (Npx-YYK, Npx-YYK, Npx-YYR,
Npx-YYTr, Ind-YYK, Ind-YYK, Ind-YYR, and Ind-YYT) were drawn using ChemDraw with SMILES, and
PDB format was generated through  smile translator using NCI/CADD  Cactus

(https://cactus.nci.nih.gov/services/translate/). Three-dimensional structures of two isoforms of

cyclooxygenase enzymes, COX-1 and COX-2, were obtained from Protein Data Bank (PDB). Proteins
(6Y3C for COX-1 and 1PXX for COX-2) were prepared and docked with all ligands using AutoDock
(AutoDock 4-Scripps Research, GNU). Results were analyzed using PLIP: protein-ligand interaction
profiler. Negative binding energy values of docked complexes were determined to evaluate the binding

efficiency of ligands with proteins.
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Figure A45. Binding of drugs and peptide conjugates to COX-1 and COX-2 enzymes. (A) Naproxen and
indomethacin. (B-E) Peptide conjugates. Ligands are presented as a ball and stick model and enzymes are
presented as ribbons.
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Figure A46. Antibacterial activities of peptide-conjugates, Npx-YYk, Npx-YYr, Ind-YYk, and Ind-YYT,
against S. aureus by optical density method.
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Figure A47. Antibacterial activities of naproxen, indomethacin, and unconjugated peptides, YYk, and
YYr against S. aureus by optical density method.
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Figure A48. Live/dead staining of cells treated with extracts of Npx-YYk, Npx-YYr, Ind-YYKk, and Ind-
YYr for 24 h. (A) Mouse fibroblast cell line (L929). (B) Macrophage-like cell line (RAW 264.7). Scale
bar: 100 um. Cells were stained with calcein AM and ethidium bromide. Live and dead cells show green

and red fluorescence. Cells without any treatment were considered as a control.
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Figure A49. Quantitative analysis of the area of scratch healing.
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Table Al. The primer sequences used in the RT-PCR study.

Gene
mGAPDH-F
mGAPDH-R
Mu-TNF-a-F
Mu-TNF-a-R
Mu-IL-6-F
Mu-IL-6-R
Mu-IL-10-F
Mu-IL-10-R

Primer Sequence (5°—3’)
AGGTCGGTGTGAACGGATTTG
GGGGTCGTTGATGGCAACA
CTGTCTTGCGTTGGGGGAG
TTAAGCTGCCTCACTCCCGT
CCATCTCTCCGTCTCTCACC
AGACCGCTGCCTGTCTAAAA
GCTCTTACTGACTGGCATGAG
CGCAGCTCTAGGAGCATGTG
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Table A2. Binding energy, interactions involved, and selectivity index of naproxen,
indomethacin, and conjugates to COX-1 and COX-2 (calculated by AutoDock software).

Ligand Receptor Binding  Inhibition  Interactions Selectivity
energy constant involved Index (S)
Naproxen COX-1 -7.51 3.14 yM Hydrophobic, 0.116
kcal/mol Hydrogen bond
Naproxen COX-2 -6.23 26.93 uM  Hydrophobic,
keal/mol Hydrogen bond
Indomethacin ~ COX-1 -8.89 305.77nM  Hydrophobic, 0.533
kcal/mol Hydrogen bond
Indomethacin ~ COX-2 -8.51 573.52nM  Hydrophobic,
kcal/mol Hydrogen
bond, Salt
bridge
Npx-YYK COX-1 -4.33 673.48 uM  Hydrophobic, 0.100
kcal/mol Hydrogen
bond, -1
stacking
Npx-YYK COX-2 -2.97 6.71mM  Hydrophobic,
keal/mol Hydrogen
bond, -7
stacking
Npx-YYk COX-1 -3.94 1.29mM  Hydrophobic, 28.301
keal/mol Hydrogen bond
Npx-YYk COX-2 -5.92 45.58 uyM  Hydrophobic,
kcal/mol Hydrogen bond
Npx-YYR COX-1 -3.91 1.36 mM  Hydrophobic, 0.006
kecal/mol Hydrogen
bond, m-7
stacking
Npx-YYR COX-2 -0.91 216.25 mM  Hydrophobic,
kecal/mol Hydrogen bond
Npx-YYr COX-1 -2.38 1792 mM  Hydrophobic, 4.236
keal/mol Hydrogen
bond, Salt
bridge
Npx-YYr COX-2 -3.24 423 mM  Hydrophobic.
kcal/mol Hydrogen bond
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Figure A50. RP-HPLC of peptides. (A) WWHS. (B) WWHJ. (C) WWHP. (D) WWHO. (E) WWHD. (F)
WWHE.
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Figure A51. Mass spectrum of WWHS peptide.
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Figure A52. Mass spectrum of WWHJ peptide.
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Figure A53. Mass spectrum of WWHP peptide.
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Figure A55. Mass spectrum of WWHD peptide.
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Figure A56. Mass spectrum of WWHE peptide.
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Figure A57. 'H NMR spectrum of WWHS peptide.
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Figure A58. 'H NMR spectrum of WWHJ peptide.
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Figure A59. 'H NMR spectrum of WWHP peptide.
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Figure A60. 'H NMR spectrum of WWHO peptide.
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Figure A61. *H NMR spectrum of WWHD peptide.
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Figure A62. *H NMR spectrum of WWHE peptide.
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Figure A63. SEM images of peptide gels (2% w/v). (A) WWHS. (B) WWHO. (C) WWHD. (D) WWHE.
Scale bar. 10 um (A, C-D) and 20 pm (B).
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Figure A64. FTIR spectra of peptides. (A) WWHS. (B) WWHJ. (C) WWHP. (D) WWHO. (E) WWHD.
(F) WWHE.
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Figure A65. Swelling and degradation of peptide gels at pH 7.4 and 6.5. (A) WWHS (B) WWHJ (C)
WWHP (D) WWHO (E) WWHD (F) WWHE. Values above 0% indicate gravimetric water uptake
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Figure A66. Hydroxyapatite and peptide binding data fitted into linear form of Langmuir adsorption

isotherm model.
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Figure A67. FTIR spectra of peptides adsorbed on HAp surface. (A) 400-2000 cm™. (B) 2000-4000 cm'™.
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Figure A68. MTT assay of the peptide (WWHJ, WWHP) and hydrogel (WWHS, WWHO, WWHD and
WWHE) extracts on RAW 264.7 for 1 and 3 days.
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Figure A69. Images of migration of MC 3T3 E1 cells and healing of scratch at different time intervals (0,
12, 24 and 48 h). Cells without any treatment were considered as a control. Scale bar: 100 pm.
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Figure A70. Quantitative analysis of the area of scratch healing.
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Figure A71. Viability of H,O2-induced MC 3T3-EL1 cells after treatment with extracts peptides (WWHJ,
WWHP) and hydrogels (WWHS, WWHO, WWHD and WWHE) for 24 h using the MTT assay.
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Figure A72. Alizarin Red S staining to demonstrate calcium deposition on MC 3T3-E1 cells at 7" day.
Scale bar. 100 pm.
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Figure A73. RT PCR data of different phenotype of macrophages. TNF o and iNOS are markers for M1
macrophages, and IL 10 is a marker for M2 macrophages. Results are shown as mean + SD.
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Table A3. Binding Affinities (Kadas) of HAp binding peptides.

Peptide r K, 4 (L.mol?)
WWHS 0.98219 7.06
WWHIJ 0.96827 10.77
WWHP 0.96257 6.128
WWHO 0.99223 27.27
WWHD 0.98926 10.35
WWHE 9.95568 70971
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Table A4. The primer sequences used in RT-PCR study.

Gene Primer Sequence (5°—» 3’)
mGAPDH-F  AGGTCGGTGTGAACGGATTTG
mGAPDH-R  GGGGTCGTTGATGGCAACA
ALP-F CTGATCAGTGTGCCCCTGCAG
ALP-R GGAGCTTGGAACGAATGTTCTG
RUNX 2-F TCCACCACGCCGCTGTCT
RUNX 2-R TCAGTGAGGGATGAAATGCT
OPN-F CTTGCTTGGGTTTGCAGTCTT
OPN-R GGTCGTAGTTAGTCCCTCAGA
OCN-F CAA AGG TGC AGC CTT TGT GTC
OCN-R TCA CAG TCC GGATTG AGC TCA
COL 1-F CGATGGATTCCCGTTCGAGT
COL 1-R CGATCTCGTTGGATCCCTGG
RANK L-F CTAAGAGACATGGCCCACGG
RANK L-R GTCCAGGGGTTAGACCCAGA
TRAP-F AGCAGCCAAGGAGGACTACGTT
TRAP-R TCGTTGATGTCGCACAGAGG
Mu-TNF-a-F  CTGTCTTGCGTTGGGGGAG
Mu-TNF-a-R  TTAAGCTGCCTCACTCCCGT
Mu-iNOS-F CACCAAGCTGAACTTGAGCG
Mu-iNOS-R CGTGGCTTTGGGCTCCTC
Mu-IL-10-F GCTCTTACTGACTGGCATGAG
Mu-IL-10-R CGCAGCTCTAGGAGCATGTG
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Figure A74. RP-HPLC of peptide amphiphile (PA).
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Figure A75. Mass spectrum of peptide amphiphile (PA).
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Figure A76. NMR spectra of peptide amphiphile (PA).
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Figure A77. XPS spectra of TCP. (A) Survey scan. (B) Ce 3d. (C) N 1S. (D) O 1S. (E) Si 2p. (F) S 2p.
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Figure A78. Recyclability of TCP. (A) Hydrolysis of pNPA. (B) Hydrolysis of pNPP.
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Figure A79. Catalytic activity for acetylthiocholine hydrolysis. Y-axis represents absorbance of TNB.

241



Table A5. Ratio of Ce®*/Ce** estimated using Ce 3d XPS spectrum of TCP.

Peaks Binding energy (eV) Area
1 882.1 18840
i 884.9 16200
111 888.5 13500
v 898 17280
\% 900.6 12890
Vi 903 10350
Vil 907 15670
viil 916.3 15750
i, iv, vi Ce?" 43830
1, viii, v, vii, viii Ce*" 76650
Ce G 0.57
Ce3t(Ce*™+Ce*) 37%
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