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graph G, H and I represents intra-particle diffusion plot for three hair samples
(PH, HP and RH respectively). The adsorption data follows pseudo second
order kinetics, suggesting the possibility of chemisorption

(A) Effect of bed height on the breakthrough curve for Cr (VI) adsorption on
human hair (C, = 50 mg/L, flow rate = S mL/ min). (B) Set-up of continuous

column experiment, (C) Elution of Cr (V1) solution at different time
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Abstract

Molecular self-assembly is a powerful tool for the generation of functional nanostructures in a bottom-up
fabrication. Electrostatic interactions, hydrophobic interactions, hydrogen bonding and 7-m stacking
interactions, together contribute to the stability of a supramolecular assembly. Peptides have drawn
significant attention to be used as basic building blocks for such hierarchical assemblies, due to their
simple structure, relative chemical and physical stability, diversity in sequences and shapes, and the
feasibility to synthesize in fairly large quantities. Diversification of chain stereochemistry offers
tremendous increase in the peptide and protein design space. The use of D-amino acids in the peptide
sequence can possibly help in accessing the otherwise “forbidden” region of the Ramachandran map for
the generation of novel functional peptide sequences composed of L and D amino acids. In this thesis, we
have de novo designed different sets of peptide molecules for four different application fronts. In the first
project, we have designed a 30 amino acid long artificial blue fluorescent protein by impregnating an

unnatural amino acid in the hydrophobic core of an altogether novel fold, which gives blue fluorescence.

Phenylalanine dipeptide (FF) has an intrinsic ability to form supramolecular nanostructures. We have
designed syndiotactic hexamer peptide (Ff);-OH, which folds into a gramicidin helical architecture,
facilitating an extended phenylalanine network forming quantum confinement. In the third project, we
have synthesized Fmoc conjugated ultra-short peptide hydrogels, with interesting self-healing property,
which make them potential candidates for tissue engineering and drug delivery. The antimicrobial
property of the synthesized peptide hydrogel has been verified against Gram-positive and Gram-negative

bacteria.

The aromatic -7 stacking involves interactions of aromatic rings, resulting in the formation of stable
nanostructures. Triphenyl group (trityl radical) possessing three-phenyl rings, self-assemble through
aromatic 7-7 stacking interactions, can form an interesting crystalline organic nano-flower. In the last
project, we have explored the possibility of using 1,2 bis(tritylthio) ethane crystal, for removing heavy
metals in water. As an extension of this objective, we fabricated a cost-effective, water purification system

using pulverized human hair for heavy metal removal.
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Although the first report of non-covalent interaction was proposed by Johannes Diderik van der Waals in
1873, proper description of non-covalent chemistry was proposed by Jean-Marie Lehn, who coined the
term ‘Supramolecular Chemistry.” While traditional chemistry explains strong covalent bonding,
supramolecular chemistry deals with weak non-covalent interactions, and intermolecular forces between
molecules. Over the years, the self-assembly of peptides and other biomolecules have been studied
extensively towards the development of novel synthetic biomaterials. In this thesis, we exploit the
possibilities of peptide supramolecular chemistry, to fabricate biomaterials for different application fronts

such as fluorescent mini proteins, quantum dots, hydrogels, antimicrobials, and water remediation.
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1.1 Introduction

Bioinspired materials are synthetic materials whose structure, properties, or function, mimic natural
materials or living matter.! Biomimetics, inspired by the biological structures and functions, focussed on
emulating biological systems using synthetic or biomolecules by diverse approaches. The capability of
biomolecules to self-assemble into highly ordered structure, opens up a new option to study the complex
natural systems. Molecular self-assembly is defined as organizing molecules into a stable and well-defined
structure spontaneously, through non-covalent interactions.” It is a robust technique for the synthesis of
functional nanostructures through a bottom-up fabrication method.* Top-down approaches are
concerned with the protein engineering and modifications of already existing proteins. In contrast, the
bottom-up approach allows for complete design and control over the size, shape, folding, and assembly of
the targets * (Figure 1.1). Therefore, it opens up an extended range of architectural spaces in the

biomolecular design.

Supramolecular chemistry is an interdisciplinary field referring to the physical, chemical, and biological
aspects of molecular assemblies having more complexity than their respective individual molecules.’
Inspired by nature, chemists have attempted to explore the supramolecular self-assembly for various
studies such as; (i) studying the complex molecular structure and self-assembly process, (ii) designing the
nature-inspired functional self-assembled molecules mimicking complex structure, and (iii) creating the
novel biomaterials capable of novel biological functions. Self-assembly is a spontaneous process of
organizing chaotic molecules into ordered structures due to intramolecular or intermolecular interactions.
The self-assembly process is controlled by the balance of attractive or repulsive forces within and between
molecules. In most cases, a thermodynamically stable structure is formed through enthalpic and entropic
interactions that involve the basic assembling units, and the reacting solvent molecules.® Electrostatic
interactions, hydrophobic interactions, hydrogen bonding, -7 stacking, etc. together make sure that the

molecules are at the stable global energy minimum.’

Many fluorescent proteins are reported for imaging and spectroscopic measurements to facilitate the

study of wide range of biochemical and physiological processes, and interactions between molecules.
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Figure 1.1 Top-down and Bottom- up approach of nanomaterial fabrications

However, in the application where a small fluorescent reporter molecule is required, the choice of
fluorophores is limited. Continuous efforts have been devoted to the development of amino acid based
fluorophores having large fluorescence quantum yield, fluorescence lifetime, good photostability, and
emission spectrum in the visible region. In recent years, the design and study of mini-proteins (specifically
polypeptide chain < 40 amino acids) that adopt a defined structure has been explored.® Mini-proteins may
provide the new route of studies related to protein stability, structure, and function. In addition, mini-
proteins are useful scaffolds for templating functional domains, for example, those involved in
protein—protein interactions, catalysis, and biomolecular binding, leading to potential applications in
biotechnology and medicine. Many mini-proteins reported are fragments of larger globular proteins and
have been subjected to iterative redesign and optimization to increase stability and impart function. Trp-
cage, a 20- residue miniprotein from extendin-4, is reported to fold in 4ps.” Owing to its small size and

wealth of experimental data now available, the Trp-cage has become a standard for experimental and
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computational mini-protein folding. Some other examples of mini-proteins are TrpPlexus,' Villin

Headpiece,' and PPa."

The use of organic materials to replace the common metallic and semiconductor materials in the micro-
and nano-industries has attracted much interest during the past decade. One of the most studied bio-
organic groups in this context, is that of proteins and peptides."”> On account of their low toxicity and high
translational values, peptide nanostructures have great potential in biological and biomedical applications.
Peptide engineered with appropriate amino acids to bind with inorganic semiconductors as peptide-
quantum dots conjugates have been an active field of research in the areas of imaging probes, drug
delivery, and antimicrobial agents.'* The incorporation of cell-penetrating peptides on the surface of QDs
has allowed the translocation of quantum dots for intracellular imaging applications.'* However, because
of the use of transition elements mainly, peptide-conjugated QDs have limitations such as toxicity, low
bioavailability, and photobleaching. An alternative to the peptide conjugated quantum dots are peptide
molecules showing intrinsic QDs property. Diphenylalanine-based peptide has been reported to form self-
assemblies with distinct optical,' ferroelectrical,’” and piezoelectrical,'® properties. The morphology of
the formed nanostructures can be modified by substituting amino acids, covalent conjugation, or co-
assembled with external molecules. Li and co-workers have been reported the tryptophan based cyclic
dipeptide, which self-assembled into a quantum-confined structure with distinct optical properties.
Diphenylalanine molecule in the presence of methanol has been reported to form nanocrystalline
structures with a diameter of 2.1 nm."” They found that the peptide assemblies have the characteristic

optical properties of quantum dots.

Peptide hydrogels are formed by molecular self-assembly in water with or without the intervention of
cofactors. Compared to traditional cross-linked polymeric hydrogels, peptide-based hydrogels are
stimulus-responsive, can be modified easily for tailor made applications, and generally do not require
additional cross-linking. Ultrashort peptides have been demonstrated to be efficient low molecular weight
supramolecular hydrogelators as they confer excellent propensity of unidirectional amide H-bonding.
Bioinspired peptide based hydrogel has been studied extensively for different application fronts such as
drug delivery, regenerative medicine, and cell culture. The self-assembled peptide can work as both

hydrogelator and the active drug itself. Hydrogel implants aid the healing of traumatic and chronic
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wounds by providing them a hydrated environment, suitable for the function of the affected cells.
However, these implants provide the microenvironment suitable not only for the host cells but, also for
microorganism growth. Infection results in the compromised tissue regeneration at the implanted sites.
Peptide hydrogels having inherent antimicrobial properties are the alternatives to these hydrogel
implants. Traditionally, antimicrobial agents are either entrapped in hydrogels or drug delivery vehicles,
or covalently attached to polymeric scaffolds. Peptides having inherent antimicrobial property was first
reported by Schneider and co-workers.?* They have designed a self-assembling peptide hydrogel scaffolds
MAX1, whose surface has broad-spectrum antimicrobial activity against Gram-positive and Gram-
negative bacteria. Zhang and co-workers have reported pH-induced peptide hydrogel, PAF26, having
antimicrobial activity. *' In recent years, study on Fmoc based peptide hydrogels have gained momentum
due to their effect on aromatic stacking, leading to increased cross-linking and hydrogel formation. Fmoc
protected peptide (Fmoc-F) was reported to form hydrogels with antimicrobial property against Gram-
positive bacteria, including methicillin-resistant Staphylococcus aureus (MRSA).>> At low concentrations,
where Fmoc-F does not form micelles, it inhibits bacterial growth by entering the cell and reducing the
glutathione levels. However, Fmoc-F triggers oxidative and osmotic stress at higher concentrations and

alters the membrane permeabilization, which kills Gram-positive bacteria.

In this thesis, de novo peptide design catering to four distinct application fronts has been presented. The
overall design strategy has been applied to the generation of short fluorescent ‘mini proteins’, peptide

based quantum confinements and ultrashort peptide hydrogels with antimicrobial activity.
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Bioinspired molecular design is a non-traditional problem solving approach which often results in
uniquely engineered solutions for complex practical problems. From a materials perspective, biology
offers a substantial source of novel approaches capable of inspiring innovation in every aspect of materials,
including fabrication, design, and functionality. Consequently, significant efforts have been devoted to
fabricating the bioinspired materials with wide range of applications. This chapter provides a

comprehensive review of the recent advancements in the generation of peptide based bioinspired

functional molecular constructs.
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2.1 Introduction

Supramolecular chemistry is an interdisciplinary field referring to the physical, chemical, and biological
aspects of molecular assemblies having more complexity than their respective individual molecules.’
According to Nobel laureate Lehn, supramolecular chemistry refers to the domain of chemistry beyond
the realm of the normal molecules.”® Supramolecular chemistry of biomolecules and bioinspired
molecules has attracted tremendous interest due to their acknowledged importance in constructing novel
functional materials and in revealing the mechanisms of birth and evolution of natural living organisms.
Bioinspired materials are synthetic materials whose structure, properties or function mimic natural
materials or living matter.! Molecular self-assembly is a spontaneous organization of molecules into a
stable and well-defined structure under equilibrium conditions through non-covalent interactions.? It is a
powerful tool in the synthesis of functional nanostructures as a bottom-up fabrication approach.’ Top-
down approaches are concerned with the protein engineering and modifications of already existing
proteins, whereas the bottom-up approach allows for complete design and control over size, shape,

folding, and assembly of the targets. *

Self-assembly is a spontaneous process of organising molecules into ordered structures resulting from
intramolecular and intermolecular interactions. The self-assembly process is controlled by the balance of
attractive or repulsive forces within and between molecules. In most cases, a thermodynamically stable
structure is formed through enthalpic and entropic interactions that involve the basic assembling units
and the reacting solvent molecules.® Electrostatic interactions, hydrophobic interactions, hydrogen

bonding, and 7-7 stacking together contribute to the overall stability of the assembly.”

The self-assembly process results in the generation of many biological molecules, such as DNA double
helix, protein's secondary and tertiary structures, and cell membrane formation after phospholipid
assembly.”* Peptides have drawn significant attention for self-assembly due to their simple structure,
relative chemical and physical stability, diversity in sequences and shapes, and the feasibility of
synthesizing them in large amounts. In addition, peptides are known as useful building blocks for creating

self-assembled nanomaterials due to their intrinsic biocompatibility and biodegradability.
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This chapter focuses on the de novo design of peptide-based systems that are directed towards the self-

assembly of biomaterials (specifically fibrous biomaterials and hydrogels), and discrete nanoscale objects.

2.2 Peptide based functional materials

A good peptide design strategy starts with identifying potential bioactive candidates, then optimizing the
sequence to improve the molecules' stability and reactivity. Several points should be considered during
peptide design such as peptide length, solubility, cross-linking, and stability. Traditionally peptide
originates from native protein sequences. The native sequences can be modified or conjugated with other
molecule to increase stability, and activity. Random or site specific modification can also be implemented
to increase the specificity of peptides towards the target.” These strategies, often based on the deep

learning algorithms,* intensifies the hope to generate new de novo designed peptides with targeted
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Diversification of chain stereochemistry offers tremendous increase in peptide or protein design space.”’
Tacticity refers to the stereochemical sequence of successive chiral centers in a polymer.*® Peptides and
proteins are polymers of amino acids with an immutable main chain and variable side- chain. The C-alpha
carbon in the amino acid is the stereo-center in the peptide main chain. The allowed region in the
Ramachandran map for L-amino acid is restricted owing to the stearic hindrance of different side chains.
This restriction limits the protein folding space accessible on the Ramachandran map to design the new
peptide sequences. The use of D-amino acids in the peptide sequence assists in accessing the "forbidden"
region of the Ramachandran map for new peptide sequences composed of L and D amino acids (Figure
2.1). An isotactic polypeptide sequence is characterized by amino acids having L-or D-stereochemistry. A
syndiotactic sequence has a stereo-regular arrangement with alternate L- and D-amino acids (or vice
versa) in succession, whereas a heterotactic polymer is a random distribution of L- and D-amino acids in
a sequence. Syndiotacticity in polypeptide was reported in Gramicidin A, an antibacterial peptide.? The
alternating L and D amino acids in Gramicidin A leads to the formation of 1 p) helical structure. This
helix is thermodynamically more stable than the isotactic alpha helix with (i, to i+5) hydrogen bonding
pattern. Therefore the syndiotactic backbone in Gramicidin A leads to the formation of stable 11 p)
helices. This design template, in theory, would provide the necessary template for designing peptides with
tailored properties such as charge distribution, and structural amphipathicity. Using stereochemically
constrained unnatural amino acids, it is possible to stabilize secondary structures or design new

conformations.*

2.2.1 Fluorescent Peptide: Synthetic peptides are popular choices as targeting molecules for bio-
imaging or diagnostic applications. Unfortunately, broad utilization of linear, naturally occurring peptides
is severely limited by their (a) inherent flexibility which often lowers targeting capability, (b) charged N-
and C-terminal groups which inhibit cell permeation, and (c) sensitivity to proteolytic degradation.’!
Efforts to obviate these drawbacks have led to a wide range of molecular design strategies in
peptidomimetics with improved properties.*> One approach is to design structures that incorporate amino
acids with unnatural side chains or opposite chirality, or alternatively use an unnatural polymer
backbone.** By doing so, different strategies have been applied to design the peptide based fluorophore

for various applications such as cancer therapeutics,* chemical detections,* and heavy metal detections.*
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Akey decision in the development of a new fluorescent peptide probe is determining the optimal sensing
mechanism. It has to be considered that of the 20 natural amino acids, only Tyrosine (Tyr) and
Tryptophan (Trp) display significant emission, and among them, only the Trp fluorescence is sensitive to
its immediate environment.*” For this reason, the introduction of extrinsic fluorophores to the peptide
probe is usually necessary, in order to obtain a good fluorescence. Moreover, Trp suffers from strong
photobleaching, and its excitation and emission are masked by the strong background typical of biological
media. Therefore, applications that require measuring fluorescence in complex mixtures will demand the
introduction of extrinsic fluorophores with long-wavelength excitation and emission. Except for peptide-
functionalized fluorescent platforms, selected peptides could also be self-assembled into fluorescent nano-
architectures without introducing organic dyes. Inspired by the fluorescence mechanism in natural
fluorescent proteins, Zhang and co-workers have reported Trp-Phe dipeptide nanoparticles (DNPs) that
shifted the intrinsic peptide fluorescence from ultraviolet to the visible range.’® Similar to natural
fluorescent proteins, DNPs were prepared through self-assembly with Zn2+, which shifted peptide's
intrinsic fluorescent signal from the ultraviolet to the visible range. Narrow emission bandwidth in visible
range and remarkable photostability of DNPs were observed, which could be an effective agent for
fluorescent biomedical imaging. Subsequently, Li and co-workers have reported the quantum confined
self-assembly of aromatic cyclic dipeptides cyclo-Phe-Trp and cyclo-Trp-Trp.* The cyclic dippetides

were designed as Quantum dots (QDs) to self-assemble into quantum-confined nanostructures which

Figure 2.2 Surface mesh model of BP02 mini-protein. Blue colour represents [3-(1-azulenyl)-L-alanine
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dimerized to form nano strucutres. The emission of QDs can be tuned from the visible region to the NIR
region (420-820 nm) by modulating self-assembly. Ramakrishnan and co-workers have designed a
heterochiral de novo minimal fluorescent protein that can be selectively excited at 342 nm.* -(1-
azulenyl)-L-alanine, an unnatural amino acid was impregnated into the hydrophobic core of a heterotactic

protein scaffold, which gives emission in visible region (Figure 2.2).

2.2.2 Antimicrobial peptides (AMPs): The emergence of drug-resistant bacteria has restricted the
use of many conventional antibiotics, leading to the new research to develop antibiotics, specifically
AMPs, which generally target the bacterial cell membranes, possibly decreasing the risk of resistance.*!
AMPs are typically 20-50 residues and generally tend to adopt a highly amphiphilic structure. The
electrostatic interactions between the positively charged AMPs and the negatively charged phospholipid
layer provide an initial mode of interaction, whereas hydrophobic interactions allow the peptides to
penetrate the cell membrane, in some cases leading to depolarization of the bacterial membrane and cell
death (Figure 2.3).*? Although natural peptides are excellent candidates as antimicrobial agents, they have
limitations as well, such as reduced bioavailability, protease mediated degradation, and instability in pH
environment.” To counter these limitations, tailor-made approach to design the AMPs have increased in
recent decades. Altering peptide chirality by insertion of D-amino acids has resisted degradation of
peptides with increased half-life. Many studies have reported the de novo design of AMPs, mimicking

natural AMPs.* 4546
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Figure 2.3 Schematic representation of the mechanism of Antimicrobial peptides
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2.2.3 Cell Penetrating (CPP) and Tumor homing peptide (THP): The most crucial factor in
successful drug development is insuring that the drug molecule interacts with the target efficiently. Several
drug delivery strategies have been proposed to increase the bioavailability of the drugs, such as
electroporation, liposomal formulation, and micro injection. However, each of these has its limitations,

mainly in terms of toxicity and therapeutic feasibility.

Peptide molecules can be an alternative delivery strategy that can translocate the cytoplasmic membrane.*’
Majority of cell penetrating peptides (CPPs) reported to date have been identified or developed from
natural protein sources of different origins and mainly have L-amino acids. The incorporation of D- amino
acids in CPP sequences increased peptide stability in biological fluids, but often have lower cellular uptake
than poly L- amino acid CPP sequences.* However, the use of D-Proline in CPP sequences provides the
much needed proteolytic stability. Ramakrishnan and co-workers have designed a series of 12-mer
peptides to address the instability issues of the CPPs, by reverse engineering the syndiotactic backbone.*

The synthesized peptides were stable in both human plasma and bovine serum.

Poor penetration of antitumor drugs in the extravascular tumor tissue is often a major factor limiting the
efficacy of cancer treatments. Tumor homing peptides (THPs) can be used to deliver drugs into tumors.*
THPs are the molecules that have been engineered for targeted drug delivery in various cancer types.
Receptor mediated interactions of THPs favours high specificity, and low cross reactivity in recognition
of cancer cells due to the presence of frequently occurring peptide motifs such as RGD,*! and NGR.*°

RGD is the most studied THP motif which targets integrins, over-expressed on tumor blood vessels.

2.2.4Denovo designed Biocatalysts: The efficiency and selectivity of enzymes have encouraged the
researchers to find out the approaches to design the catalysts for the reactions not found in nature, or to
come up with the new approach for catalyzing the reactions already known, with better performance. The
computational approach is prominently successful in this effort owing to the high complexity of protein
structures and our limited understanding of the protein structure-function relationships.*> Computational
de novo design relies on placing the designed catalytic active sites into the existing scaffolds. The idea

behind this is that enzymes enhance chemical reactions by lowering of activation energy, by designed
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active site.”> The de novo design of enzymes has been supported by the computational tools such as

DEZYMER,* ORBIT,* and ROSETTA.%

The main drawback of many enzymes are their size as they are either large polypeptide or fragments of
proteins. As even short peptides can catalyse many chemical reactions,’” it seems logical that their
subsequent improvement can yield incredibly efficient enzymes. The supramolecular self-assembly of
peptides yield an array of nanostructures such as amyloid fibers,*® hydrogels,* and coil-coiled bundles.®
Synthetic modifications of the peptide such as N and C-terminus modification, introduction of unnatural
amino acids, and aromatic 7-m stacking, provide additional opportunity to tune the large variety of
supramolecular structures including twisted ribbons,*' collagen mimicking peptides,* and nanobelts.* In
one of the earliest attempts Benner and co-workers have rationally designed a 14-mer alpha-helical
peptide, which converts oxaloacetate to pyruvate.’* Baltzer and co-workers have designed KO-42, a 42-
residue polypeptide, that folded into a helix-loop-helix hairpin motif.® KO-42 peptide catalyzes hydrolysis
of p-nitrophenyl esters. Further, they introduced aldimine binding sites into KO-42 peptide to catalyze
the conversion of aldimine into ketamine, emulating the biosynthesis of amino acids. The resulting
catalysts bound the aldimines and catalyzed conversion of aldimine into ketamine three times faster than
imidazole.®® Inoue described that the aggregation of a peptide-based catalyst notably improved the
stereoselectivity of the asymmetric addition of hydrogen cyanide to m-phenoxybenzaldehyde.” Recently,
Das and co-workers have developed KLVFF based nanotube peptide catalysts and demonstrated catalysis

of aldol and retro-aldol condensation reactions.®®

2.2.4.1 Proline based supramolecular catalyst: The extensive work suggests great promise for the
proline based self-assembled peptide as a potential catalyst.” It was first reported in early the 1970s that
amino acids, such as proline, could catalyze asymmetric aldol cyclizations.”” Clark and co-workers
designed minimal peptide pro-nap, by tagging proline to amido naphthyridine (Nap), and provided a
library of asymmetric assemblies capable of enamine catalysis.”' Miravet and co-workers have designed
Pro-Val dipeptide hydrogel for enamine based catalysis.”> The formed hydrogel showed dual catalytic
behaviour as free molecules and as aggregates. In the solution phase dipeptides behave as moderately
active and stereo-selective L-Pro based organo-catalysts participating in the aldol reaction, whereas in the

gel phase, they turned into basic catalytic residues inactive in the aldol reaction, but active in the non-
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stereospecific deprotonation of the aldol product.” Recently, Hamley and co-workers developed a series
of proline-based amyloid peptides and lipopeptides which form several nanostructures and show excellent

catalytic activity and high selectivity for aldol reactions.”

2.2.4.2 Histidine based supramolecular catalyst: Much attention has been given to develop self-
assembling catalysts for hydrolytic reactions. A single amino acid histidine (His) on its own is capable of
promoting hydrolysis, although the catalytic efficiency is very low. However, incorporation of His into
self-assembling structures has emerged as a powerful strategy for creating artificial hydrolases (Figure 2.4).
Guller and Stupp have demonstrated the hydrolysis of para-nitrophenyl acetate (PNPA) on the surface of
nanofibers formed by the assembly of peptide amphiphiles.” They have incorporated the two histidine

residues in the peptide amphiphiles.
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Figure 2.4 Schematic representation of Ester hydrolysis by self-assembled nanostructures
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The resulting nabofiber hydrolyzed the PNPA, while non-fibrils structure showed poor catalytic activity.
Leu and co-workers have synthesized the short amphiphilic peptide Fmoc-FFH-CONH,, which self
assembles to form nanotube and hydrolyzed PNPA.” The synthesized peptide catalyst followed typical
kinetics behaviour of natural enzymes with catalytic efficiency 519-fold higher than the one without
catalysts. Further, Zhimin He and co-workers formed the catalytic Ser/His/Asp triad by mixing the
varying ratio of Fmoc-FFH-CONH, with Fmoc-FFS-CONH, and Fmoc-FFD-CONH, peptide. At the
optimal ratio of 40:1:1 (Fmoc-FFH-CONH,:Fmoc-FFS-CONH,:Fmoc-FFD-CONH,) catalytic
efficiency was observed to be 2-fold higher than the activity of the fibrils formed by Fmoc-FFH-CONH,.”
Dejugnat and co-workers have designed lipopeptides by joining tripeptides with lipophilic molecules
which catalyzed the hydrolysis of PNPA upon self-assembly.”® They concluded that the lipopeptides are
more efficient catalysts as monomers than in aggregates, showing that a subtle balance of the hydrophobic

part could be used to orient it towards activated hydrolysis or rather protection of the substrate.

2.2.4.3 Peptide catalyst with metal ions: Metal ions are ubiquitous in nature, playing structural or
catalytic roles in nearly half of all proteins. They play a key role in regulating the activity of proteins both
at allosteric and at catalytic sites. Natural amino acids comprise several functional groups in the side arms
which act as binding sites for metal ions.” This can occur for peptides of amino acids without coordinating
side chains, such as alanine or phenylalanine, or with coordinating side chains, such as His or cysteine.*
Kaplan and DeGrado developed a heterotetrameric coiled-coil ‘DFtet’ peptide which self-assembled to
bind to two Fe (II) in active sites. The structure of DFet comprised of two different "A" and "B" subunits,
which help in binding with iron.®" The resulting co-assembly with iron catalyzes oxidation of 4-
aminophenol to the corresponding quinone. Serpell and co-workers have designed the peptides that form
an amyloid-like architecture and reveal their capability to mimic carbonic anhydrase.*> These amyloid
fibril structures can bind the metal ion Zn** by a three-dimensional arrangement of His residues created
by the amyloid architecture. The peptide catalyzed the PNPA molecules in the presence of Zn** ion.
Laungani and co-workers have designed C- and N-terminal phosphane-functionalized peptides to bind
noble metals (Pt/Rh).** Upon mixing, the peptides and appropriate metal salts form B-sheet assemblies
that can do asymmetric hydroformylation of styrene with quantitative yield and excellent regioselectivity

but modest enantioselectivity.
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2.2.5 Peptide Based Smart Materials: With the technological advancement in imaging, peptides
have recently been considered for their potential use as biomaterials. Researchers are now exploring the
ability of peptide-based biomaterials to respond to external cues; this responsiveness has been collectively
referred as 'smart behaviour.®* Responsiveness can be defined either at the structural or at the functional

level 8

For structural smartness, assemblies built from a-helical units tend to be more readily reversible
than structures dominated by p-strand units. This difference arises principally from the relative

importance of hydrogen bonding and hydrophobic contributions to structural stability.

The ability of peptides and proteins to change the conformations in response to the external stimuli such
as pH, temperature, and the presence of specific small molecules is ubiquitous in nature. This property of
peptide have been exploited to engineer several stimulus responsive systems with potential applications
in biomaterials, nano-devices, biosensors, bio-separations, tissue engineering and drug delivery. This
section will highlight some recent advances in the field of self-assembling peptides used in biomaterials
design. Emphasis will be placed on work that either implicitly or explicitly incorporates concepts of

smartness.

2.2.5.1 Stimulus responsive materials: Several peptide based systems have been designed to
respond various stimuli. In a work, temperature dependent 12 and 16 residue peptide were designed. *° At
the temperature more than 70°C, the designed peptides showed conformational change from (-sheet
formation to an a-helical structure. With cooling, these peptides retained the a-helix structure, and took
several weeks at room temperature to partially return to the p-sheet form. Peptides whose bulk behaviour

can be controlled by metal ions have also been successfully engineered.®

An emerging area of interest in the field of stimulus responsive peptides is the concept of enzyme-
responsive peptides. Gao and co-workers have designed an enzyme-responsive zwitter ionic peptide
coating capable of responding to matrix metalloproteinase-9 (MMP-9) which is overexpressed in tumor
microenvironment.*” The repetitive pentameric sequence of peptide VPGVG is one of the most studied
stimulus-responsive peptide which is naturally found in the polymeric elastin-like polypeptide (ELP) of
the mammalian elastin protein.® The physiochemical properties of ELP can be altered by mutating fourth

residue of this sequence. The highly multimeric form of peptides (20-300 pentameric repeats), induces a
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sharp reversible hydrophilic- hydrophobic phase transition in ELP, that is triggered by changes in pH,
temperature, or ionic strength. Below transition temperature, the ELP exists in an extended state and is
soluble in water, while at above transition temperature, the ELP collapses into an ordered b-spiral that
aggregates and precipitates out of solution.*® The stimulus responsive properties of ELPs fused to
appropriate peptides or proteins have been used for remediation of toxic metals,* and targeted drug

delivery.”

2.2.5.2 Molecular Shuttles: The inherent restrictions in rotational and translational freedom imposed
on the components of mechanically-interlocked molecules make them particularly attractive architectures
for precisely controlling the positioning of functional units or substituents with the possibility of switching
their relative separation and orientation.”® Such control has been elegantly demonstrated through -

”1 metal ion co-ordination in the catenates,’? and

donor-acceptor interactions in the “molecular shuttles,
in pseudorotaxanes, prepared by Sauvage and co-workers.” Molecular shuttles are rotaxanes in which the
macrocycles are translocated from one binding site (“station”) on the thread to the second station in
response to the external stimuli (e.g., chemical fuels, light, pH, or temperature) that invert the initial
relative affinity of each of the sites for the macrocycle.”* Some of the most advanced synthetic molecular
machines described to date are based on the molecular shuttle concept.”> Gariepy and co-workers have
designed loligomers, a peptide-based intracellular vehicles, that can penetrate cells and self-localize into
distinct cellular compartments.”® The loligomers were able to transfer the gene into mammalian cells,
which was a non-viral gene delivery system.”® As it is well-known that ion transport is essential for
maintaining normal cell function and biological processes, Tian and co-workers have designed an artificial

molecular shuttle which operates in lipid Bilayers for ion transport.”” Recently, peptide based molecular

shuttle system is explored for applications such as gene therapy,”® and drug delivery.”’

2.2.5.3 Metal Organic Frameworks (MOFs): MOFs have been used extensively for different

0 1

application such as gas storage,'” catalysis,'” and chemical separation.'”® The incorporation of
biomolecules as organic linkers in MOF synthesis makes them one of the most exciting and rapidly
growing areas of modern chemistry research. Ferry G and co-workers first reported the loading and release
kinetics of the analgesic drug, ibuprofen from the first MOF family, MIL-100 and MIL-101.®* Both MIL

structures are composed of trivalent metal centers with carboxylic bridging ligands and possess large pores
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with large surface areas. Several theoretical and experimental researches demonstrated the potential
application of MOFs as an ideal drug delivery system for various therapeutic drugs.'®* Zhang and co-
workers have reported the RGD peptide functionalized MIL-101 for targeted release of the drug
doxorubicin with effective cancer cell inhibition and reduced side effect.!® Jimenez and co-workers have
reported the use of a MOF to load, protect, and deliver small interfering ribonucleic acids (siRNAs) by
avoiding enzymatic degradation.'® They have encapsulated the siRNAs in the MOF with KALA peptide
and ammonium chloride, to evade the endosomal retention and ensure that gene knockdown is

efficacious.

Surface functionalization of MOFs are important for biomedical application because this interface
controls the stability of the framework, the rate of drug release, cell uptake, and the overall biological

107

response.'”” Short peptides functionalized MOFs have been used as electrochemical devices, and

biosensors.!%®

2.2.5.4 Peptide Based Vaccines: Classical whole organism vaccines may have several pitfalls such as
the potential risk of inducing autoimmune and allergic responses.'” The "peptide vaccines" containing
only epitopes capable of inducing positive, desirable T cell and B cell mediated immune response may be
a substitute for this."'* Since epitopes are the antigenic determinants within larger proteins, these peptides
are considered sufficient to activate the appropriate cellular and humoral responses, while eliminating
allergenic and reactogenic responses.''' Peptide based vaccines are built of defined, small-peptide antigens
engineered to induce the desired immune response. Several factors should be considered in formulating
an effective peptide vaccine including inclusion of a universal T helper epitope, and the necessity to mimic
the structure of the parent antigen to generate high-affinity antibodies.!'> On the other hand, owing to the
relatively small size of peptides, they are often weakly immunogenic by themselves and therefore require
carrier molecules, to add chemical stability and adjuvant for the induction of a robust immune response.'"?
There are many peptide vaccines under development, such as vaccine for human immunodeficiency

virus,''* malaria,''* and anticancer vaccine.''¢
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2.3. De novo designed peptide nano-assemblies

Peptides self-assemble into different nanostructures, playing crucial role in fabricating hierarchical

architectures that have good biocompatibility and functionalities.''” On the basis of their chemical

8 9

structure peptides, can be classified as linear,''® cyclic,'”® and branched.” Some self-assembled

nanostructure is summarized in Figure 2.5.

2.3.1 Nanotubes: Among the notable supramolecular self-assembly, peptide nanotube is a well-studied
architecture with diversified applications. Alternating D-octapeptide and L-octapeptide, upon cyclization,
have been shown to stack through hydrogen bonding to form a nanotubular assembly.'*! One of the most
well studied building blocks for supramolecular structures is diphenylalanine (FF) peptide. The nanotube

formed by FF molecules have shown remarkable rigidity along with various physical and chemical

123 124

functions such as semiconductivity,'** luminescence,'** and piezoelectricity.

2.3.2 Nanosheets: Surfactant like peptide were known to form nanotubes,'?* but Castelletto and co-
workers first reported the nanosheet formation with surfactant like peptide, A¢R."?¢ Further, they have
reported the RFL,FR peptide aggregates into ultrathin flat sheets because of B-sheet assemblies.'*” Liu and
co-workers have first reported the amyloid like nanosheets formed by the KLVFFAK segment.'?® They

have also shown its application as retroviral transduction.

2.3.3 Cyclic Peptides: Cyclic peptides have promising potential applications in biologicals and

materials."”” Rationally designed cyclic peptides with flat conformations can self-assemble into tubular

121

nanostructures mainly stabilized by inter-cycle hydrogen bonding."" Generally, when the assembly of

cyclic peptides occurs in solution, which can be triggered by cooling the solution, they can stack into
nanotubes that, in turn, organize into a compact crystal structure.’*® Cyclic peptide based molecular

2

construct have been utilized as enzyme inhibitors,'* gene delivery,'* organic electronics,'* and

antibacterial agents."**

2.3.4 Nanofibers: Among the various constructs of self-assembly, nanofibers are considered to be the
most promising structure with various applications. Fibrous structures have a large length to diameter

ratio. Hierarchical architectures with self-assembled peptide nanofibers may be constructed through
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entanglement and non-covalent binding between peptide nanofibers. Self-assembled fibrous materials
have a broad range of biomedical application such as scaffold for 3D cell culture, biofilm,*® and tissue
engineering.'* Factors promoting the nanofiber formation are aromatic stacking, metal- interaction, and
hydrogen bonding."* It has been observed that the high content of p-strand could enhance the rigidity of
nanofibers."”” pH also modulates the mechanical property of nanofibers. Dong and co-workers have
investigated the effect of pH on peptide sequence SSSSFAFAC."*® At pH 2, this peptide formed amyloid
like fibres with relativelyhigher amount of ordered random coil (38%), and B-sheets (37%), but no a-
helices, while more flexible fibrils that are rich in a-helices were formed at pH 7. Furthermore, they
confirmed that a high amount of ordered B-sheets contributed to improve the rigidity of the formed
fibrils."

' Molecular
1 interactions
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“Coils B Sheet I g
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Figure 2.5 Peptide based self -assembled nanostructures
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2.3.5 Hydrogels: Peptide-based hydrogels are a class of soft materials that typically have three-
dimensional (3D) fibrous networks cross-linked through physical or chemical bonding. They are
characterized by their high-water content, microporous structure, tuneable mechanical stability, good
biocompatibility, and elasticity."** In addition, hydrogels are readily decorated or functionalized through
side-chain modifications to realize specific applications.'*" The main factor responsible for the gelation is
aromatic 7-7 interaction, which also increases the hydrogen bonding and other non-bonding interactions

in water, usually lead to supramolecular hydrogels.

2.3.5.1 Single amino acid based Hydrogels: There are several reports on hydrogels formed by
dipeptides and tripeptides with different N-terminally conjugated aromatic groups. However, a single
amino acid containing hydrogel is relatively less reported.'*! Nilsson and co-workers have reported that
halogenation of the phenyl side chain of Fmoc-Phe resulted in rapid self-assembly, and hydrogelation
relative to Fmoc—Phe or Fmoc-Tyr."** Hydrogels formed from the self-assembly of Fmoc-F;s-Phe-OH or
monohalogenated derivatives were mechanically rigid, but unstable in solvent.'** To increase the stability
of the designed peptide, they have conjugated it with polyethylene glycol. Banerjee and co-workers have
reported pyrene conjugated phenylalanine derivate superhydrogel with minimum gelation concentration
less than 0.1% w/v, showing thixotropic property.'* Thakur and co-workers have reported the Fmoc-Phe
hydrogel with antimicrobial effect.”” Marchesan and co-workers have also synthesized phenylalanine
derivative N-(4-Nitrobenzoyl)-Phe which self-assembled to form hydrogel showing significant

antimicrobial property.!*

2.3.5.2 Short and ultrashort peptide based hydrogels: Peptide sequences having amino acids
chain length less than 20, is termed as short peptides, while sequence having less than 7 are ultrashort
peptide.* Zhang and co-workers have designed several self-assembling short peptides.'*” Features of
these peptides include regularly alternating hydrophilic and hydrophobic amino acids, where positive
charges are juxtaposed to negative ones.'*® Due to ionic self-complementarity encouraged by the presence
of salts, these peptides self-assemble to form nanofibers that interweave further to form p-sheet
hydrogels.'*® Diphenylalanine is frequently incorporated as a backbone to generate short peptide based
hydrogelators because it (FF) promotes n-7 stacking interactions.'* The N- terminal capping groups also

enhance intramolecular interactions, which then can induce hydrogel formation. The protecting groups
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which are generally used as a capping groups such as Fluorenylmethyloxycarbonyl (Fmoc),'®

152 153

naphthalene,'*! carbazole,'*> and indole'** are reported to induce gelation. Naresh kumar and co-workers

154

have designed an anthranilamide capped short peptide hydrogel having antimicrobial property.

2.3.5.3 Stimulus responsive peptide hydrogels: In stimulus responsive hydrogel the polymer

networks comprising of stimuli-responsive basic building blocks, for example, photoisomerizable units'>*

156

or redox groups,'*® allow the triggered and reversible transitions between hydrogel and solution phases or

hydrogel and solid states.!” The conjugation of p-boronophenylmethoxycarbonyl (BPmoc) or p-
nitrophenylmethoxycarbonyl (NPmoc) to the FF peptide vyielded redox-active hydrogels.'s®
Incorporation of fumaric amide as a conformational switch has proved to be an effective strategy to

construct photo-responsive supramolecular hydrogels with potential applications.'ss

pH responsive
hydrogels have been designed as drug delivery systems. Zhong and co-workers have synthesized an RGD
derived peptide conjugate, which entrap doxorubicin and release it under mild acidic conditions paving
ways for the controlled release of drug cargos in a typical tumor microenvironment.'* Ge and co-workers
have designed a paclitaxel loaded peptide hydrogel for the localized delivery of paclitaxel via intratumoral
injection to enhance the therapeutic efficacy against the tumor.'® Apart from drug delivery systems,

stimulus responsive hydrogels have been explored for tissue engineering,'®" self-healing materials,'** and

sprays.'®®

2.3.5.4 Amyloid based Hydrogels: Amyloid-based hydrogels are water-laden, three-dimensional
materials formed by cross-linking of protein fibrils. They hold large amount of water because they have a
large number of hydrophilic functional groups present in their polymeric chain.'* Several proteins and
peptides are known to form hydrogels through the cross-linking of amyloid fibrils.!®s Amyloid based
hydrogels are useful in the development of materials such as drug delivery systems and tissue

engineering.”

2.3.5.5 Fmoc Based Hydrogels: Janmey and co-workers reported for the first time the formation of
fibrous networks with fluorenylmethoxycarbonyl (Fmoc)-protected amino acids and dipeptides,'® while
Xu and co-workers were the first to report that certain Fmoc-protected amino acids and dipeptides

spontaneously formed fibrous scaffolds.'” Fmoc-modified diphenylalanine (Fmoc-FF) has been widely
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studied as the simplest and most effective hydrogelator.'”'¢® Recently, Fmoc-FF-based hybrid gels were
also used as drug delivery systems.'® Tkeda and co-workers have synthesized a new Fmoc-dipeptide,

comprising a-methyl-L-phenylalanine.'”® Few examples of Fmoc based peptide hydrogels are listed in

table 2.1.

Table 2.1. Fmoc based peptide hydrogels

S.No | Sequence References
1 Fmoc-FF 171
2 Fmoc-F,Fmoc-W, Fmoc-Y 172
3 Fmoc-FRGD-OH, Fmoc-RGDF-OH, Fmoc-FG-OH 130
4 Fmoc-VLK(Boc), Fmoc-K(Boc)LV 173
5 Phosphorylated Fmoc-FFpY 174
6 Fmoc-FFY 175
7 Fmoc-RGDS, Fmoc-RGDS, Fmoc-GRDS and Fmoc-GRDS 176

2.4. Properties of self-assembled Nanostructures

2.4.1 Mechanical Properties: Several previous studies reported the mechanical strength of the FF
peptide nanostructure.!” Atomic force microscopy (AFM) measurements have indicated an average
point stiffness of 160 Nm™ and a calculated Young's modulus of about 20 GPa for nanotubular peptide
assemblies.!”® Density functional theory (DFT) calculations show that the high mechanical strength of FF
nanostructure was the result of an aromatic zipper present in the nanotubes.!”” Gazit and co-workers have
designed dipeptide based on ,f-diphenyl-Ala-OH (Dip), Dip-Dip, cyclo-Dip-Dip, and tert-
butyloxycarbonyl (Boc)-Dip-Dip."** The phenyl-enriched structures showed material performance
superior to that of FF nanotubes, with improved mechanical rigidity, thermal stability, and
piezoelectricity. The mechanical properties of the nanostructure can also be tuned by using two peptides
of different stereochemistry. Elevating the level of FF peptide in the peptide mixture, decreases the

nanostructure’s stiffness.'””
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2.4.2 Electrical Properties: Among the amino acids, some side chains include hydrogen donor and
acceptor groups. These side chains are commonly involved in proton transfer and proton coupled electron
transfer processes.'® In the context of protein and peptide-based films, these side chains give rise to long-
range proton transport.'®> Nakayama and co-workers have shown conductivity in the designed peptide,
GFPRFAGFP, which self-assembled to form fibers.'®* Ashkenasy and co-workers have demonstrated that
the aromatic stacking in D,L, a-cyclic peptide self-assembled nanotubes was found to promote long range
conductance in peptide self-assembly, and hence could increase the conductivity.'®* However, due to the
inherently low dielectric constant, energy translocation through peptide architectures is inefficient, which
severely hinders their practical application.'®® Incorporation of water molecules can improve the
conductivity of bioinspired supramolecular structures.'® Another way to improve charge transfer inside
peptide assemblies is by the utilization of doping, such as through chemical conjugation or co-assembly
with functional moieties.'* By concerning these points, Gazit and co-workers have designed L,D- amino

acid containing Trp dipeptide (Ww), which crystallized into a layered organic-water structure.'s’

2.4.3 Optical Properties: The molecular arrangement during self-assembly determines the optical
properties of peptide nanostructures. The elementary building block of FF-nanotubes or Boc-FF-
nanospheres was shown to have the optical properties of zero dimensional quantum dots (QD).'*
However, FF was also reported to form 2D quantum-wells during thermal deposition at high
temperature.'® The change in optical property was attributed to the alteration of their nanoscale packing,
during vapour deposition process. Besselievre and co-workers have used the lanreotide octapeptide
cyclized peptide scaffold to form nanotubes.'”® The high-resolution structure of the nanotube walls, show

that the cyclic peptides are stacked in a 2D crystal which resembles quantum well."”!

Some of the most promising quantum-sized physical effects, found in these nanomaterials, are the
electron-optical spectral properties such as light absorption and luminescence.'”” The nanoscale
architecture comprising the supramolecular structure revealed pronounced electron-optical effects which
are highly specific for different quantum confinement ordering and could be recognized optically for

understanding of quantum confined shapes, and dimensions."
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2.5 Factors affecting nano-assemblies

Peptide self-assembly occurs due to the association of two or more molecules mediated by physical
interactions. In aqueous solution and in equilibrium, a peptide molecule adopts a conformation that
minimizes its free energy. The main driving forces in the intramolecular interactions include hydrophobic
interactions, hydrogen-bonding (intermolecular and intramolecular), Van der Waals, aromatic, and
electrostatic interactions.'” These non-covalent interactions are relatively insignificant for isolated
peptides because they are generally weaker than covalent interactions. pH,"* electric field,"*>'? magnetic

field,”” and temperature'® also modulate nano-assemblies.

2.5.1 Aromatic #n-7 Interactions: Burley and Petsko first reported the aromatic interactions in
proteins.'”” They have reported that phenyl ring centroids are separated by a preferential distance,

between 4.5-7.0 A, and dihedral angles of 90° are commonly found to have aromatic 77 interaction.'”
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Figure 2.6 Schematic representation of aromatic interactions; (A) sandwich, (B) Parallel displaced, and (C)
Edge- to- face stacking leading to the formation of nanostructure. Blue line represents repulsive interactions,

and green line represents attractive interactions.
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In supramolecular chemistry, aromatic-w interaction is considered as a non-covalent interaction between
the organic molecule having aromatic moieties.””” On the basis of interactions between 7 electron rich
aromatic species, aromatic interactions can be classified as edge-to-face, parallel displaced, and face-to-
face stacking®!(Figure 2.6). The small, unsubstituted aromatic compounds prefer edge-to-face geometry,
whereas substituted and large multi-ring aromatic compounds prefer parallel displaced geometry.”**
Chakrabarti and co-workers examined the specific interactions and packing preferences of tryptophan
(Trp) with other aromatic amino acids. They reported that interaction of Trp with Phe was more
favourable in face-to-edge (FtE) geometry as compared to face-to-edge (FtE) geometry.”® The bulky
indole side chain of Trp amino acid is capable of establishing multiple interactions, including ---x, C-
H-..w, band N-H.---w, in which the indole nitrogen can also act as a hydrogen bond donor.*** Aromatic

interactions are also crucial for the stability of the helix bundle proteins. The different nanostructures

208 208

formed by the 7t-m interactions are nanotube,?® nanofibers,?* nanoflowers,*”” and nanorods.

2.5.2 Hydrogen bonding: Hydrogen bonds are the interactions between hydrogen atoms and the
electronegative atoms.*” The selectivity and high directionality of hydrogen bonds can convert short
peptides into diverse one-dimensional, two-dimensional, and three-dimensional nanostructures.” Li and
co-workers have demonstrated the formation of FF microrods by hydrogen bond based self-assembly.*"!
The characterizations of the self-assembled microrods indicated that 1,1,3,3,6,6-Hexafluoro-2-propanol
(HFIP) formed stable intermolecular hydrogen bonds with an FF peptide, leading to the solvation of
peptide molecules. The intermolecular hydrogen bond strength modulated by elevated temperature and
sonication enables structural transitions between nanowires and nanotubes.*'*> Hydrogen bonding
between peptide backbones is unique and plays a critical role in the one dimensional growth of many
peptide aggregates.””® Lu and co-workers have compared the self-assembly of I;K and L;K peptide, and
found that replacing isoleucine residues with leucine leads to a morphological change from long

nanotubes to spherical aggregates, with the corresponding secondary structure transition from -sheet to

random conformation.?'

2.5.3 Hydrophobic Interactions: Peptide resemble conventional surfactants in terms of possessing
hydrophobic and hydrophilic moieties.'*! Stupp and co-workers have shown that the self-assembly of

amphiphilic peptide is prominently governed by the relative strength of hydrogen bonding, compared
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with the hydrophobic interactions.”’* The aromatic residue of peptide plays crucial role in determining
the interactions between molecules. The organizational mode of the aromatic residues in the hydrophobic

interactions is commonly disordered, while in - interactions, it is well-ordered.*'¢

2.5.4 Electrostatic Interactions: Electrostatic interactions play a significant role in the self-assembly
of biomolecules.?'” The strength of an ionic bond is dependent on the solvent (particularly its dielectric
constant) and the presence of mobile ions. Ionic bonds are generally stronger and of longer range than
hydrogen bonding.*'® Electrostatic bonds based on the Coulombic attractions between opposite charges
lead to the formation of ion-pairs. Bernier and co-workers have described the self-assembly of a crown
ether functionalized peptide through the mediation of electrostatic interactions.””” Su and co-workers
have fabricated an artificial peptide nanofibers with peptide motif, VIAGASLWWSEKLVIA, further
metallized to synthesize nanofiber-based silver nanowires.”® A novel hybrid nanomaterial was obtained
successfully by assembling the prepared silver nanowires on graphene nanosheets. In another study, Liu
and co-workers fabricated micelle-induced protein nanowires through an electrostatic interaction when
the electronegative cricoid stable protein one (SP1) assembled with positively charged cross-linked

micelles.??!

2.5.5 Van der Waals Interactions: Van der Waals forces, such as the interaction between aliphatic

tails in peptide amphiphiles, provide a crucial contribution to various non-covalent interactions and are
ubiquitous in assembly systems.””” There are however only a few examples that employ Van der Waals

interaction as a dominant force for the control of a peptide nanostructure.??****

2.5.6 Solvent Effects: Solvent affects the self-assembled nanostructure owing to different polarity,
dielectric constant, and hydrogen bonded network. Murphy and co-workers investigated the effect of
solvent system on the self-assembly of beta amyloid peptide.??* In pure dimethylsulfoxide (DMSO), AR
peptide had no detectable B-sheet content. In 0.1% trifluoroacetate, however content went upto 33% B-
sheet, and in 35% acetonitrile/0.1% trifluoroacetate, AP peptide had two-third amino acids in p-sheet
conformation, equivalent to the fibrillar peptide in physiological buffer. Hamley and co-workers have
demonstrated that the short peptide fragments, derived from p-amyloid peptide, AAKLVEFF, exhibited

distinct structural differences depending on solvent polarity. Zhimin and co-workers examined the
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effect of solvent system on the FF peptide to form either nanofibers or nanotubes after heating to 95°C
and subsequent cooling in solution, or alternatively, deposition on the surfaces.”?® Interestingly, they have
reported that upon cooling from mixed water-methanol systems, nanofibers formation was observed, but
they could not observed any structure in when the percentage of methanol exceeds 70%. In these
conditions, nanofibers are formed only upon drying on glass surfaces. Authors attributed this behaviour
to the ability of methanol to form hydrogen bonds with the diphenylalanine molecules, leading to good
solvation of peptide molecules.””* Roy and co-workers have investigated the solvent effect on the gelation
of laminin derived peptide.””” They have chosen the solvents of different polarity varying from highly polar
phosphate buffer saline (pH 6) to 10% DMSO/water (0.1% TFA) and comparatively weak polar 50%
ACN/ water (0.1% TFA). The gelation results clearly revealed that aqueous-organic mixtures are more
favourable for inducing hierarchical self-assembly in more hydrophobic peptide derivatives by promoting
hydrophobic and aromatic interactions between gelator moieties, which otherwise could not have been

possible in aqueous solvents due to their poor solubility.”*

2.6 Applications of de novo designed peptide constructs

Peptide based nanomaterials have been used for a myriad of biological applications, leveraging in large

part their property to self-assemble (Figure 2.7).

2.6.1 Tissue Engineering: Bioinspired materials for tissue repair have been amongst the most
exhaustively explored fields in biomaterials research.?”” Pedone and co-workers have designed the peptide,
QK, mimicking the vascular endothelial growth factor (VGEF).>* VGEEF is the principle regulator of
angiogenesis. Hartgerink and co-workers have incorporated the QK peptide to the nanofiber forming
peptide sequence, which self-assembled to form hydrogel.**! The conjugated peptide sequences
potentially promoting VEGF receptor activation, dimerization, clustering, and intracellular angiogenic
signalling at the site of nano-fibrous hydrogel delivered.”' Stupp and co-workers have designed a peptide
nanoribbons mimicking the activity of fibroblast growth factor-2 (FGF-2),*> which is a regulating factor
in angiogenesis, cell differentiation, and wound healing.*** Peptide sequences have also been designed as
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anti-inflammatory motifs,*** surface adherence molecules,** and corneal tissue repair.”**
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2.6.2 Drug Delivery Systems: The clinical efficacy and effect of conventional chemotherapeutics
against tumors are compromised by several factors including poor solubility, short half-life in vivo, the
weak penetration capability, and the low specificity.”*® Ingeniously designed drug delivery systems can
improve the bioavailability of drugs or minimize the adverse effects of drugs. Among the different drug
delivery systems, peptide based drug delivery systems are important because; (i) the unique biochemical
functionality encoded by peptide sequences enables an active targeting,”” (ii) the structure of peptide
assembly can be programmatically modulated by intrinsic and external stimuli to achieve a controllable
release of the payload into the target region,”® (iii) peptides are biocompatible compared to the synthetic
organic compounds, and (iv) the reactive terminus and side chains of peptides can be used as a reactive

site to conjugate chemotherapeutics.*’

2.6.3 Antimicrobial Peptide Hydrogel for wound healing: Despite advancements in medical
technology, infectious diseases caused by micro-organisms such as bacteria, virus, fungi, remain major
threat to public health. Furthermore, over-prescription and misuse of antibiotics also have escalated the
drug-resistance. Chronic wound infections and development of antibiotic resistance are affecting people
world-wide. Antimicrobial peptides kill bacteria effectively, but their susceptibility to degradation, limit
their use for topical application only. In recent years, tremendous research has been conducted to utilize
hydrogels either as an antimicrobial agent’®® or as a drug carrier’*" Chitosan, a natural linear
polysaccharide, was investigated to form hydrogels and subsequently as a potential antimicrobial
hydrogel. Hsieh and co-workers have reported a chitosan-y-poly(glutamic acid) polyelectrolyte complex
hydrogel possessing antimicrobial property against Staphylococcus aureus and E. coli** Interestingly, the
formed hydrogels also promote the 3T3 fibroblast cell proliferation, and so induced wound healing. In
addition to polymer based hydrogels, peptide based antimicrobial hydrogels are also reported recently.
Schneider and co-workers have designed a 20-residue P-hairpin peptide hydrogel scaffold for tissue
regeneration which also have an inherent antimicrobial property.* Diabetic foot ulceration and infections
are one of the prominent cause of mortality and morbidity in developing countries. The microbiological
profiling of diabetic foot infection shows the presence of pathogens such as Pseudomonas aeruginosa,

Staphylococcus aureus, and Enterobacter species.*
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Table 2.2. Peptide based hydrogels for diabetic foot ulcer

S.No. | Hydrogels Compositions Ref
1 Chitosan-peptide- Chitosan-collagen hydrogel with peptide : QHREDGS 244
collagen hydrogel
2 Hydroxyethyl cellulose Peptide : RQPKIWFPNRRKPWKKRPRPDDLEI 245
peptide hydrogel entrapped in cellulose
3 Multidomain peptide Peptide: Kz(SL)¢K 246
hydrogel
4 Dispersin B-KSL-W Dispersin B 247
hydrogel g
Peptides: KKVVFWVKFK, and KKVVFKVKFK
Pluronic F-127
5 ODEX/HA-AMP/PRP Oxidized dextran 248
hydrogel .
Platelet-rich plasma
Peptide:
SWLSKTAKKLFKKIPKKIPKKRFPRPRPWPRPNMI-NH2
6 Chitosan-peptide Chitosan 249
hydrogel .
Peptide: LLGDFFRKSKE-
KIGKEFKRIVQRIKDFLRNLVPRTES
7 Glucose oxidase loaded | Glucose oxide 250
antimicrobial peptide .
Peptide : IKYLSVN
hydrogels

Peptide hydrogels and its composite with chitosan have been investigated as an antimicrobial agent useful

in the diabetic foot ulcer (Table 2.2).

2.6.4 Biosensors: Peptides have also been employed as recognition elements in bio-sensing.”*' For

instance, peptides with short chains of amino acids generally have better chemical and conformational

stability than proteins. Peptide based biosensors have been fabricated for the detection of several analytes,

including cells proteins, metal ions, proteases, kinases, bacillus species, nucleic acids and antibodies.!

Electrochemical biosensors based on screen-printed electrodes and peptides are interesting alternatives

for molecular diagnosis.>*> Chai and co-workers have developed an electrochemical peptide cleavage-

based biosensor for the detection of prostate specific antigen using silver deposition on electrode.”** Other
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recently explored applications of peptide based molecular constructs are in energy storage devices,”*

bioimaging,** antifouling agents,”*S and metal organic framework >
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Figure 2.7 Applications of self-assembled nanostructures

2.7 Conclusions and Future Directions

Extensive research has been performed in the field of supramolecular self-assembly of peptides in the last
20 years. The wide range of self-assembled architecture, formed by these molecules have been explored in
various fields. Research work has been conducted to address different problems such as, to deliver the

small drug molecules to the target areas,*® to increase the efficiency of anticancer drug, sustained release
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of drug molecules, find the replacement of conventional vaccine for reducing side effects, and replacement
of hazardous batteries with biodegradable materials etc. Here we have provided an overview of different
nanomaterials fabricated by peptide molecules with possible applications. The stimulus responsive
materials have opened a different field of research, in the area of drug delivery systems where drugs can be
released only by changing the pH of the surroundings. Peptides and small molecule-based nanostructures
can be good alternatives as drug delivery systems as they possess certain characteristics such as good
biocompatibility, ease of synthesis, and functionalization. The efforts to replace the conventional vaccines
with peptide based vaccines offer several advantages such as less toxicity, easy to synthesis protocol, and
stability. Although several methods have been applied to control the formation of self-assembled
structures, total control of the designed peptide conformation and assembled supramolecular structure,

still remains elusive.
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3

Research Design and Objectives
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3.1 Research Design

The design and development of bioinspired molecules for different application fronts is the primary goal
of this thesis. It is mainly focused on the de novo design of peptide based molecular systems and their
chemical modifications for targeted applications. The peptides are designed to have enhanced aromatic
7-7 interactions leading to self-assembly forming functional nanostructures. The objectives of this thesis

may be broadly summarised as follows:

3.2 Objectives

The central objective of this thesis is the design of aromatic extended molecular networks directed by
aromatic 77 interactions forming supramolecular assemblies at nano-scale. Based on this central

objective, four application fronts have been formulated.
1. De novo designed artificial blue fluorescent protein

The specific objective of this study is to design a naturally folded fluorescent mini protein that can

potentially be modified as an artificial biosensor. The work involves the following steps:

i.  Design of a mini protein fold using automated protein design methods.
ii.  Identification of fluorophore implantation site in the hydrophobic core of the protein.
iii.  Incorporation of p-(1-azulenyl)-L-alanine which has a fluorescence emission in the visible region
of the electromagnetic spectrum, in the core region of protein.
iv.  Redesign protein core, and verify the stability of the newly designed molecules by molecular
dynamic simulations.

v.  Synthesis and characterization of the designed artificial functional protein.

2. Quantum confinement of peptide nano-assemblies

i.  Design of syndiotactic phenylalanine hexamer peptide

ii.  To study the quantum confinement effects of the designed peptide
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3. Ultrashort peptide hydrogel with antimicrobial property for topical applications

i.  Synthesis of Fmoc mediated ultra-short peptide hydrogels
ii.  Study the rheology of synthesized ultra-short peptide hydrogel
iii.  Validation of antimicrobial property of peptide hydrogel, specifically aimed to use for wound

healing.
4. Heavy metal removal and reduction by metal-organic systems and biodegradable adsorbents

i.  Generation of trityl based organic nano assemblies
ii.  Synthesis and characterization of metal organic systems
iii.  To explore the possibility of using such aromatic molecular systems as heavy metal sorbents for
water remediation
iv.  To explore the possibility of human hair, as a cost effective adsorbent, for removal and reduction

of chromium

3.3 Experimental approach and broad outcome

In the subsequent chapters, we will discuss the design of a minimalistic blue fluorescent mini-protein. The
designed mini protein has an unnatural amino acid, p-(1-azulenyl)-L-alanine, impregnated in the
hydrophobic core. Further, we have studied the quantum confinement of a phenylalanine based peptide
nanoassembly. Diphenylalaline has been reported to form quantum dots in methanol with an average
diameter of 2.1 nm."” We have taken the complexity to the next level and designed a syndiotactic
phenylalanine peptide hexamer, FfFfFf-OH, adopting gramicidin A like helical structures. The designed

peptide also self-assembled in methanol to form an organogel.

To further explore the possibilities of peptide based molecular constructs, we have designed an ultrashort
peptide molecule, N- terminus modified with a fluorenylmethoxycarbonyl (Fmoc) group. Such N-
terminal modifications help in enhanced aromatic stacking, subsequently resulting in the self-assembly of
molecules, forming a hydrogel. A series of biophysical experiments were performed to characterize the
peptide self-assembly. We have also addressed the question of their stability in biological fluids. A
successful hydrogel is characterised by its high storage or holding capacity. Rheological studies have been
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performed to establish the visco-elastic property of the synthesized hydrogel. The self-healing property of
hydrogels opens up the possibility of using the designed hydrogel to be used in wound dressing and tissue

regenerative biomaterials.

Ramakrishnan and co-workers have reported the single crystal organic Nanoflower, 1,2-
bis(tritylthio)ethane, obtained during the deportation of histidine containing peptide.* The molecule
responsible for the crystal formation was reported to be a trityl compound, which is generally used as a
side-chain protecting group of amino acids. In our work, we have explored the possibility of 1, 2-
bis(tritylthio)ethane crystal, used as a heavy metal adsorbent. We have also explored the heavy metal
removing ability of a keratin polymer, human hair, which is generally a biological waste. Human hair was
processed by different methods such as pulverization and inceneration, and metal adsorbent capacity was

established by employing a series of adsorption experiments.
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4

De novo Designed Artificial Blue Fluorescent Protein
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Diversification of chain stereochemistry offers tremendous increase in protein design space. We have
designed a minimal fluorescent protein, carrying B-(1-azulenyl)-L-alanine in the hydrophobic core of a
heterotactic protein scaffold, employing automated design tools such as AR-SAMD and IDeAS. The de
novo designed heterochiral protein can be selectively excited at 342 nm, quite distant from the intrinsic
fluorophore, and emits in the blue region. The structure and stability of the designed proteins were

evaluated by established spectroscopic and calorimetric methods.
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4.1 Introduction

Protein molecules found in nature are polymers of amino acids with definite handedness or chirality, with
their spatial orientation being preferentially left handed or L-chiral ! Of late, this disproportionate or
rather complete excess of L- amino acids is argued to be preordained and eventually turned out to be one
of the most powerful arguments of creationists who believe that species on earth are not formed by

evolution but by ‘intelligent design’.2

Tacticity is a relative term in stereochemistry, which deals with the arrangement of adjacent chiral centers
within a given polymeric molecule. Based on the spatial arrangement, a polymer can be isotactic,
syndiotactic or heterotactic in nature. An isotactic polypeptide sequence is characterized by amino acids
having L- or D- stereochemistry, whereas, a syndiotactic sequence is having a stereo-regular arrangement
with alternate L- and D- amino acids (or vice versa) in succession, and a hetero-tactic polymer is a random

263264 If we can hypothetically add one more variable

distribution of L- and D- amino acids in a sequence.
as ‘stereochemistry of amino acids’ in the backbone, by adding D- amino acids at ‘n’ sequence positions,
number of stereo-isomeric diversity increases exponentially from 1 to 2% but the entire protein universe
is made of just only one of them, which means (2°-1) is yet to be explored.?*! The origin of this apparent
stereo-chemical filtration in protein biogenesis remains unclear; however, its consequence on peptide
assemblies can be investigated and explored for the future design of bioinspired materials.”*® Our primary

interest is to use the backbone stereochemistry as an additional variable; exploring novel architectures in

the 2™-1 design space available for novel peptide based molecular constructs.

In one of the pioneering studies, P.J. Flory observed that isotactic polypeptides are far more “stiff” than
could be explained on the grounds of his statistical coil model with effects of atomic excluded volumes
included.”® The stiffness is measured in terms of characteristic ratio, which is unusually high in poly L-

267

chiral peptides with a limiting value of 9.0.”” But when the random polypeptide is modified from poly L
(isotactic) to alternating L, D (syndiotactic), the characteristic ratio deflates from 9.0 to 0.9, which is a
value lower than the theoretical minimum for the unperturbed random coil. The drastic drop in stiffness

without making any difference in its residue level inter-amide electrostatics remained a ‘puzzle’ to him.*¢®
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In an apparent attempt to study this phenomenon, we simulated equilibrium ensembles of octa-alanine
peptides in poly L and alternating L, D chiral stereo-chemical sequence in the water at different
temperatures. We observed that the short and long-range electrostatic interactions are found to be in the
opposite directions in the folded state and in harmony in the unfolded state.”® The ying-yang of these two
opposing interactions enables a third variable like amino acid side-chain sequence or solvent dielectric to
be detrimental in selecting the conformational fold. It may be this effect that makes an isotactic
polypeptide like protein, so powerfully responsive to stimulus, and eventually manifest themselves as a
sensor transducer apparatus in living systems.” In this work, we introduce the next level of complexity in
‘polypeptide stereochemistry’, by adopting a heterotactic (random L and D) backbone, and examine the

scope of this prototype, for the design of future biomaterials.

The de novo design of proteins and the determination of minimum requirements for the formation of
protein-like structures are currently the subjects of active research.”’°*”* Significant advances have been
established toward the design of stable, well-folded proteins with novel sequences.”’>*”> The design of the
stable protein-like structure with a smaller number of residues requires both an exquisite optimization of
hydrophobic packing and a strategy to decrease the backbone configurational entropy of the unfolded
state”’* The discovery of a small and fast folding protein, a 20 residue Trp-cage
(NLYIQWLKDGGPSSGRPPPS), by Anderson and co-workers, folds in 4 ps to the native state,

contributed much to the understanding of protein structure and folding mechanisms.***”*

The NMR structure reported by Neidigh et al. ”* reveals a compact hydrophobic core where three proline
residues (Pro-12, Pro-18, Pro-19) and a glycine (Gly-11) pack against the aromatic side chains of Tyr-3
and Trp-6. The central buried Trp-6 residue is surrounded by residues Tyr-3, Leu-7, Pro-12, Pro-18 and
Pro-19 (Figure 4.1). The secondary structure elements include an a-helix extending from residues 2
through 8, followed by a 31o-helix (residues 11-14), and a polyproline IT helix at the C-terminus. Owing to
its small size and fast folding rate, Trp-cage has been an extremely popular model for computational

studies of protein folding dynamics.*”®

The aromatic amino acids responsible for fluorescence, are relatively rare in proteins.”’”” Tryptophan’s

(Trp) significant red shift, while compared to all other amino acids, high sensitivity to the local
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Figure 4.1. Structure of Trp-cage. Trp-6 is surrounded by residues Tyr-3, Leu-7, Pro-12, Pro-18 and Pro-19.

environment and low abundance in proteins are particularly well suited for the study like protein structure,
function, and dynamics.*”® However, Trp needs to be excited by UV light with wavelengths less than 300

nm, which interferes with other chromophores often present in a biological sample.*”

One approach to address this problem is to use the unnatural analog of Trp which can be excited above
~300 nm, where Trp absorption is negligible. A pseudoisosteric analog of Trp, B-(1-Azulenyl)-L-Alanine
(AzAla) which is an azulene moiety®® fulfils the above criteria. This can be excited at 342 nm,

independently of Trp, and the emission is in the visible region.

The limitations of such methods are low protein yields, unpredictability of efficiencies and complicated
working protocols.”® Peptides have been in use as reliable scaffolds for novel biomaterials.?>*** Many
sensitive fluorophores can respond rapidly to environmental changes by way of a change in their spectral
characteristics. We report design, synthesis, and characterization of a hetero-chiral artificial protein of just

30 amino acids long, which was further examined to explore the possibility of converting it to a fully
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functional molecule. An unnatural amino acid AzAla is incorporated in a heterotactic protein scaffold

which has a clear distinction in spectral characteristics compared to the native tryptophan signal.

4.2 Experimental Procedures

4.2.1 Protein Design: The design and sequence optimization of the de novo protein was performed
employing the protocol described elsewhere.***2%2% First the amino acids were folded in space by using
Automated Repetitive Simulated Annealing by Molecular Dynamics (AR-SAMD) protocol. In brief,
energy minimized polypeptides were submitted to AR-SAMD cycles with customized GROMOS-96
parameter. A fairly large family of structures was generated sequentially, simulating a long high-
temperature MD trajectory and performing simulated annealing periodically. The starting structure was
first energy minimized followed by Molecular Dynamics simulation with parameter set customized for
randomization of either stereochemical structure or conformation of a polypeptide, using GROMOS-96
force field. The final conformer resulting from each Simulated Annealing Molecular Dynamics (SAMD)
cycle was stored for later processing. The possibility of redesigning stable folds to a possible functional
protein molecule was further evaluated by an automated sequence design tool, IDeAS. The input files for
IDeAS was cartesian coordinates of the most stable fold specifically in PDB format. The coordinates over
L-side-chain rotamers were applied inversion-symmetry transform, generating the database of D

enantiomers.

4.2.2 Materials: All chemicals and solvents used for experiments are of analytical reagent grade. Amino
acids, solvents, Trifluoroacetic acid, Thioanisole, and 1,2-ethanedithiol were purchased from Sigma-
Aldrich. Diethyl ether, m-cresol, were purchased from Merck. AzAla was purchased from Iris Biotech

GMBH, Germany. Ultrapure water used throughout the experiments.

4.2.3 Peptide synthesis and Characterization: Peptides were synthesized manually by SPPS (solid
phase peptide synthesis) method using Fmoc chemistry. Peptides were cleaved from the resin using a
cleavage cocktail comprising trifluoroacetic acid, ethanedithiol, thioanisole, and m-cresol (20:1:2:2).

Purification was done by Shimadzu Prominence Modular HPLC instrument with a reversed-phase C18
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column using a linear gradient of water and acetonitrile (10-100%) containing 0.1% TFA. Peptides were

further characterized by verifying mass using a Bruker, Autoflex Speed MALDI TOF/TOF spectrometer.

4.2.4 UV-Vis Absorption Spectroscopy: Cary 60 UV-Vis spectrophotometer (Agilent
Technologies) was used to record UV-Vis absorption of synthesized peptides. Absorption spectra were
scanned from 200 to 700 nm and the data was recorded at medium mode using a quartz cuvette of 10 mm

path length.

4.2.5 Fluorescence Spectroscopy: The fluorescence of the synthesized protein samples was
measured using Horiba Florimax-4 spectroﬂorimeter at room temperature in a quartz cuvette at 10 mm

path length. Equimolar concentration (10 uM) was prepared by using Molar absorption coefficient of

tryptophan 5690 M'cm’!, tyrosine 1490 M'cm™, and AzAla 4212 M'cm™ .

4.2.6 Circular Dichroism Spectroscopy (CD): CD spectra were recorded in a Jasco 700 CD
spectropolarimeter (Jasco Labor- und Datentechnik GmbH, GroB-Umstadt, Germany). Scans were
recorded at 25°C between 190 and 260 nm as an average of five scans and smoothed using the Savitzky-
Golay algorithm to obtain the final data. Spectra were collected at 1.0 nm intervals, bandwidth of 1 nm, in
a buffer containing 10 mM phosphate buffer. Spectra of all peptides were measured at concentrations of
100 uM and recorded in a 1 mm quartz cuvette. CD spectra were presented as a plot of mean residue

ellipticities.

4.2.7 Fourier Transform Infrared Spectroscopy: Peptide samples were cast on potassium bromide
pellets and FT-IR spectra were recorded on a Micro FTIR-200 (Jasco Co., Japan) equipped with an MCT
detector at 4 cm™ resolutions between 4000 cm™ to 400 cm™!. The 16 scan data were collected, and

processed using spectral manager software (Jasco Co., Tokyo, Japan).

4.2.8 Differential Scanning Calorimetry (DSC): DSC scans were carried out using Netzsch
(Model: STA449F3A00 DSC/TGA) instrument. Peptides were dissolved in deionized water with a
concentration 1mg/mL. The same solution but without the protein was used in the reference cell. Both

the sample and reference were scanned from room temperature to 200°C at a scan rate of 1 K/min.
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4.3 Results and Discussion

A series of four new ‘mini-proteins’ have been synthesized by solid phase peptide synthesis (Table 4.1)
and characterized by HPLC (Figure 4.2) and MALDI-TOF (Figure 4.3). Structure and stability was
examined by calorimetric methods to evaluate its characteristics to be qualified as a self-folding fluorescent
mini protein. To facilitate the visible range fluorescence of the protein, we designed and synthesized three
sequences, incorporating an unnatural fluorophore that has an emission wavelength in the visible region
of the EM spectrum. Trp-cage and AzAla substituted variant of Trp-cage is used as a control for objective

analysis. The designs are implemented in three steps.

Table 4.1. Details of the designed proteins

S.No. | Protein Code | Amino acid Sequence Observed Expected
molecular mass | molecular mass
(Da) (Da)

1 VGO1 ELsKETaLKKsFKFIVIIiLWnNtvDalhl 3489 3484.1

2 BPO1 ELsKETaLKKsFKFIVIIiZWnNtvDalhl 3574 3568.2

3 BP02 ELsKETaLKKsFKFIVIIiLZnNtvDalhl 3498.2 3495.2

4 Trp-cage NLYIQWLKDGGPSSGRPPPS 2169.3 2168.4

5 BP03 NLYIQZLKDGGPSSGRPPPS 2179.5 2179.4

(Amino acids in large fonts are L- amino acids, and small fonts are D- amino acids. Z indicates AzAla)

First, the amino acids were folded, by an already established Simulated Annealing Molecular Dynamics
procedure (AR-SAMD).22® At high temperature, polypeptide chain can switch from L to D (or
otherwise), and this is achieved by modifying the force function governing the improper dihedral angle in
GROMOS force field. As the folds evolve in the prescribed design space, they were assessed and scored
on the basis of their potential utility to be sequence engineered as functional foldamers, involving an
automated inverse design scheme. The collection of 30-mer polyleucine folds generated as a result of AR-
SAMD were subjected to Molecular Dynamics Simulation at 298 K in water. By doing so, we intend to
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evaluate the possibility of generating metastable folds that can further be sequence designed as ‘artificial

proteins’.
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Figure 4.2 HPLC Chromatogram of synthesized peptides. Chromatogram was recorded at 342 nm (for BP01,
BP02, and BP03), 280 nm (for Trp-cage and VG01), and 210 nm (for VGO1, Trp-cage, BP01, BP02, and BP03).

This is achieved by performing sequence design of a few selected folds using an automated sequence
design tool, IDeAS (Figure 4.4). Details of the computational procedure employed for the generation of
an optimal sequence solution have been described elsewhere.?®** In the third step, we selectively mutate
one or two core residues with a blue fluorescent unnatural amino acid. To facilitate the visible range
emission, we designed four artificial fluorescent proteins, incorporating AzAla (denoted as Z). Structures
of the designed peptides were evaluated for structural stability with a 20 ns Molecular Dynamics (MD)
simulation under NVT conditions at 300K. The structures were first energy minimized in vacuum and

later in water with the steepest descent algorithm. The structures were stable under the tested conditions
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with stable root mean square deviation (RMSD) and radius of gyration distributions throughout the

simulation (Figure 4.5).
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Figure 4.3 MALDI-TOF spectra of synthesized peptides. The observed molecular mass was found equivalent to
the expected molecular mass.

The solvent exposure of fluorophore has been verified using Spectrofluorimeter. The earlier established
de novo designed mini protein Trp-cage and its W6Z mutant was chosen as the control. The first sequence
(VGO1) was a de novo designed heterochiral fold evolved as a result of systematic stereochemical and

sequence selection routines.

BP01 and BP02 are L20Z and W21Z mutants of VGO1. BP03 is W to Z mutant of our control protein, Trp-
cage. The dihedral angle distribution of all amino acids in the designed sequences, and C-alpha traces of
foldamer BP02 are shown in Figure 4.6. The predicted secondary structure of the designed proteins was
mainly extended-p and disordered structure which was confirmed by CD spectral analysis (Figure 4.6 D).
UV-Vis absorption spectra were recorded to confirm the presence of AzAla in the designed proteins,
showed the absorption peak of the proteins BP01, BP02, and BP03 at 280 and 342 nm while VGO1 and

Trp-cage at 280 nm (Figure 4.7). N-acetyl-L-tryptophanamide (NATA), a Trp analogue, has been used as
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a reference for Trp containing proteins. At 280 nm excitation wavelength, the emission of NATA was at

356 nm which shows solvent exposed condition of Trp residue (Figure 4.8).2%
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Figure 4.4. Schematic representation of: (A) Generation of folds by Automated Repetitive Simulated Annealing

(AR-SAMD); and (B) Flowchart illustrating the sequence optimization steps involved in IDeAS program suite.
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Figure 4.5. Root mean square deviation (RMSD) and Radius of gyration (Rg) of designed peptide sequences.

70
TH-2916_166106003



Chapter 4. De novo Designed Artificial Blue Fluorescent Protein

(A) (B)

(C)

180 T
¢ £
1209, :-:.u " S
2 60 - £
o o O
2 0 : g
©

~ ° ;—/
> -60 - ) :. o 8 o
-120 4 S e %
® ® E

-180 — — = -12

-180 -120 -60 0 60 120 180 190 200 210 220 230 240
¢ (degrees) Wavelength (nm)

—BP01— BP02—BP03 —VGO01

Figure 4.6. Representation of (A) Surface model, (B) C-alpha traces, and (C) Dihedral angles of protein
foldamer BP02 where D- amino acids are shown in red circles and L- amino acids are shown in black circles.
The representation in all four quadrants of Ramachandran map confirm the heterochiral nature of the designed
protein. (D) CD spectra of the designed proteins indicating the disordered conformation of the designed

proteins

The Trp side chain in NATA is more exposed to solvent compared to other synthesized proteins, Trp-cage
and VGO1. The relative low Trp fluorescence intensity indicates the inability of VGO1 mini protein
sequence to sustain a stable hydrophobic core under ambient conditions. AzAla containing peptides show
emission at 363 and 382 nm, which is the characteristic emission wavelength of AzAla. At the excitation
wavelength of 342 nm, only protein BP01, BP02, and BP03 show emission at 364 nm and 382 nm. Emission
spectra of protein BPO1, BP02, and BP03, were compared with that of N-acetyl azulenylalanine (Nazu).

Nazu has the AzAla fluorophore almost fully exposed to solvent. This will confirm the formation of a well-
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defined hydrophobic core, which is an important criterion for a stable functional foldamer. At the excitation
of 342 nm, fluorescence intensity estimate of BP02 is significantly high, compared to Nazu. This
observation indicates the burial of AzAla in the containing proteins is expected to have a much more

prominent fluorescent peak compared to Nazu.
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Figure 4.7. UV-vis absorption spectra of the synthesized peptides. The absorption peaks (A) VG01, and (D)
Trp-cage showed absorption peak at 280 nm while of (B) BP01, (C) BP02, and (E) BP03 were observed at 342
nm.

However, BPO1 and BP03 are not showing significant difference in fluorescence intensity compared to
Nazu. The low intensity of proteins BP01 and BP03 suggests quenching of AzAla, due to the solvent. The
excitation spectrum of AzAla containing peptides show two major absorption maxima at 280 and 342 nm,
respectively, which can be used for excitation of the non-alternating aromatic ring system to yield emission

at 382 nm.”® AzAla, an unnatural amino acid containing azulene in its side-chain, shows a quite strong 'L,
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absorption band centered at 320-380 nm (£ ~4200 cm™ M™)*” and a weak 'L, absorbance at 600 nm (¢
~ 400 cm™ M™). Excitation at this wavelength does not result in measurable fluorescence signal while
excitation in the 'L, band yields an emission band at ~380 nm with a quantum yield comparable to Trp.*”
AzAla can be excited selectively at 342 nm to get the emission at 382 nm. Although the relative fluorescence
intensity of AzAla when excited at 342 nm, is lower than that of tryptophan, this amino acid could represent

an interesting fluorescence probe in peptides and proteins, as a potential blue-coloured tryptophan

analog.*®
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Figure 4.8. Fluorescence emission spectra of synthesized protein foldamers: (A) at an excitation wavelength
of 342 nm, BP01 (red), BP02 (green), and BP03 (blue) showed emission at 363 and 382 nm; (B) at an excitation
wavelength of 280 nm, NATA (cyan), Trp-cage (black), and VGO1 (orange) showed emission at 356, 355, and
348 nm, respectively. (C) UV illumination of synthesized proteins. BP02 shows a more visible bright blue color

compared to BP03.

The UV illumination of BP02, is showing visible bright blue colour (Figure 4.8C), compared to BP03,
while the intensity of BP01 was significantly less. Empty microcentrifuge tube was taken as a control. BP02,

thus qualifies to be a de novo designed hetero-chiral protein foldamer, pregnant with a fluorophore in a
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well-defined hydrophobic core. The formation of a well-defined hydrophobic core facilitating spontaneous
folding to the designed conformation may be indirectly reflected in the thermal stability of the designed
proteins. This was characterized by Differential Scanning Calorimetry (DSC). The heat capacity curves
obtained from DSC measurements show (Figure 4.9) several characteristic features. Starting from room
temperature, the apparent protein heat capacity gradually increases until the onset of thermal unfolding,
accompanied by a sharp peak in C, corresponding to an endothermic unfolding transition. The peak at the
transition gives the midpoint temperature (T.,), where the folded and the unfolded forms of the protein
are at equilibrium (i.e.,, AG = 0),%** and the area under the transition gives the enthalpy of unfolding (AH..¢)
at that temperature.”® The Higher T, value of proteins indicates higher thermal stability.”” Under the
experimental conditions, the thermally induced transition of proteins BP02 and BP03 occur at 66°C and

42°C, respectively. DSC thermogram of protein BP02 shows more thermal stability compared to BP03.
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Figure 4.9. DSC thermogram of proteins (A) BP02, and (B) BP03. Tm value of protein BP02 (66°C) is greater
than BP03 (42°C). Solid Black line represents experimental data while dashed red line represents curve fit

(non-linear curve fit).
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BPO1 being completely non-fluorescent, was omitted from thermodynamic stability measurements.
Secondary structures of the designed protein were analyzed by circular dichroism (CD) and FT-IR
spectroscopy. The spectra of synthesized proteins in deionized water was further investigated using CD
spectroscopy (Figure 4.6 D). CD spectra of Trp-cage show negative peaks at 208 nm and 223 nm, with a
positive peak at 195 nm (spectrum not shown) majorly forms an a-helix as previously reported.?”#*"!
Similarly, BP03 (a mutant of Trp-cage) shows a negative peak at 208 nm and a positive peak at 195 nm,
which constitutes majorly an a-helix. VGO1 shows a positive peak at ~219 nm which might be due to the
contribution of Trp to the far-UV CD spectra. Previous work by Chakrabartty et al. showed that it arises,
when the aromatic group is fixed in a particular structure.?®* This spectral feature also has been observed in

folded peptides containing well-ordered Trp side chain.?*®
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Figure 4.10. FT IR spectra of the synthesized proteins VGO1 (orange), BPO1 (red) and BP02 (green). Spectra

show fingerprint region at 1638 cm! which confirms 8 sheet content of the proteins.
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The far-UV CD spectrum of VGO1, BP01, and BP02 is not suggestive of any specific conformation,
because analysis of the CD spectra of heterochiral proteins cannot be compared using the observations

usually deduced from Poly L- homochiral proteins, and therefore interpreted with caution.

The secondary structure of proteins was also verified by FT-IR (Figure 4.10). Information on the
secondary structure of proteins can be derived from the analysis of a strong amide-I band. Amide-I
band arises predominantly from C=0 stretching vibrations of the amide group,”* shows absorption in
the region 1600-1700 cm.'Amide I bands in the spectral range 1620 cm™ and 1640 cm™ is attributed
to the B-sheet structure.”® The C=0 stretching frequencies of proteins VGO01, BPO1 and BP02 is
similar to B structures although it cannot be confirmed by standard comparisons, because of the

heterochiral stereochemical sequence of the polypeptide foldamer.?®

4.4 Conclusions and Future Possibilities

In this study, we have shown the possibility of the designed heterotactic protein sequence, with an
unnatural amino acid, AzAla, as a minimal fluorescent protein. Using UV-Vis and fluorescence
spectroscopy, we have shown that the designed protein has blue fluorescence. On comparing fluorescence
intensity of Nazu with other proteins, at the excitation wavelength of 342 nm, we found that the protein
BP02 has maximum intensity, indicating that AzAla is buried inside a stable core, excluding solvent. The
secondary structure reveals the presence of extended-f and disordered structures. The DSC complement
well with fluorescence experiments, indicating higher thermal stability of protein BP02. Our observations
complement the primary objectives of our work in designing a hetero-chiral mini-protein. The design and
experimental protocols employed in BPO2 prototype construct may be helpful in the generation of future

peptide based biomaterials beyond the limits of natural alphabets.
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5

Quantum confinement in a Peptide Nanoassemblies

-
Methanol ™
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P —— o .
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(Ff)3-OH peptide Quantum dots

Spatial confinement of excitons in the nano-crystalline region of semiconducting nanostructures differ
significantly from the optoelectronic properties exhibited by the bulk material. We report spike-like
absorption observed in the UV spectrum of a phenylalanine hexamer peptide ((Ff);-OH) nano-assembly,
which may be attributed to the spatial confinement of electrons to the dimension of quantum dots (QDs).
Interdependency of the UV and PLE spectrum of the peptide confirms the existence of quantum

confinement in (Ff);-OH nano-assemblies.
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5.1. Introduction

QDs are semiconductor nanocrystals exhibiting three-dimensional quantum confinement that lead to
unique quantum sized effects in their electronic and optical properties.”®” QDs have electronic properties
intermediate between discrete molecules and bulk materials.”®® QD demonstrates exceptional physical
properties induced by electron-hole space confinement.'® The phenomenon that constrains excitons in
QDs is known as quantum confinement (QC). A key feature of QC is that, it occurs when a particle's
diameter is too small and comparable to the wavelength of the electron.”® Their electronic and optical

properties deviate substantially from bulk materials.>®

The QD research so far has mainly been conducted with inorganic materials.**" Several studies have
focused on the complex systems, comprising conventional inorganic QD, conjugated with organic
molecules with several applications.’*” Organic polymers, being mechanically robust, lighter than
inorganic materials and tunable in solution, offer ample opportunities to develop new electronic

303

devices.’® Peptides have been emerged as an ideal molecule for organic electronics due to their intrinsic

ability to form a spectrum of ordered self-assembled supramolecular nanostructures.’*** In recent years,

305 306

peptide conjugated QDs are studied for cellular imaging,** enhancement of cellular uptake,

and drug

307

delivery.’” Peptides engineered with different amino acids have served as ligands for producing water-
soluble QDs.**® Incorporating cell-penetrating peptides on QD surfaces has allowed the translocation of

functionalized QDs into cells for intracellular imaging applications.*”

The QC effect in peptide nanostructures leading to better optoelectronic and charge transport behaviour
is well-demonstrated by Gazit and co-workers in self-assembling peptide semiconductors based on
diphenylalanine nanotubes.*'® The size of peptide QDs is usually governed by the specific amino acids.
Therefore, a large number of naturally occurring and unnatural amino acids could be used in different
combinations. It offers the possibility to tweak the size and properties of peptide QDs. Amdursky et al.
have shown that peptides of phenylalanine and tryptophan form QDs with different optical and electronic

properties from the diphenylalanine analogues."
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The elementary building blocks in peptide QDs are entirely different in comparison to inorganic
systems.'®!” Studies demonstrate that aromatic peptide molecules such as diphenylalanine (FF) with the
same building block, can self-assemble into nanostructures with distinguished optical,'** electrical,*'' and
ferroelectric properties.'” Gazit and co-workers have observed that FF peptide in methanol, self-assemble
into nano-crystalline structures having optical properties similar to QDs. They observed a very narrow
photo-excitation peak in nano-crystalline assemblies. But at low-concentration, only a broad excitation
peak was obtained suggesting that individual dipeptide molecules are not QDs."” Gazit and Rosenman’s
groups have also reported QC in peptide nanostructures,”’* and demonstrated that FF dipeptides can
assemble to form quantum wells. The formed quantum wells structure exhibited strong blue
luminescence.'” Rosenman and co-workers have reported QDs, formed by the self-assembly of
tertbutoxycarbonyl-Phe-Phe-OH (Boc-FF), an organic molecule.'® Tao et al. have demonstrated the
modulation of tryptophan based aromatic cyclo-dipeptides, self-assembling to form quantum confined

structures with photoluminescent properties.*

Peptide QDs represent one of the simplest forms of the quantum dot, but they also offer distinct
advantages over other types. They are made of natural amino acids, synthesized by plants and animals and
can preclude adverse effects of nanomaterials on organisms and ecosystems. This is a distinct advantage
compared to inorganic QDs, especially those made of heavy metals.”” Due to the availability of a wide
range of amino acids that have diverse properties, peptide QDs may have properties not yet observed in

inorganic materials.

The success of diphenylalanine QDs prompted us to explore the possibility of extending the aromatic -
interaction mediated diphenylalanine systems from a dimer to a hexamer. This extension is possible only
by adopting an alternating L, D (LDLDLD stereochemistry) for the phenylalanine hexamer peptide
(figure 1). Ghadiri and co-workers have already demonstrated that cyclic peptides based on alternating
D- and L- amino acid residues assemble to form hollow nanotubes forming peptide-based supramolecular
tubular structures.'*** Self-assembly of these nanotubes is a result of the stacking of cyclic peptide rings
through backbone hydrogen bonding.*® In this work, we have examined the absorption and
photoluminescence of a hexamer peptide having alternate L- and D- phenylalanine (FfFfFf-OH, denoted

as (Ff);-OH), self-assembled to form an organogel. From the optical properties, we were able to
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characterize the formation of a quantum-confinement in nano-assembled organogels of (Ff);-OH

molecules.

5.2 Experimental Procedure

5.2.1 Molecular Dynamics Simulations: Molecular Dynamics (MD) simulations were performed
using GROMACS 5.0.4 package with a GROMOS96 force field (54a7 parameter set). Each peptide was
placed in a dodecahedron box with a spacing of 1.0 A from the edge of the box. A flexible SPC/E water
model was used. The solvated system was neutralized to zero. Energy minimization was carried out using
the steepest descent until a tolerance of 1000 KJ mol™ nm™ was reached. Periodic boundary conditions
were deployed in all the systems. The energy minimized system was then equilibrated, followed by the
production run for 50 ns at 300 K, with periodic boundary, at an integration time step of 2 fs. The entire
system comprising of the peptide and the solvent were maintained at a constant temperature of 300 K
using the modified Berendsen thermostat with a time constant of 0.1 ps. Pressure of 1 bar was maintained
using isotropic pressure coupling with the Parrinello-Rahman barostat at a time constant of 2 ps.
Electrostatics (Particle-mesh Ewald) and van der Waal cut-off were fixed at 1.2 nm. Bond lengths were
constrained using LINCS algorithm. The MD trajectories for the 50 ns production run were analyzed
using the GROMACS analysis toolkit. The analysis was carried out to determine the dihedral angles of

the peptide backbone over the simulation time, using standard tools in GROMACS package.

5.2.2 Materials and Methods: Amino acids, solvents, trifluoroacetic acid, thioanisole, and 1,2-
ethanedithiol were purchased from Sigma-Aldrich. Diethyl ether, methanol, m-cresol were purchased
from Merck. Hexafluoroisopropanol (HFIP) was purchased from TCI chemicals. Ultrapure water was

used, from a Millipore Milli-Q water purification system, with an electric resistance 18.2 MQ.

5.2.3 Peptide synthesis and Characterization: Peptide was synthesized manually by solid-phase
peptide synthesis method using Fmoc chemistry. HMPA resin was used for the synthesis. Peptide was
cleaved using a cleavage cocktail comprising of trifluoroacetic acid, ethane dithiol, thioanisole and m-
cresol in the ratio 20:1:2:2, and further precipitated in ice-cold diethyl ether. Purification was performed

by Shimadzu Prominence Modular HPLC instrument with a reversed-phase C-18 column using water
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and acetonitrile gradient (10-100%) containing 0.1% TFA. Synthesized peptides were further
characterized by verifying mass using a Bruker, Autoflex Speed MALDI TOF/TOF spectrometer.

5.2.4 Organogel formation: Peptide stock solution was prepared in HFIP. For gelation, peptide was
subsequently diluted in methanol to 8mg/mL concentration and kept undisturbed at room temperature.

Self-supporting organogel was formed after 12 h.

5.2.5 Field Emission Scanning Electron Microscopy: The structural characterization of the
organogel formed by (Ff);-OH peptide were performed using JSM-7610F Field-Emission Scanning
Electron Microscope. Organogel was diluted SO times with methanol before analysis and allowed to air-

dry at room temperature.

5.2.6 Atomic Force Microscopy: For AFM analysis, peptide was diluted S0 times with methanol,
drop-casted on glass slides and allowed to air-dry. AFM images were acquired in non-contact mode using

silicon probe on an Asylum MFP-3D Origin atomic force microscope (Oxford Instruments).

5.2.7 Dynamic Light Scattering (DLS): The DLS was recorded on a Malvern Zetasizer Nano-Z$
instrument for the (Ff);-OH peptide solution in methanol. Twenty measurements were recorded at 25°C
in the 173° backscatter configuration. The size and the polydispersity index were determined using the

inbuilt software.

5.2.8 Circular Dichroism Spectroscopy (CD): CD spectra were recorded on a Jasco 700 CD
spectropolarimeter (Jasco Labor-und Datentechnik GmbH, Grof8-Umstadt, Germany). Peptide was first
dissolved in HFIP and further diluted to 100 pM concentration in water. Scans were recorded at 25°C

from 190 to 240 nm, and a bandwidth of 1.0 nm (average of eight scans).

5.2.9 Fourier Transform Infrared Spectroscopy (FT-IR): Peptide sample was casted on

potassium bromide pellets. FT-IR spectra were recorded on a micro FTIR-200 (Jasco Co., Japan) at 4
cm™' resolution between 4000 and 400 cm™'. The scanned data were processed using Spectra Manager

software (Jasco Co., Tokyo, Japan).
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5.2.10 Rheology: The rheological property of the organogel was analyzed by using Physica MCR-301
(Anton Paar, Austria) rheometer. The storage modulus (G’) and loss modulus (G”) of the organogel were
characterized. The rheological experiment was conducted at a temperature of 37°C in cone-plate

geometry, with a cone angle of 1°.

5.2.11 Optical Absorption: Synthesized peptide (Ff);-OH was dissolved in HFIP to prepare the stock
solution. Subsequently methanol was added to obtain the desired concentrations (0.05, 0.5, 1, 2, 4
mg/mL). All five concentrations were analyzed for optical absorption. Experiments were carried out in

Agilent Carry 60 UV-Vis spectroscopy.

5.2.12 Photoluminescence Emission (PL) and Photoluminescence Excitation (PLE): The
PL and PLE spectra of the different concentrations of the peptide were carried out in Jasco
Spectroflourometer. The PL was recorded at excitation wavelengths of 252, 258 nm and PLE was

recorded at emission wavelengths of 282, and 290 nm.

5.3 Results and Discussion

5.3.1 Modeling and simulation of (Ff);-OH peptide: The conformational possibilities of the
phenylalanine residue (F) in a diphenylalanine (FF) peptide can be understood from Figure 5.1. A typical
amino acid can broadly adopt any three ¢, \ basins in a Ramachandran diagram (Figure 5.1(B)); a p basin
extending up to the polyproline II helix region (basin 1), a right-handed a-helical basin (basin 2) and a
left-handed (LH) a-helical basin (basin 3). Two diphenylalanine (FF) monomeric units can in principle
have nine geometric combinations, with each phenylalanine residue adopts any one of the three
conformational basins (Figure 5.1(C)). For favorable quadrupole interactions, the distance between two
benzene rings should be in the range 4.0 to 6.0 A, with an equilibrium distance of 4.96 A, where it has a
maximum energetic advantage of 3—4 kcal/mol. This distance can be achieved only by a (13) combination
of Ramachandran geometric basins for first and second phenylalanine residue, and interestingly this basin
combination is observed in the crystal structure of FF nanotubes solved by Gérbitz (CCDC 16340).2% A

detailed explanation of these geometrical calculations can be found in an earlier published work.'*
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Figure. 5.1 (A) Chemical structure of FF Peptide. (B) Ramachandran map depicting allowed basins 1-3, and
(C) their respective combinations for FF peptide. (D) Representative image of the distance between geometric

centers of two benzene rings in FF peptide.

The QDs behaviour of FF molecule is primarily facilitated by this geometric combination. In an extended
phenylalanine system, this distance can be achieved by alternating the phenylalanine residues in the two
B basins corresponding to L and D chiral amino acids (Figure 5.1(C)). A typical (¢, {) combination of (-
120, 120) for L-Phe and (120, -120) for D-Phe will have an average of 5.28 A between the two CB atoms
of consecutive phenylalanine residues. This combination is stabilized by favorable short range and long
range electrostatic interactions of a typical polypeptide chain.?® To verify the stability of alternating beta
basin combinations of a typical extended phenylalanine system, we performed molecular dynamics
simulations of (Ff);-OH peptide for 50 ns. The average FF backbone geometrical combination of the
largest cluster, suggests (¢, V) backbone dihedral angles alternating between the f basins of L and D chiral

amino acids, suggesting the stability of the designed structure with phenylalanine side-chains positioned
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at geometrical distances within the limits of favorable quadrupole interactions, thus forming an extended

7-7 interaction network (Figure 5.2,5.3and 5.4, Table 5.1).

Molecular Dynamics simulations were repeated in methanol, to objectively compare the results. The
RMSD and Rg of structures sampled (Figure 5.3) during the course of MD, is qualitatively similar to the
results in water. Average structure of the largest cluster of both (FF); (Poly L) and (Ff); suggests high
degree of structural similarity. This confirms the observations of our earlier investigations on the interplay
of short range and long range electrostatic interactions in modulating peptide conformations (Table
5.1).2 It confirms how, peptides with favourable long and short range interactions (as in the case of (Ff);)
becomes insensitive to the stimulus (solvent in this case), while poly-L (FF); peptide having
countervailing short and long range interactions becomes sensitive to the stimulus. The significant
decrease in the number of clusters sampled by (Ff); during the simulation of both hexamer peptides
further confirms this theory. The Gibbs free energy landscape of both simulations presents a distinct
Global Minimal Energy Conformation (GMEC) for (Ff);, while energy landscape of (FF); peptide is not

showing any clear conformational directive (Appendix 1).
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Figure 5.2. Radius of gyration suggesting the folded conformation of (Ff)3-OH peptide. Root mean square
deviation (RMSD) as a function of time is shown. Cluster analysis based on RMSD with respect to the starting

structure, suggesting 85.8% of structures are populating the largest structure.
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Figure 5.3. Radius of gyration (Rg) and RMSD of (Ff)3-OH in methanol.
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Figure 5.4 Average structure of the largest cluster in an RMSD based cluster analysis. (A) (Ff)3-OH in water,
(B) (Ff)3-OH in methanol, and (C) (FF)3-OH in methanol

Table 5.1. ¢,y dihedral angle combinations of the largest cluster

Water Methanol

Residue P b 4 () b 4

Phe -1 -118.193 101.98 -144.936 125.8458
(D) Phe -2 87.36 -117.04 67.30651 -109.814

Phe -3 -114.339 84.69 -119.77 82.20351
(D) Phe -4 85.06 -99.69 81.62392 -97.2331

Phe -5 -121.07 74.13 -136.15 81.19471
(D) Phe -6 116.04 -132.154 110.0318 -112.387
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5.3.2 Characterization of synthesized (Ff);-OH peptide organogel: HPLC and MALDI-TOF
spectra of the synthesized peptide is shown in Figure 5.5. Secondary structure was analyzed by CD and
FT-IR spectroscopy (Figure 5.6).CD spectra shows a positive peak at 195 nm, and negative peaks near
212 and 226 nm. It suggests that (Ff);-OH peptide majorly constitute the gramicidin B helical
conformation. CD spectra of Gramicidin A was recorded for comparison which shows a positive peak at
195 nm, and two negative peaks at 210 and 230 nm. Gramicidin A is a syndiotactic peptide having typical

T p) or gramicidin P helical conformation.
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Figure 5.5 (A) HPLC chromatogram of the synthesized peptide. Chromatogram was recorded at 210 nm (black
solid line) and 254 nm (red line). (B) MALDI-TOF spectra of synthesized peptide. Observed molecular mass
(901 Da) was found equivalent to the expected molecular mass (901.05 Da). Na* (924 Da) and K* adducts (940

Da) were also observed.

Secondary structure of (Ff);-OH peptide was also verified by FT-IR spectroscopy. Information about the

secondary structure of the peptide is derived from the analysis of strong amide-I band. The amide-I band
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arises predominantly from the C=0 stretching vibrations of the amide group and shows absorption in the

region 1600-1700 cm™.
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Figure 5.6. (A) Chemical structure of (Ff)s-OH peptide. Capital letter denotes L- amino acid, and small letter
denotes D-amino acid. (B) Designed structure of (Ff)s3-OH peptide. (C) Ramachandran plot of designed peptide,
with geometrical basins alternating between L and D chiral regions, (D) CD spectra of (Ff)3-OH peptide showing
a positive peak at 195 nm, and negative peaks at 212 and 226 nm. (E) CD spectra of Gramicidin A showing a
positive peak at 195 nm, and two negative peaks at 210 and 230 nm. CD results suggest that overall
conformation of the (Ff)s-OH peptide may be similar to that of Gramicidin A. (E) FT-IR spectrum of synthesized

peptide confirming {3 structure

FT-IR spectra of (Ff);-OH peptide shows dominant peak position at 1632 cm™ which is in the signature

region of P structures.’'* Peak at 1548 cm™ attributes to amide-II absorption band.*'* Spectroscopic
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analysis indicates odd and even numbered phenylalanine residues alternating conformational basins of §
structures of L and D chiral amino acids resulting in a tube like architecture similar to that of a Gramicidin
helix, already reported by Ghadiri and co-workers. FESEM analysis of (Ff);-OH peptide showed
formation of nanostructures that self-assemble to form nanofibers as reported earlier (figure 5.8).1* AFM
analysis showed nanospheres formation which self-assembled to form fibers (Figure 5.7 A). Further Self-
assembly of nanospheres to form nanofibers is elaborated by FESEM analysis and shown in Figure 5.8. At
higher concentration (8mg/mL), peptide self-assembled to form organogel (FESEM analysis, Figure 5.7
(C)), which was subsequently verified by rheology experiments (Figure 5.7 (E)).
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Figure 5.7. FESEM images of (A) (Ff)3-OH peptide, (B) (Ff)3-OH organogel. (C) DLS analysis, and (D) Rheology

of (Ff)3-OH organogel. Solid black line represents storage modulus, and red line represents loss modulus
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The visco-elastic property of organogel was characterized by frequency sweep analysis. The storage
modulus (G”) and loss modulus (G”) were measured with a fixed strain constant, at 1%. As shown in figure
5.7 (E), the storage modulus (G’) and loss modulus (G”) were observed in the range between 0.1 to 100
rad/s. Storage modulus of the synthesized peptide was found to be in the order of 10%, which is similar to
the previously reported peptide hydrogel.*'¢ The synthesized organogel exhibited higher G' (solid-state
property), compared to G" (fluid-state (sol) (Figure 5.7 (E)), validating a semisolid-like physical state.
DLS was performed to determine the particle size. The size distribution of the peptide is shown in Figure

5.7 (D), and single peak corresponding to the hydrodynamic diameters 2.16 nm was observed.

Nanospheres self-assembled
to form fibers

Figure 5.8. FESEM images of (Ff)3-OH peptide at different magnification confirming nanofibers formation by
self-assembly of nanospheres; (A) 15K (B) 30K (C) 35K (D) 75K (E) 200K (F) 300K

5.3.3 Validation of Quantum dots: The optical absorption (OA) spectra of the peptide, recorded for
different (Ff);-OH concentrations (Figure 5.9 (E)), has multiple peaks in 240-300 nm range. The

position of the individual peak and the spectral structure of the optical absorption curves do not change,
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but the intensity of the peaks increases with increase in peptide concentration. In a semi-conductor,
electron hole pairs can be created by irradiating the sample with electromagnetic radiations having photon
energy larger than the energy gap of the semiconductor.’'” The number of electron hole pairs generated
will be dependent on the number of absorbed photons, decided by the number of available states, given
by the density of states function.’'®* The quantum efficiency of this process will more close to unity, if the
energy of light is more than the band gap energy. The recorded optical absorption spectra (Figure 5.9 (E))
have identical spike-like spectral signatures, supporting QD formation. The Photoluminescence emission
(PL) and Photoluminescence excitation (PLE) spectra of the peptide at different concentrations are
shown in Figure 5.9. At low concentrations, when no nanostructure is formed, the PLE spectrum is wide
with multiple peaks. As the concentration increases, more basic building blocks self-assemble triggering
epitaxial growth forming nanospheres (which self-assembled to form nanofibers), which results in sharp
PL and PLE peaks. We observed that both OA and PLE spectra are identical and their peaks are located
at263nm (4.71 eV),258 nm (4.80 V), 252 nm (4.91 eV), and 248 nm (4.99 €V). The experimental data
shows that the peak at 263 nm has the highest intensity (Figure 5.9 (A), (B)). Intensity of other PLE peaks
declines gradually. As explained, the intensity of the absorption peaks decreases with increase in band gap
energy. Such absorption and PLE behavior is observed when the excited electron interacts with lattice
vibrations.'® The energy interval between the resulting maxima is equal to the phonon energy hw,,, =
0.08 - 0.11 eV, which actively interacts with the excitons.'®® By following the PLE spectrum, we can clearly
observe the high intensity exciton peak at 263 nm, followed by distinct nanostructure formation. The
formation of the narrow peak is a direct evidence to the crystallinity in the nanostructures.>” The optical
properties of QDs critically depend on their size. From the OA and PLE spectra, we can calculate the

dimensions by using theoretical model of organic QD."'*® The electronic structure of the exciton is

defined by

me
M
R=mrd |— M
w o EY (1)
moes, R,
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2
Where, R is the QD radius, and 75 = mheZ = 0.53 A is the Bohr radius of hydrogen atom , and m, is the
0
4
free electron mass, R, = %= 13.56 eVis the Rydberg constant, u = (T::e_::h) is the reduced exciton
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Figure 5.9. PL spectra of (Ff)3-OH peptide at the excitation wavelengths (a) 252 nm and (b) 258 nm. PLE
spectra of the peptide at emission wavelengths (c) 282 nm and (d) 290 nm. (e) Optical absorption spectra at

different concentrations.
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mass, m, and my are the effective mass of electron and hole, M = (m, + my,) is the translational mass

of exciton, €. is the high frequency dielectric constant of the QD, and E, SxDis the exciton binding energy.

Due to the lack of known electronic parameters of the (Ff);-OH building blocks, we have used the
refractive index of the similar benzene crystal, with n = 1.5,**° for calculating e... This defines .= n*=

2.253.

In the case of QD, the main peak or high-intensity peak in PLE represents a phononless excitation of the
electron in excitons. The other less intensity peaks, is reported as the interaction of the excited electron
with the lattice vibrations (or phonons).*?! Thus, other peaks are a result of phonon replicas. Larger the
energy interval, less will be the intensity of the peaks and the energy gap gives the phonon energy hwph.
The peak position where the continuous absorption starts (rises) gives the energy for breaking of binding

exciton state, iwion. The energy difference between Aiwion and the phononless band hwg gives the
exciton binding energy ng :
hw;on = 5.060 eV (245 nm)

hwd = 4.714 eV (263 nm)

ESP = 5.060 — 4.714 = 0.346 eV

The effective masses of electrons and holes are almost equal and close to 0.5m, **2. Consequently, p =
1/2m. = 0.25my, and M = my. The radius of QD can be estimated by using equation (1) and estimated as

R = 1.07 nm. This value seems reasonable and consistent with QD sizes found by other methods in

different materials.???

5.4. Calculation of Quantum dot radius: The energy difference between hw;,, and the

phononless band hy gives the excitation binding energy E p

hwd = 4.714 eV (263 nm) (2)
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ngD = hwjon — h(‘)g
QD _ -
E; =5.060—4.714 = 0.346 eV

hw;p, = 5.060 eV (245 nm)

Then radius of the QD can be calculated by using formula

)
R mrd | M
E2P
B Eex
mees, R,
h? 2 I8 . L
Where, 75 = — 8 = 0.53 A is the Bohr radius of hydrogen atom, and m, is the free electron
0
mass
R, = moet _ 13.56 €V is the Rydberg constant
y = Spz== 1} ydberg ant,
n= (T;ne::l ) is the reduced exciton mass, m. and my, are the effective mass of electron and hole,
e h

M = (m, + my,) is the translational mass of exciton,
€. is the high frequency dielectric constant of the QD

We have used the refractive index of the similar benzene crystal, with n = 1.5,%* for calculating ...

This defines €..= n?>=2.253

m
m, = — and n= —
2
So,
0.5m,
n= > = 0.25m,

Replacing these values in the equation (1),
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1
0.25m, 0.346

me(2.253)2 _ 13.56

R = m(0.53)

R=10.7Aor1.07 nm

5.5 Conclusions

A molecular self-assembly is an emerging tool in the synthesis of functional nanoscale structures. Among
different self-assembling molecules, peptides are interesting building blocks for the construction of
supramolecular assemblies. Amino acids, the basic building block of peptides, provide great diversity
depending on their side-chain properties. The supramolecular assembly is governed by noncovalent
interactions such as hydrophobic interactions, 7- 7 stacking and van der Waals interactions. Naturally
occurring peptides and proteins are generally made of amino acids of poly L chirality. In such
polypeptides, conformational stability is not very significant. Therefore, proteins and polypeptides hops
from one conformation to another, with small variations in temperature, pH or any such external stimulus.
Unlike in poly L chiral isotactic polypeptide sequence, alternating L,D syndiotactic peptides have their
short range and long range electrostatic interactions complementing each other, contributing to their
overall stability.”® This offers the much needed stability in retaining the designed backbone conformation,
which facilitates the optimum geometric positioning of phenylalanine side-chains. (Ff);-OH is a classic
example of syndiotactic polypeptide, folding to a helical architecture (gramicidin helix), facilitating an
extended phenylalanine network forming quantum confinement. This further validates our earlier efforts

in tuning the basic building block geometry, for the development of new nano-assembled materials.*
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6

Ultrashort Antimicrobial Peptide Hydrogels

Hydrogel Antimicrobial efftect

Molecular self-assembly of simple building blocks may lead to the fabrication of complex and ordered
structures at nano-scale, thus, offering new functional supramolecular systems in biology and material
science. We report three tripeptide hydrogels formed by the aromatic interactions between Fmoc and
phenylalanine amino acid side chain. Hydrogelation properties were verified by rheology experiments.
The hydrogels formed were further evaluated for their antimicrobial properties, with a long term goal of

using them for the treatment of diabetic ulcers.
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6.1 Introduction

Among different self-assembling molecules, peptides are an exciting option for the construction of
supramolecular assemblies because amino acids, that constitute peptide molecules, provide great diversity
depending on their side-chain properties.’** These bioinspired nanostructures are attractive due to their
biocompatibility, ability for molecular recognition, and ease of chemical modification. The
supramolecular organization of peptide assemblies is modulated in molecular designs by exploiting the
hydrogen-bonding properties of amino acid residues, their hydrophobicity,*** and amino acid chirality.**
Short peptides have some unique advantages such as good biocompatibility and low immunogenicity,
while we consider them for designing functional biomaterials.*”” Recent seminal works suggests that short
peptides bearing aromatic group at their N-termini have great propensity to self-assemble, forming stable
hydrogels.*?® N-terminal modifications with Fluorenylmethyloxycarbonyl (Fmoc) group-containing
amino acids, have also been investigated for their ability to form hydrogelators. These hydrogels have
physical and mechanical properties, comparable to those formed from longer peptides and covalently
cross-linked polymers.*” Janmey and co-workers reported the formation of hydrogels from Fmoc-
protected dipeptide, Fmoc-Leu-Asp,'® and this study caught the attention of researchers in designing

short peptides, that can potentially form stable hydrogels.

The use of hydrogels has gathered significant interest in developing drug delivery vectors for anti-infective
applications. Hydrogels have been established as frequent biomaterials for the infection treatment and
wound dressing.**® Hydrogels are highly desirable for such applications because of their similarities to the
host's extracellular matrix, providing improved biocompatibility, high water content, and fibrous
architecture to support cell attachment and growth.* Antimicrobial peptides have been studied
extensively as a new class of drugs. The self-assembling peptide hydrogels with inherent antimicrobial
ability have recently come to the fore. Charge density of self-assembled peptides at the bacterial
membrane surface and charge-to-surface area ratio are the important factors deciding optimal membrane

interactions, enabling detergent-like effect, forming membranous pores in the bacteria leading to bacterial

death, 33233
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Single Fmoc-protected amino acids, Fmoc-F ?* and Fmoc-L,*** have shown selective antibacterial activity
against Gram-positive bacteria when mixed to form hydrogel co-assemblies. However, no activity was
reported against Gram-negative bacteria P. aeruginosa and E. coli. Cell wall and membrane disruption
were thought to be the primary mode of action for these peptides. However, Thakur and co-workers have
reported the efficacy for Fmoc-F hydrogels against S. aureus, including methicillin-resistant strains.”> They
postulated that the antibacterial activity of Fmoc-F is due to the release of solubilized Fmoc-F fragments
from the hydrogel. At higher micelle forming concentrations, Fmoc-F was shown to trigger osmotic and

oxidative stress in Gram-positive bacteria to alter its membrane integrity.

Although limited, these studies have prompted us to work towards the synthesis of new Fmoc- based
antimicrobial peptides. In this study we have synthesized three ultrashort peptides Fmoc-FFH, Fmoc-
FHF, and Fmoc-HFF. We designed histidine (His) containing short peptides or amphiphilic histidine
derivatives as basic building block. His shows cation-pi interactions and 7-7 interactions with aromatic
amino acids such as phenylalanine. His containing peptides can be functionalized with aromatic moieties

326 or aromatic

including 9-fluorenylmethyloxycarbonyl (Fmoc) group as N-terminal capping group,
amino acids to promote self-assembly by exploiting the directional nature of 7-x interactions along with
hydrogen bonding and hydrophobicity. Furthermore, His containing peptide amphiphilic building blocks

have been developed to acquire pH-sensitivity in the self-assembly of aromatic imidazole side chains.**

6.2 Experimental Procedures

6.2.1 Materials: All peptides were synthesized manually by Solid Phase Peptide synthesis (Fmoc
chemistry). Fmoc protected amino acids were used for peptide synthesis. Nova PEG Rink amide Resin
was purchased from Nova Biochem. Amino acids, piperidine, 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium  hexafluorophosphate (HBTU), Hydroxybenztriazole (HOBT), N, N-
Diisopropylethylamine (DIPEA), trifluoro acetic acid and phenol were purchased from Sigma Aldrich.
Triisopropyl silane (TIPS), and HFIP were purchased from TCI chemicals. Human serum was purchased

from Sigma Aldrich.

6.2.2 Peptide synthesis and characterization: Peptides were synthesized by SPPS at the

micromolar (uM) scale. The resin was soaked overnight before Fmoc removal using 20% piperidine. After

97
TH-2916_166106003



Chapter 6. Ultrashort Antimicrobial Peptide Hydrogel

adjusting the pH to 7, the resin was incubated for 1h with activated amino acids along with DIPEA. N, gas
was purged for 3-5 minutes, for complete mixing and removal of moisture content. For each amino acid
attachment, coupling was repeated twice. The whole process was repeated until all the amino acids in the
designed sequence were attached to the resin. Cleavage of the peptide from the resin was carried out using
a de-protection reagent cocktail with, TFA, phenol, water, and TIPS in the ratio 88:5:5:2, and kept for 4
hours. After 4 hours, the deprotection mixture was allowed to precipitate in ice-cold diethyl ether by
passing through glass wool. The peptides obtained after filtration was washed with diethyl ether. In each
step, peptide was collected in ice-cold diethyl ether and incubated for 30 minutes followed by
centrifugation at 3000 rpm for S minutes. The centrifuged peptide was washed with ether after vortexing,

and incubated for 20 min at room temperature.

6.2.3 Purification and Characterization of peptides: The purity of peptide was checked by HPLC
(Shimadzu, LC 20AD) and Mass Spectrometry (MALDI-TOF and ESI-MS). HPLC was performed by
running a gradient of 10 % Acetonitrile in MQ water to 100 % Acetonitrile at a flow rate of 0.5 mL/min,
using a C-18 reverse phase column. ESI (Electrospray ionization) mass spectrometer was used to

characterize the mass of the synthesized peptide.

6.2.4 Preparation of peptide hydrogel: Peptide was completely dissolved in a minimum volume of

HFIP, and then phosphate buffer (pH 7.4) was added to get 2% gel.

6.2.5 Morphological characterization of hydrogels: FESEM analysis was performed using a Zeiss
Sigma-300 FE-SEM instrument. Hydrogel samples were loaded on a glass slide and air-dried. AFM

analysis was performed in Asylum MFP-3D AFM instrument.

6.2.6 Fourier Transform Infrared Spectroscopy (FT-IR): FT-IR spectra were recorded in a

Shimadzu IR Affinity-1S Fourier transform infrared spectrophotometer in the attenuated total reflection
(ATR) mode. Peptide hydrogels were deposited (10 pl) on the crystal and allowed to air-dry. ATR-FTIR

spectra were recorded at a resolution of 4 cm™, and an average of 20 scans were recorded for final spectra.

6.2.7 Thioflavin T fluorescence assay: ThT binding assay was performed by mixing 7.5 pL, 1 mM

peptide to a solution of 10 uM ThT in 25 mM sodium phosphate buffer at pH 7.4. ThT fluorescence was
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recorded at 482 nm (emission slit width = 5 nm) for 60 s at regular time intervals on a spectrofluorometer
(Jasco FP 8500) at 25 °C, using a 1 cm path length quartz cuvette (Helma, Sigma-Aldrich). The excitation

wavelength was set at 450 nm (slit width at 2.5 nm).

6.2.8 Characterization of hydrogels: Peptides were dissolved in a minimum volume of HFIP (20 mg
in 20pL of HFIP) and phosphate buffer (25mM) was added to obtain different concentrations. Hydrogel
formation was checked by tube inversion test. To optimize the pH for hydrogel formation, peptides were
dissolved with different phosphate buffer pH ranging from 5.8 to 10. Hydrogel formation was validated

by tube inversion test.

6.2.09 Rheological study of hydrogels: Rheological analysis of hydrogels was carried out using a
rotational rheometer, Physica MCR301 (Anton Paar, Austria). All experiments were performed through
a cone-plate geometry, SO mm diameter cone (1° angle) and parallel plate while the gap between cone and
plate during experiments was kept at 0.1 mm. The temperature was maintained at 25°C by a heating and
cooling system, and a Peltier system. The amplitude sweep tests were carried out at constant frequency
(1Hz) to determine the linear viscoelastic region (LVE) where gel-sol transition occurs and storage
modulus crossover the loss modulus. The frequency sweep test was carried out in the range of angular
frequency from 0.1 to 100 rad/s at constant strain corresponding to under LVE region. The self-healing
property of peptide-based hydrogels was examined by a step-strain dependent rheological experiment.
The strain was varied from low shear strain 0.1% to deforming strain 300%, followed by recovering at low

shear strain. In each step, the strain was employed for 200s and step-strain cycle was repeated three times.

6.2.10 Serum stability Test: The serum stability assay of the designed peptides was performed using
HPLC.>* For this, 100 pl of peptides (1 mM concentration) were mixed with 100 pl of 100% human
serum (sterile; Sigma) and incubated for 2 h at 37 °C at 150 rpm. After 2h, 100 pl of 0.6% trichloroacetic
acid was added to precipitate serum proteins. The samples were kept at 4°C for 15 min, and then
centrifuged at 13,000 rpm for S min. The supernatant was collected, and 20 pl was injected to the HPLC

column (Shimadzu, LC 20 AD). Procedure was repeated for control experiments.

6.2.11 Antimicrobial Assay: Antimicrobial assay was performed with Gram-positive ( Staphylococcus
aureus, strain MTCC 96) and Gram-negative (Pseudomonas aeruginosa, strain PAQ1) bacteria.
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Hydrogels for antibacterial assays were prepared in separate wells of 96-well tissue culture treated
polystyrene plates. Hydrogels were allowed to incubate at 37°C for 2 hours. Following incubation,
hydrogels were equilibrated with 200 pL Nutrient Broth media (N.B. media) overnight at 37°C. Before
the assay, N.B. media was removed from the top of the hydrogels and replaced by 100 pL of fresh Nutrient
broth. Bacterial stock solutions were quadrant streaked on a nutrient agar plate, followed by incubation at
37°C overnight. After sufficient colony growth, a single colony was transferred to a fresh broth and
incubated overnight at 37°C. 10 pL of this culture was used to inoculate the working solution of cells to be
used at their log phase. The optical density of this suspension was adjusted to O.D. = 0.1 a.u,, resulting in
10® colony forming units (CFU/mL) bacterial stock solution. 100 pL of this culture was introduced to the
surface of the hydrogels and serial dilutions (1:10) were performed across the plate and incubated for 24
hrs at 37°C. Readings were recorded at 600 nm, and each experiment was performed in triplicate with

control.

6.2.12 Membrane disruption analysis by FESEM: Mid-log phase cells (10%) were treated with
peptide hydrogels and incubated at 37 °C. Incubated cells were centrifuged at 5000 x g for S minutes.
Obtained pellets were treated with 2.5% glutaraldehyde and incubated at 4 °C for 3 hours. Subsequently,
cells were centrifuged again at 5000 x g for 5 minutes. Bacterial cells were washed twice with phosphate
buffer (pH 7.4), and loaded on a glass coverslip. The loaded samples were washed with deionized water

and ethanol gradient ranging from 30-100%. Samples were air-dried, sputter-coated with platinum, and

analysed using FESEM.

6.2.13 Determination of intracellular Reactive Oxygen Species (ROS) generation: The
intracellular ROS generation was measured using 2,7-dichlorodihydrofluorescein diacetate (DCFH-2-
DA) as described earlier.?? Bacterial cells were grown to mid-log phase and 200 pL of bacterial cells (10°
CFU/mL) were incubated with peptide hydrogels. Each samples were incubated with SuL of DCFH-2-
DA at 37°C for 3 h. After 3 h, fluorescence emission (Aem) was recorded at 523 nm by exciting the samples
at 503 nm (Aex). The increase in the fluorescence intensity was calculated by using the formula

(F-Fp)
0

Fold increase =

Where F is the final fluorescence intensity, and Fy is the initial fluorescence intensity.
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6.2.14 Outer membrane permeabilization Assay: Outer membrane permeabilization assay was
performed on Gram-negative bacteria Pseudomonas aeruginosa, by monitoring 1-N-
phenylnaphthylamine (NPN) uptake. NPN is a non-polar probe that exhibits enhanced fluorescence in a
hydrophobic environment.*” Mid-log phase Pseudomonas aeruginosa cells were grown and washed twice
with phosphate buffer (pH 7.4). Washed cells were diluted with phosphate buffer to a concentration of
10® CFU/mL, and incubated with peptide hydrogels. After 2 h of incubation, cells were transferred to
cuvette and 8uL of NPN (final concentration 10 uM) was added. Fluorescence emission (Aem) was
recorded at 425 nm by exciting the samples at 356 nm () using spectrofluorometer (Jasco FP 8500).
Polymyxin B (10 pg/mL), a known outer-membrane permeabilizing agent, was used as a positive

control.3%

6.3 Results and Discussion

6.3.1 Design, Synthesis and Characterization of peptides: In the designed sequences, the
phenylalanine moiety is important for gelation because it facilitates the 7 stacking through the
phenylalanine side-chain. Tripeptides Fmoc-FFH, Fmoc-FHF, and Fmoc-HFF were synthesized by solid
phase peptide synthesis, purified by reverse phase HPLC and verified by mass spectrometry (MALDI-
TOF) (Figure 6.1). The hierarchal self-assembly of the synthesized peptides was controlled by the
hydrophobic sidechains, peptide backbones with different hydrogen-bonding abilities, and the

hydrophilic imidazole sidechain of Histidine.

6.3.2 Secondary structure determination and ThT fluorescence assay: The secondary structure
of the peptide was analyzed using FT-IR spectroscopy (Figure 6.2). The analysis of peptide IR spectra is
based on correlations of characteristic amide I (amide C=0 stretch, 1600-1700 cm™) band frequencies
with structure. The FT-IR spectra of the synthesized peptide hydrogels show dominant peak position in
1632-1635 cm™ range which is the signature region for p structures. The peak at 1548 cm™ attributes to
amide-II absorption band. The values found for the amide I band for these hydrogels are in the range of

1636-1641 cm™ and for amide II, the values are in the range of 1539-1566 cm™. These frequency values
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Figure 6.1. Characterization of synthesized peptides; (A) chemical structure of the designed sequences, (B)
HPLC chromatogram of the synthesized peptide, and (C) Mass spectrum for primary characterization by
verifying the mass of the synthesized peptide.

suggest an aggregation model similar to the B-sheet arrangement found in peptides.’® Thioflavin T (ThT)
assay was performed to determine the presence of B structures that can potentially form amyloid like
fibers. Thioflavin T, a benzothiazole dye, binds to the hydrophobic grooves of the fibril's surface

102
TH-2916_166106003



Chapter 6. Ultrashort Antimicrobial Peptide Hydrogel

composed of p-sheet. The free ThT molecules show weak fluorescence in aqueous solution. In the
presence of fibrils, it intercalate between the grooves present on the solvent exposed side chains of the
fibrils.** The mechanism of fluorescence enhancement after binding to fibrils is attributed to the
immobilization of C-C bond connecting the benzothiazole and aniline ring after binding to the fibrils,

resulting in enhanced fluorescence intensity.**!
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Figure 6.2 (A) FTIR analysis of peptide hydrogels suggesting (3 structure. B, C,and D showing ThT fluorescence
spectra of the three peptides, Fmoc-FFH, Fmoc-FHF, and Fmoc-HFF respectively

The intensity of fluorescence is directly proportional to the extent of fibrillogenesis. All the designed
peptides displayed marked enhancement in fluorescence after binding to the ThT dye, confirming the

presence of beta fibrils. (Figure 6.2 B,C, and D).>#
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6.3.3 Characterization of hydrogel formation: Peptides were dissolved in phosphate buffer (pH
7.4) at different concentrations, and gelation was observed by tube inversion test (Figure 6.3A). The
results are summarized in table 6.1, which shows that the gelation starts at 1% concentration (w/v), and

immediate hydrogel formation was observed at 2% concentration for all the peptides.

(A) Concentration dependence (B) pH optimization for
of gelation gelation

Fmoc-FFH

Fmoc-FHF

Fmoc-HFF

Figure 6.3. (A) Concentration dependence of Hydrogelation (concentration of peptides: from left to right;
500pM, 1ImM, 2mM, 4mM, 8mM, 16mM, 32mM). (B) Optimization of pH for hydrogel formation (pH of peptides:
from left to right; 5.8, 6.7, 7.4, 10).

Temperature, solvent system, and pH of the solvent will also affect hydrogelation. We tested the effect of
pH on hydrogel formation within the buffering range of phosphate buffer (pH 5.8 to 8.0). No hydrogel
was formed at pH 5.8, and 6.7 whereas, gelation is observed at pH 7.4 (Figure 6.3 B, Table 6.2.). The pKa
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of Fmoc-F is approximately 3.5.3* Therefore, the peptide is negatively charged at the gel forming pH of
7.4. It may be postulated that the negative charge may cause an electrostatic repulsion and inhibit self-
assembly. However, as reported in the case of Fmoc-F, there is an apparent increase in pKa of this
molecule due to its more hydrophobic nature, which puts the charged carboxylate group in a hydrophobic
environment.*** Similarly, it might result in more neutral species of Fmoc-F at pH 7 than the anionic ones.
Moreover, assembly formation at pH 7 hints towards the possibility of major contribution from
hydrophobic interactions, superseding the electrostatic repulsive forces that impede gel formation. The
gel forming ability changes with pH, and this was confirmed by treating hydrogels with IN HCl and 1IN
NaOH (Figure 6.4).

(A) Fmoc-FFH

After adding 1N NaOH
v

Figure 6.4 Dependence of hydrogelation property with pH switch. Hydrogels lose their gelation property in

acidic pH but regained again when switched to basic conditions.
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Table 6.1. Determination of gelation concentration for peptide hydrogels

Concentration Concentration % (w/v) Gelation Property
500 uM 0.03125% No gel formation
1 mM 0.0625% No gel formation
2mM 0.125% No gel formation
4mM 0.25% No gel formation
8 mM 0.5% No gel formation
16 mM 1% Gel formation
32 mM 2% Immediate Gel formation
Table 6.2. Eftect of pH on gelation
pH Gelation Property Gelation time
5.8 No gel formation 2
6.7 No gel Formation -
7.4 Gel formation Immediate
10 Viscous solutions -

6.3.4 Morphology of peptide hydrogels: FESEM and AFM images of nanostructures formed by

peptides are shown in Figure 6.5. FESEM analysis showed that hydrogels are in fibrous form, which was

further validated by AFM.

TH-2916_166106003
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Figure 6.5. Morphology of hydrogels confirmng fibrous structures by (A) FESEM and (B) AFM

6.3.5 Rheology of peptide hydrogels: The rheological analysis of the synthesized peptide hydrogels
under different parameters are presented in this section. The self-healing property of hydrogel plays a
pivotal role in tissue engineering and drug delivery applications. During high strain, the self-healing
hydrogel changes into a low-viscous liquid and regains its original structure after removal of high strain. It
also exhibits an appropriate mechanical property to endure the biomechanical loading and allow
temporary support for cells attachment. The amplitude sweep tests were conducted to examine the
physical strength of the prepared hydrogels. The amplitude sweep results provide the storage modulus
(G") and loss modulus (G”) with deforming strain (%).The Linear visco-elastic region (LVE) of hydrogels
was determined by varying the strain from 0.01% to 1000%, wherein the hydrogels can maintain their
physical integrity and return to their original structure once the strain is removed. The gel to sol transition
appears when storage modulus (G’) crossover the loss modulus (G”). The shear-thinning property of the
hydrogels was found to be different as the crossover point of peptide Fmoc-FFH occurred at 15.92%,

while for Fmoc-FHF and Fmoc-HFF, it was found to be 4.05 %, and 3.87 % respectively; beyond this
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strain the network is broken. All remaining rheological analysis were conducted within the LVE region.
The storage modulus represents the solid-state behavior, whereas the loss modulus indicates the liquid-
state behavior of a hydrogel. Intuitively, when the solid-state component is higher than the liquid-state
component (G' > G"), it represents gel-like behavior. The amplitude sweep results are shown in Figure
6.6. All hydrogels show higher storage modulus compared to the loss modulus, thus validating its gel-like

property. Frequency sweep analysis was performed within the LVE region.

(A) Amplitude sweep

105 - Fmoc-FFH 105 - Fmoc-FHF Fmoc-HFF
105 7
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—_ —_ o —_ 10° 7
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" a 10°4 Q100
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(B) Frequency sweep
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Figure 6.6 Rheology of peptide hydrogels; (A) amplitude sweep and (B) frequency sweep of the synthesized

hydrogels. The error bars represent the standard errors of three independent observations.
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As shown in Figure 6.6 B, non-significant change in storage modulus and loss modulus for Fmoc-FHF and
Fmoc-HFF hydrogel was observed in the complete angular frequency range, confirming the strong
mechanical property of hydrogels. In contrast, Fmoc-FFH hydrogel exhibited a significant change in
storage modulus as it increased, with an increase in angular frequency. Overall, storage modulus values
obtained with different peptide-based hydrogels were in the following order: Fmoc-FFH > Fmoc-FHF >
Fmoc-HFF. The storage modulus of the peptide hydrogels was found to be in the range between 32.38
kPa and 9.30 kPa (average value of Fmoc-FHF and Fmoc-HFF). This trend is attributed to increased n-n
interactions in peptides which enhances the mechanical property. The aromatic interaction between
Fmoc and Phenylalanine moieties is mainly responsible for improving the storage modulus, and it

increases with an increase in Phenylalanine content in the peptides.

(A) Fmoc-FFH (B) Fmoc-FHF ©) Fmoc-HFF
1051 105 1 10° 1
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Figure 6.7 Continuous step strain measurements at alternate 0.1% and 300% strains over time, for peptide

hydrogels showing self-healing behavior.

The observed increase in storage modulus with increasing aromatic interactions may also be attributed to
additional entanglement of the peptide chains, resulting in the increase of cross-linking, thereby enabling
the formation of the fiber network. Although the visco-elastic property of the peptide-based hydrogel
plays a crucial role in conserving the structural and physical integrity, it is also crucial in regulating the

viability, morphology, and differentiation of cells. Depending on the mechanical properties of tissues, the
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elastic modulus of mammalian tissue ranges between 0.1 kPa to 10 kPa.**** It has been reported that the
epithelial cells and neurons were proliferated on soft structures, possessing a storage modulus of 0.1
kPa.**"% Hydrogel stiffness has been shown to affect stem cell growth. Considering such property,
endothelial cells were proliferated onto the soft matrix in the presence of conditioned media and formed
capillary-like structures, suggesting the importance of the substrate's mechanical properties for cell
proliferation and triggering its biochemical response.** The mechanical properties observed in our

peptide-based hydrogels show the necessity of such an investigation.

In regenerating tissues, cells continuously interact with the extracellular environment and remodel their
extracellular matrix to carry out various proliferation, differentiation, and migration activities. During
incubation of cells within the hydrogel, the cross-linking of the substrate degrade irreversibly, resulting in
areduction in mechanical strength and poor attachment of cells to the substrate. A new class of hydrogels
was required to address this issue, with optimum cells attachment and proliferation using self-healing
property. Such adaptable hydrogels possess polymer networks with reversible linkage that can be broken
and repaired reversibly without the use of external stimuli. To ensure that peptide-based hydrogels are
adaptive, we conducted rheological recovery tests, which involved subjecting the hydrogel to high
deforming shear and then allowing it to recover at low shear (Figure 6.7). The gel-sol transition of Fmoc-
FFH, Fmoc-FHF, and Fmoc-HFF was evaluated by applying a high strain (strain = 300%, frequency =
1Hz) deforming shear. Variation in the step-strain dependent modulus was analysed between the three
samples. Variation in the sol-gel transition of the hydrogels was attained by applying low strain (strain =
0.1%, frequency = 1Hz). During gel-sol transition, the storage modulus value of Fmoc-FFH reduced from
20.03 kPa to 8.19 Pa, while in sol-gel transition it recovered to 19.61 kPa. For Fmoc-FHF hydrogel, the
storage modulus decreased from 11.27 kPa to 4.85 Pa at high strain and recovered to 11.23 kPa at low
strain. A similar self-healing process was observed for Fmoc-HFF hydrogel, as high strain storage modulus
decreased from 8.31 kPa to 7.91 Pa, and at low strain storage modulus value regained to 8.3 kPa. The rapid
recovery to original micro-network confirmed the self-healing capability of hydrogels without the need

for a healing agent or external stimulus.
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6.3.6 Serum stability of the designed peptide: We have performed the serum stability assay of the

designed peptides using HPLC. The results indicate that none of the peptides were degraded after serum

treatment (Figure 6.8).
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Figure 6.8 Serum stability test of peptides showing stability in the presence of human serum

6.3.7 Antimicrobial potency of designed peptide hydrogels: We have investigated the
antimicrobial potency of the synthesized hydrogels (2%) against Gram-positive (Staphylococcus aureus)
and Gram-negative (Pseudomonas aeruginosa) bacteria. Previous reports of Fmoc based diphenylalanine
hydrogels have shown the antimicrobial effect against Gram-positive bacteria (Staphylococcus aureus)
only.” Our synthesized peptides have shown significant antibacterial activity against both Gram-positive
(Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa) bacteria, though hydrogels are

more effective against Gram-positive bacteria (Figure 6.9). Antibacterial effects of hydrogels were also
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validated by FESEM analysis (Figure 6.10). As shown in Figure 6.10, membrane disruption occurred in
the presence of hydrogels, while no membrane disruption was observed in the control sample. The
mechanism of action of peptide hydrogels could be attributed to a combination of two factors: the
fibrillary B-sheet structure, and the peptide hydrophobicity. Self-assembled FF peptides can bind to the
surface of the bacterial membrane, aggregate, and orient themselves to optimize hydrophilic-hydrophobic
interactions, thus inducing a surface tension leading to membrane depolarization, pore formation and
release of cellular content.**° Antibacterial activity of self-assembled Fmoc-F was attributed to the peptide

release from the hydrogel inducing oxidative and osmotic stress as well as altering bacterial membrane

A 10, B 10,

0.8 -

0.6 -

ODGOO nm

0.4 -
0.2 I

0.0 .
108 107 10° 10° 104 10° 10" 10° 10° 10¢

CFU/mL CFU/mL

== Fmoc-FFH Fmoc-FHF == Fmoc-HFF == Control

Figure 6.9 Antimicrobial potency of peptide hydrogels on (A) Staphylococcus aureus, and (B) Pseudomonas
aeruginosa. For each treatment group, the control and hydrogel treated bacterial cells were compared by Two-

tailed Student's t-test. (*p<0.05, n=3)

integrity.> We haveinvestigated the level of ROS generation in bacterial cells after hydrogel treatment.
Fluorophore 2,7-dichlorodihydrofluorescein diacetate (DCFH-2-DA) was used to measure the ROS

generation. DCFH-2-DA is a cell permeable molecule which diffuses into cells and is de-acetylated by the
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esterases, forming 2,7 dichlorodihydrofluorescein. In the presence of ROS, 2,7-
dichlorodihydrofluorescein oxidizes to dichlorofluorescein (DCF) which is highly fluorescent.
Fluorescence intensity of DCF is used to measure the ROS generation in bacterial cells. We observed
increased ROS generation in peptide hydrogel treated Staphylococcus aureus cells, but we could not get
any significant increase of ROS levels in Pseudomonas aeruginosa (Figure 6.11 A). The increased ROS
level disrupts cellular processes which lead to osmotic and oxidative cellular stress, resulting in bacterial
death.’! Therefore, to investigate the mechanism of antibacterial activity in Pseudomonas aeruginosa, we
performed the outer membrane permeabilization assay. Alternation in the outer membrane
permeabilization was investigated using NPN fluorophore (Figure 6.11 B). NPN weakly fluoresces in

aqueous medium, but exhibits enhanced fluorescence in a hydrophobic environment.

‘ Fmoc-HFF

Pseudomonas
aeuriginosa

Staphylococcus
aureus

Figure 6.10 FESEM analysis describing bacterial membrane disruption after hydrogel treatment. Scale bar

represents 1um scale.

Perturbation of lipid bilayer provides NPN to get into the hydrophobic environment, causing
enhancement in the fluorescence intensity. Significant increase in NPN fluorescence was observed in
Fmoc-FFH and Fmoc-FHF treated samples, confirming bacterial membrane disruption by peptide
hydrogels. A recent study also reported that the antibacterial effect of diphenylalanine is due to the
membrane permeability, and osmotic stress which finally lead to bacterial cell death.’s
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In summary, the antibacterial property of the peptide hydrogels may be attributed to their ability to form
p-sheet self-assembled nanofibers, which aggregates and bind onto the surface of the bacterial membrane,
creating an oxidative and osmotic stress, leading to the death of the bacteria. In contrast to Gram-positive
bacteria, Gram-negative ones have an additional outer bilayer membrane, formed by lipopolysaccharides
and phospholipids, that makes the diffusion of molecules difficult across the membrane and renders them
more resistant to break.’** This may be the reason of lesser activity of peptide hydrogels against Gram-

negative bacteria.
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Figure 6.11 (A) ROS generation in Staphylococcus aureus, and Pseudomonas aeruginosa. (B) Outer membrane
permeabilization assay for Pseudomonas aeruginosa. For each experiment, the control and hydrogel treated

bacterial cells were compared by Two-tailed Student's t-test. (*p<0.05)

6.4 Conclusions

We have synthesized the tripeptide hydrogels by altering position of His amino acids to change the

distance between Phenylalanine and Fmoc moieties. We have evaluated the mechanical properties of
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hydrogels and reported that the storage modulus of hydrogels depends on the aromatic stacking. We have
observed G’ value in the order of Fmoc-FFH>Fmoc-FHF>Fmoc-HFF which may be due to enhanced
aromatic n- interaction between Fmoc and phenylalanine (F) moieties in Fmoc-FFH. Peptide hydrogels
have shown pH dependent switching and self-healing properties, which may be further explored for
targeted drug delivery and tissue engineering. We have shown antibacterial effects of tripeptide hydrogels
on Gram-negative bacteria and to a much greater extent Gram-positive bacteria for potential use against
diabetic foot ulcers and wound healing. The mechanism of action of peptide hydrogels may be attributed
to the osmotic stress developed by Fmoc-F group that alters bacterial membrane permeabilization,
eventually leading to the bacterial death. Bacterial membrane morphology by FESEM also supports this
hypothesis. The peptide hydrogel Fmoc-FFH have shown inherent antimicrobial properties, and may not
require any antimicrobial drugs as active pharmaceutical ingredient. Therefore, the broad spectrum
antibacterial effects of our hydrogels may be explored as topical agents in wound healing, burning area and
diabetic foot ulcers, where it may work in two complementary ways; moistening the affected area and

bactericidal effects.
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Hexavalent chromium ion (Cr (VI)) is one of the most toxic contaminant released in the water bodies by
anthropogenic activities. Despite extensive studies on adsorbents for chromium removal, an effective
optimized solution is still in demand and therefore, new cost-effective adsorbents derived from natural
sources are still an active research area. In this study, we have investigated the application of 1,2-
bis(tritylthio)ethane crystals as an adsorbent for Cr removal. During this investigation using different
hybrid systems, we have serendipitously discovered the utility of human hair as a cost effective natural bio-

adsorbent.

Note: This work was not a part of the designed research project, leading to PhD thesis. We started this
investigation after obtaining 1, 2-bis(tritylthio)ethane crystals while performing solid phase peptide
synthesis. We then followed and systematically investigated the utility of trityl based hybrid systems and
human hair to address the long standing health hazards, resulting from the heavy metal contamination in
drinking water in eastern states of India, Bangladesh and western regions of China. The significance of the

results prompted us to include it in this thesis.
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7.1 Introduction

Over the last few decades, waste water containing significant amount of hexavalent chromium (Cr (V1))
was expelled as industrial effluent, that causes severe threat to the environment because of their mutagenic
and carcinogenic side effects.** In aquatic systems, Cr (VI) present in solution as HCrO,, CrO4? and
Cr,O7*, are toxic to the environment.’** In contrast, Cr (III) present in the solution as Cr**, Cr(OH)¥,
Cr(OH); and Cr(OH),", are less toxic and immobile.>¢ Persistent exposure of Cr (VI) may even cause
certain types of cancer in digestive tract, and lungs.>” Therefore, removal of Cr (VI) from the

contaminated water is an important problem that has to be addresses affectively.

359

Several methods such as chemical precipitation,®® coagulation, flocculation,** and adsorption®*® are in

practice for heavy metal removal. Among them, adsorption is the most frequently used treatment

361

technique.’ Various low-cost adsorbents derived from agricultural wastes,*” natural materials,*®® and

364

modified biopolymers** have been tested to remove heavy metals. However, none of them were very
effective towards Cr removal. Therefore, a cheap, effective and easily available adsorbent is essential for

Crremoval.

Our lab has earlier reported a new organic compound, 1,2-bis(tritylthio)ethane which forms a rare
organic nano-flower.””” We have successfully attempted to verify the possibility of converting this
nano-assembly to a functional hybrid material by coating it with magnetite. The resulting magnetite
hybrid material was examined for their potential utility as nano-adsorbent for heavy metal removal.
Most of the magnetite-based nanomaterials used in the adsorption were surface functionalized or
modified,** which in turn, is a complicated and intensive process. In this study, we have evaluated the
capacity of a hybrid nanomaterial (magnetite coated 1, 2-bis(tritylthio)ethane crystal) for Cr removal.
As an extension of this investigation, we have evaluated the possibility of using different forms of
human hair as Cr removal bio-adsorbent. Earlier published reports have explored human hair as an
adsorbent of oil from wastewater.’ Basu and co-workers have investigated the utility of human hair as a
Cr removal adsorbent by batch experiments.*” We have extended the study by using different physical

form of human hairs and compared their Cr removal efficiency.
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7.2 Experimental Procedures

7.2.1 Materials: All the chemicals and solvents used were of analytical reagent grade. 1, 2-ethanedithiol
was purchased from Sigma-Aldrich. Ferrous sulfate heptahydrate, ferric nitrate, and diethyl ether were
purchased from Merck. Trityl chloride was purchased from Sisco Research Laboratories Pvt. Ltd. Sodium
dichromate dihydrate was purchased from Fisher Scientific. Regents for the pre-treatment of human hairs
(chloroform, diethyl ether, acetone, and methanol) were purchased from Merck. Hair samples were

collected from the local market.

7.2.2 Synthesis and characterization of 1, 2-bis(tritylthio)ethane crystals and magnetite
nanoparticles: The compound 1, 2-bis(tritylthio)ethane crystal was synthesized by incubating trityl
chloride salts with 1,2-ethane dithiol, in the presence of trifluoroacetic acid for 24 h. After 24 h
crystallization and purification were performed using diethyl ether. Magnetite nanoparticles were
synthesized by co-precipitation method, by mixing aqueous solutions of ferrous sulfate heptahydrate and
ferric nitrate. An anionic surfactant was added for stabilization, and the final mixture was heated at 75°C.

Magnetite obtained was washed with distilled water and dried at 60 °C.

7.2.3 Synthesis and characterization of hybrid materials: Synthesis and characterization of
hybrid materials were performed by adapting an already published protocol? In brief, synthesized
magnetite was dispersed at 0.2% concentration of diethyl ether. 1,2-bis(tritylthio)ethane was then added

at a concentration of 0.5 mg/ml. The hybrid materials formed was characterized by Field Emission

Scanning Electron Microscopy (FESEM) using Jeol FESEM (Model: JSM-7610F).

7.2.4 pH stability of 1,2-bis(tritylthio)ethane crystals: To study the stability of 1, 2-
bis(tritylthio)ethane crystals at different pH, crystals were incubated at different pH ranges, from 2 to 10,
for 24 h. After 24 h, stability was checked by studying the changes in morphology by using Jeol FESEM
(Model: JSM-7610F).

7.2.5 Pre-treatment of human hair: Human hair samples were washed prior to the experiment as

described elsewhere.’® Human hairs were cut into small pieces and washed thoroughly with distilled
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water 4-5 times. Washed samples were treated with an equal ratio of chloroform, methanol, acetone, and
diethyl ether to remove extraneous substances. Treated samples were centrifuged at 10,000 rpm for 30
min, followed by supernatant removal and washing with distilled water. The washing process was repeated
at least three times for complete removal of dirt and other extraneous materials and dried at room

temperature.

7.2.6 Modification of human hair: Washed and dried human hairs were pulverized by employing an
earlier reported the protocol.® Washed and dried hairs were cut into small pieces (6-7mm). Pulverization
was performed in a Ball mill apparatus (Fritsch Pulverisette 6). Size of the human hairs were reduced to
3-4 mm after pulverization. Hair powder was obtained by pyrolysis method which was performed in a
muffle furnace at 200°C. Three forms; pulverized hair (PH), hair powder (HP), and raw hair (RH) were

evaluated for their ability to adsorb Cr.

7.2.7 Characterization of human hair: Morphology of the adsorbents was characterized by FESEM
(Jeol, JSM-7610F) before and after the adsorption experiments. The presence of Cr on the surface of the
hair was also analyzed by Energy Dispersive X-Ray Spectroscopy (EDX). Fourier transform infrared (FT-

IR) spectra of the adsorbent were recorded on an FT-IR spectrophotometer in 4000-400 cm ! range.

7.2.8 Adsorption study: To estimate the Cr (VI) adsorption, different parameters, such as the effect
of different adsorbent dose, pH, initial Cr concentration, and contact time were studied. To investigate
the effect of different adsorbent dose, 50 mg/L Cr (VI) solution was added in different conical flasks
containing different doses of human hair (0.5, 1, 2, 3, 4, 6, 8, 10 g/L). Flasks were incubated at 25°C for
10 h at 150 rpm. To analyze the effect of pH, 50 mg/L Cr (VI) solution at different pH conditions (from
2 to 10) was prepared and incubated at 25°C for 10 h. To investigate the effect of different initial Cr
concentration and time, different flasks containing 100 mg of PH, HP, and RH with Cr concentration (10,
20, 30,40, 50 mg/L) were incubated at 25°C, and rotated at 150 rpm for 10 h. Cr solutions were collected
at regular time intervals. Cr concentration was estimated using Atomic Emission Spectrometer (MP AES
4210). The extent of adsorption and adsorption capacity were calculated by using equations 1 and 2,

respectively.

119
TH-2916_166106003



Chapter 7. Heavy Metal Removal by Metal-Organic Systems and Cost Effective Adsorbents

% Adsorption = (Cy — C.)/Cy X 100 (1)

e = (Co —Ce) X V/M (2)

Where, Cy and C. are the initial and final concentration respectively. V and M are the volume of the

solution (in liters) and weight of adsorbent (in grams) respectively.

7.2.9 Isotherm and kinetic studies: Different flasks containing 100 mg adsorbent and Cr (VI)
solution (concentration 10, 20, 30, 40, SO mg/L) were incubated at 25°C, and rotated at 150 rpm for 10
h. Cr adsorption at equilibrium was studied using Langmuir, Fruendlich, and Dubinin-Radushkevich
isotherm model. The rate of adsorption was studied by pseudo-first-order, pseudo-second-order kinetics

and intraparticle diffusion.

7.2.9.1 Isotherm studies: The Langmuir isotherm model is based on the assumption of monolayer
coverage of adsorbate over a homogeneous adsorbent surface. It is described as homogenous adsorption
assuming that all the adsorption site has equal affinity, and adsorption at one site does not affect the
adsorption at an adjacent site.*’”® It is used to describe monolayer adsorption onto the surface of an

adsorbent, and is expressed as follows

Ce_ 1 _ G (3)
de QOb QO

Where C.and g are the concentrations (mg/L) and amount of Cr (mg/g) at equilibrium. Qy (mg/g) and
b (L/mg) are Langmuir constants and related to the adsorption capacity and energy of adsorption,

respectively.’”" The intercept and slope of plot C./q. against C. were used to evaluate the values of b and

Q.

The significant characteristics of Langmuir isotherm can be expressed in terms of separation factor or

equilibrium parameter, R;. It is expressed by the following equation:

_ 1 (4)
R = (1+bC)
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Where C;(mg/L) represents initial metal concentration, and b represents Langmuir constant. Ry gives the
information about the nature of the adsorption process. It is considered unfavorable if Ry > 1, linear if Ry

=1, and favorable if 0 < Ry < 1, and irreversible if RL = 0. 37

The Freundlich isotherm model equation is employed to determine the adsorption on heterogeneous

surfaces, and is characterized by the heterogeneity factor (n).*”> The isotherm is expressed as:

1 (5)
log q. = log Kg + —log C,
ng

Where q. is adsorption capacity at equilibrium (mg/g) and C. is the equilibrium concentration of Cr (VI).
Kr and ny are Freundlich constants where Ky (L/g) is adsorption coefficient and nr indicates adsorption
intensity (dimensionless).** The value of 1/n between 0 and 1 indicates a favorable condition for Cr (VI)

adsorption onto adsorbent surface.

The Dubinin-Radushkevich isotherm model (D-R isotherm) does not assume a homogeneous surface or
a constant biosorption process. D-R isotherm model represents the micro-pore filling.*”* This model

predicts the adsorption process as either physisorption or chemisorption. D-R isotherm is expressed as:

Ing, = InQ,, — K&? (6)

Where Q,, is maximum adsorption capacity (mg/g), K is adsorption energy (mol*/J?). € represents

Polanyi potential, calculated using the following equation:

€ = RTIn(1 + Ci) @

Where R is gas constant (8.314]J/mol/K), and T is temperature. The values of Q» and K were determined

by plotting log (q.) versus €2 The mean adsorption energy, E (kJ/mol), was calculated by the equation:

1 (8)
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7.2.9.2 Adsorption Kinetics: The dynamics of the adsorption process in terms of the order and the
rate constant can be evaluated using the kinetic adsorption data. The kinetics of Cr (VI) removal is

explained by using pseudo-first-order, pseudo-second-order, and intraparticle diffusion model.

According to pseudo-first order kinetic model, the rate of occupied adsorbed sites is proportional to the

rate of unoccupied sites. The pseudo-first-order kinetic equation is given as follows:

9)
bgme—%)=hwqe—5jﬁt

Where q; and q. are adsorption capacities at equilibrium (mg/ g) and K is the pseudo-first-order rate
constant (min?). The values of equilibrium metal concentration q, rate constant k;, and coefficient of

determination (R?) can be obtained by plotting log (qe — q;) against t.

The pseudo-second-order kinetic model implies chemisorption during the adsorption process. It is

expressed as follows:

t 1 t (10)

= + —
dc K293 qe

Where K, is the pseudo-second order rate constant (g/ mL min). Values of k; and q. were calculated from

the plot of t/q.against t.

In addition to the pseudo-first and pseudo-second-order, the intraparticle diffusion model was used to

understand the mass transfer mechanism. Intraparticle diffusion is expressed as follows

q, = Kigt'/? + C (11)

Where kiais the intraparticle diffusion rate constant (mg/ g/min"/ ?) and Cis the intercept which represents

the thickness of the boundary layer effect.
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7.2.10 Desorption and Regeneration Study: Desorption studies were conducted in batch
experiments. 50 mg/L of Cr (VI) saturated adsorbents were treated with 50 mL water at pH 12, for 6
h.%’ Human hairs were then separated from the solution, and washed with distilled water. Washed human
hairs were further regenerated with IN HCI. Regenerated human hairs were washed with distilled water

and dried at room temperature. Desorption percentage was calculated using the equation:

_ Concentration after elution (12)
% Desorption = - — X 100
Concentration before elution

7.2.11 Column Study for Cr (VI) Adsorption: Continuous column experiments for Cr (VI)
adsorption were carried out with RH packed as bed in glass column of dimensions of internal diameter 2
cm and length 30 cm. The packed column was washed several times with deionized water, and loaded
with glass wool. Glass beads were loaded next to the glass wool. Breakthrough curve was obtained with
variable bed height (S, 10, 20 cm). 50 mg/L of Cr (VI) solution was passed through the packed bed
column by a peristaltic pump (PP-20-EX, Miclins, India) atthe flow rate of 5 mL/min. Sample from
the outlet was collected at certain time intervals and Cr (VI) concentration was estimated. Different

parameters of column study were evaluated by using the following equations:

Total column capacity for Cr adsorption was calculated by (13)

Q t=total

Qtotal = M o Caasdt

Where ti is the total time of flow (min), Q is flow rate (mL/min)

Equilibrium adsorption capacity qe(ep) was calculated by using the formula: (14)
— Atotal
de (exp) M

Where M is mass (in g) of adsorbent packed in the column.
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Total amount of Cr (VI) delivered to the column was calculated by: (15)
m _ Co X Q X tiotar
total 1 000

Where, Cy is initial Cr (VI) concentration, Q is the flow rate (mL/min).

Total Cr (VI) removal capacity of column was calculated by using the equation: (16)
Y (%) = 2L » 100
Miotal
Total treated volume (in mL) was calculated by using the equation: (17)
Veff = Q Xt

7.3 Results and Discussion

7.3.1 Synthesis and characterization of 1, 2-bis(tritylthio)ethane crystals and magnetite
nanoparticles: The reaction steps of the synthesized 1, 2-bis(tritylthio)ethane crystals are shown in
Figure 7.1. Tri-phenyl methyl (trityl) group is a stable radical, first reported by M. Gomberg in 1900.3”7
The positive charge on the a- carbon atom is ‘resonance stabilized’ by three aromatic rings. In the
presence of acid (TFA), trityl chloride generates free radicals which interact with EDT to form 1, 2-

bis(tritylthio)ethane.

TFA
@—c—a + HS—CH,—CH,—SH ———> @—c—s—cm—c&—s—c@ + HCal

Figure 7.1. Synthesis of 1, 2-bis(tritylthio)ethane crystals. Trityl chloride salt was incubated with 1, 2-Ethane
dithiol in the presence of Tri-fluoro acetic acid for 24 h. After 24 h, the obtained crystals were washed with

diethyl ether
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7.3.2 Characterization of 1, 2-bis(tritylthio)ethane crystals and magnetite nanoparticles:
FESEM image of 1, 2-bis(tritylthio)ethane crystal and FETEM image of magnetite nanoparticles are

shown in Figure 7.2. As shown in the figure 7.2 magnetite nanoparticles formed nanosphere like structure.

Figure 7.2 (A) FESEM image of 1, 2-bis(tritylthio)ethane crystals, and (B) FETEM image of magnetite
nanoparticles.

7.3.3 pH stability of 1,2-bis(tritylthio)ethane crystals: FESEM image of 1, 2-bis(tritylthio)ethane
crystals at different pH conditions showed no significant difference in the morphology of the crystal
structure. This confirms the stability of 1, 2-bis(tritylthio)ethane under different pH conditions, so that it

can be used as an adsorbents at extreme pH conditions (Figure 7.3).

Figure 7.3 Stability of 1, 2-bis(tritylthio)ethane crystals at different pH conditions. FESEM image of 1,2
bis(tritylthio) ethane crystals at different pH, showed no significant difference in the morphology of the crystal

structure. Scale bar represents 1pm scale.
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7.3.4 Cr removal by adsorbent systems: In a set of preliminary experiments, we screened the Cr
(VI) removal efficacy of various adsorbents such as glass wools, 1, 2-bis(tritylthio)ethane crystals, hair,
and couple of hybrid materials (Figure 7.4). Results showed that the maximum adsorption was observed
in experiments with human hair, followed by hybrid material packed with hair. Compared to human hair,
adsorption of other adsorbent systems were not appreciable. We observed relatively low Cr (VI) removal
by 1, 2-bis(tritylthio)ethane crystals and other adsorbents. This prompted us to perform a series of
experiments to verify the utility of human hair as Cr (VI) adsorbent, so as to develop it as an adsorbent
system at commercial scale.

(A) (B)
100 - 100 1

_—.lII
A B C D E

A O O©
o o o

% Cr Removal
% Cr Reduction

N
o

(=]

0 2 4 6 8 10
Adsorbents Time (h)

Figure 7.4 (A) Pilot experiment to verify Cr removal by different adsorbent systems, A: glass wool, B: 1,2-
bis(tritylthio)ethane, C: Trityl-Magnetite hybrid, D: hybrid materials with human hair, and E: human hair. (B)
Reduction of Cr (VI) by hybrid material. Hybrid material reduced up to 90% toxic Cr (VI) to nontoxic Cr (III)

form

7.3.5 Determination of Cr (VI) reduction by Trityl-Magnetite Hybrid material: We
evaluated the Cr (VI) reduction efficiency of magnetite coated 1, 2-bis(tritylthio)ethane crystals (hybrid
materials), which reduced Cr (VI) to Cr (III) with 90% efficiency (Figure 7.4 B). It is reported that Fe
(II) in magnetite nanoparticles facilitates the reduction of Cr (VI) to Cr (III).*”® As the reaction

progresses, Cr (III) hydroxide or Cr (III)-Fe (III) complex were formed (reaction (i)).>**%%! Parks and
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co-workers have reported that the sorption of Cr (VI) follows a two-step process; (i) electrostatic

attraction of Cr (VI) ion, followed by (ii) electron transfer between Cr (VI) and Fe (II).3#3%

CrO4* + 3Fe** + 3H,0 + H* = CrOH?* + 3Fe(OH),* (i)

7.3.6 Characterization of human hair: Morphology of adsorbents before and after Cr adsorption
study was observed by FESEM showing no significant structural change at the surface (Figure 7.5). The
Adsorption of Cr (VI) on hair is evident from the FESEM-EDX analysis, suggesting adsorption of Cr

on the surface of hair.

(A)

lum

Figure 7.5 FESEM analysis of adsorbents (A), PH (B) RH and (C) HP after Cr (VI) adsorption with EDX plot in
D, E, F for PH, RH and HP respectively confirming Cr (VI) adsorption. Image (G) and (H) are the surface of human

hair and hair powder before Cr (VI) adsorption.
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FT-IR analysis was carried out to characterize the functional groups involved in the binding of Cr (VI),
and analyzed by the deviation in the vibrational frequency ** (Figure 7.6). Main components of human
hairs are proteins, water, and lipids. IR spectrum of unprocessed hair, has characteristic peaks due to the
vibration of amide bonds in the peptide linkage of proteins in the range 1700-1590 cm™, 1580-1500 cm,
and 1320-1210 cm™. The prominent peak at 1637 cm™ in all adsorbents is due to the amide I bond
involving C=0 stretching. We have observed no deviation of 1637 cm’ absorption peak, in any
adsorbents. The absorption peak in the range of 1510-1520 cm™ are typical of amide II absorption. The
absorption peak at 1449 cm' corresponds to the C-H stretching. The absorption peak at 1234 cm
corresponds to the amide III band which involves C-H stretching and N-H bending modes of vibrations.
Absorption peaks due to the weak dioxide band (S=0,) at 1114 cm'!, mono-oxide band at 1071 cm™ (S-

S=0), and cysteic acid band at 1171 cm™ were also observed.**
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Figure 7.6 FTIR analysis of (A) PH, (B) HP and (C) RH before and after Cr adsorption. Black solid line represents
IR spectral peaks before Cr (VI) adsorption and red solid line represents after Cr (VI) adsorption

7.3.7 Effect of dose, pH and time on adsorption capacity: The Cr (VI) removal efficiency of
human hair at different pH was observed at an initial concentration of 50 mg/L. Increase in Cr (VI)
adsorption was observed with time and reached equilibrium in 3h. The adsorption capacity of different
adsorbents were found to be different at different pH conditions. At pH 2, the calculated adsorption

capacity of PH was 15.14 mg/g, 13.27 mg/g for RH and 10.5 mg/g for HP (Figure 7.7 A). With increase
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in pH, the adsorption capacity was found to be decreased. Higher absorption at low pH is due to the
change in polarity of the adsorbents’ surface, due to change in pH of Cr solution. Cr (VI) exists in different
forms such as H,CrO4, HCrOy, CrO,4* and Cr,O-* in aqueous solution and the stability of these forms is
pH dependent. The active form of Cr (VI) adsorbed is HCrOy, which is stable at only low pH, but the
concentration of HCrO, decreases with increase in pH. Adsorbents get protonated at lower pH.

Electrostatic attraction between HCrO, and protonated adsorbent surface, promotes adsorption of Cr

(VI).386
(A) 16 (B)
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Figure 7.7 Chromium adsorption: Effect of pH (A) and adsorbent dose (B). Adsorption capacity (qe) is
calculated from the initial and final concentrations, volume of the solution and weight of the adsorbent
(equation 2). Percentage adsorption (black) increases with increase in adsorption dose, while adsorption

capacity (blue) decreases.

The effect of adsorbent dose on the adsorption of Cr at 25°C is shown in Figure 7.7 B. Results suggest
that, percentage removal of chromium increases with adsorbent dose, whereas adsorption capacity
decreases. On increasing the adsorbent dose from 0.5 to 8 g/L, the percentage Cr removal increased from
63% to approximately 94% for PH, 49 to 72% for HP and 47 to 86% for RH. This is due to the availability

387

of active binding sites with increased adsorbent dose.**” Earlier reported observations suggest that

decrease in adsorbent capacity is likely due to the aggregation of adsorbent particles and unsaturated sites
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present in adsorbents. Consequently, the active sites are deprived from being bound by metal ions.**®
Effect of initial Cr concentration with respect to time is shown in Figure 7.8. Cr adsorption efficiency of
PH was found to be higher than HP and RH. This may be attributed to the higher surface area of PH,
compared to RH. The lower Cr adsorption by HP may be attributed to the loss of active sites during
pyrolysis in the muffle furnace. After 3h, no significant increase in the Cr (VI) adsorption was observed.
This may be because of the non-availability of active sites of adsorption. Therefore, in all subsequent

experiments, 3 hours was considered as the optimum contact time for adsorption of Cr.
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Figure 7.8 Change in adsorption capacity with time. Adsorption capacity increases with time, reaches

saturation in 3 hours.

7.3.8 Adsorption Isotherm and adsorption kinetics: Adsorption isotherm and adsorption kinetics
studies can provide significant insights while modelling specific treatment process. The equilibrium
constant and adsorption isotherm were measured at a constant adsorbent dose (100 mg), with varying
initial Cr (VI) concentration from 10 to 50 mg/L. The adsorption equilibrium was achieved by shaking
Cr solution with adsorbents at 200 rpm. The Langmuir, Freundlich, and D-R isotherm models were
employed to determine the adsorption capacity of the adsorbents (Figure 7.9). Parameters of the isotherm
models are summarized in Table 7.1. The data suggests that the adsorption follows Freundlich isotherm
model (R?=0.99). The value of adsorption intensity (n=1.80) lying in the range of 1-10 confirms the
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favorable conditions for adsorption.’’® The mean biosorption energy (E) was evaluated by D-R isotherm
which gives crucial information on predicting the type of biosorption process. If E is less than 8 kJ/mol,
the biosorption process is controlled by physisorption, whereas if E > 16 kJ/mol, chemisorption process
is followed. When value of E lies between 8 and 16 kJ/mol, ion exchange process is followed.*®” In this
study the value of E for PH, HP, and RH was calculated to be 0.955, 0.479 and 0.763 respectively. The
mean free energy obtained for this study is significantly less than 8 kJ/mol in all the three cases. Though
this data supports physisorption, the correlation with D-R isotherm is relatively poor. From Table 7.1, it
may be observed that adsorption data fits well with Freundlich isotherm model (R?=0.99), compared to
Langmuir isotherm (R?=0.94) and D-R isotherm (R?=0.80). So, the Freundlich model can describe the
adsorption equilibrium more precisely. The adsorption data of all the three adsorbents PH, HP and RH,
did not fit well with the pseudo-first-order kinetic model, instead it is clearly following pseudo-second-
order kinetics (R*>0.98) (Figure 7.10, Table 7.2). Results therefore, indicates that the adsorption occurs
through chemisorption process. The kinetic data were also analyzed using an intraparticle diffusion model
indicating that the Cr (VI) adsorption occurs in two phases: the surface adsorption and intraprticle

diffusion.*” But the kinetic data was not supportive of this assumption.

(A) Langmuir Isotherm (B) Freundlich Isotherm (C) D-R Isotherm
1.4 3.2
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Figure 7.9 Adsorption Isotherm during chromium adsorption. (A) Langmuir Isotherm and (B) Freundlich
Isotherm, and (C) Dubinin-Radushkevich Isotherm, suggesting the possible mechanism of adsorption at

equilibrium.
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Figure 7.10 Adsorption kinetics during chromium adsorption. Graph A, B and C represents Pseudo-first order;
graph D, E and F represents Pseudo-second order, and graph G, H and I represents intra-particle diffusion plot
for three hair samples (PH, HP and RH respectively). The adsorption data follows pseudo second order Kinetics,

suggesting the possibility of chemisorption.
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Table 7.1. Estimated values of parameters for different Isotherm models

Isotherm model Parameters | PH HP RH
Langmuir Qo 27.94 18.60 21.52
b 0.138 0.065 0.097
RL 0.42 0.60 0.51
R2 0.94 0.80 0.86
Freundlich K 1.83 1.28 1.58
1/ng 0.60 0.59 0.53
R2 0.99 0.86 0.98
Dubinin-Radushkevich | Q 14.53 9.78 11.37
0.955 0.479 0.763
K 5.49E-07 | 2.18E-06 | 8.58E-07
R2 0.80 0.67 0.69

Table 7.2. Estimated values of parameters for different kinetic models

TH-2916_166106003

Ads | G, Pseudo-First-Order Pseudo-Second-Order Intraparticle Diffusion
orbe
nts
(mg Ki ge R2 K> ge R? C Kia Rz
/1) | (min?) | (mg/ (g/mg/min | (mg/g (mg/g | (mg/g/min’
g) ) ) ) /)
PH 10 | 0.457 1.719 | 0.974 | 0.04 3.87 0.997 | 0.868 | 0.107 0.89
20 | 0.495 3.113 | 0.962 | 0.016 9.98 0.950 | 0.102 | 0.289 0.96
30 |0.270 1.754 | 0.615 | 0.046 11.38 | 0.985 |6.954 |0.161 0.78
40 | 0.604 3.652 | 0.763 | 0.025 18.54 | 0985 | 6.199 | 0.445 0.74
50 | 0.255 2.489 | 0.885 | 0.029 19.31 | 0.985 | 8.469 | 0.403 0.87
HP 10 | 0.284 1.354 | 0.530 | 0.051 3.99 0.834 | 1.867 | 0.066 0.30
20 | 0.275 0.963 | 0.596 | 0.102 6.50 0.997 | 5.317 | 0.046 0.72
30 | 0.267 1.386 | 0.755 | 0.064 8.75 0.997 | 6.016 | 0.105 0.79
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40 0.149 1.76 | 0.665 | 0.048 10.44 | 0982 |5.635 |0.188 0.76
50 0.210 1.98 | 0.668 | 0.078 13.35 | 0986 |10.75 | 0.110 0.37
RH 10 0.004 1.032 | 0.760 | 0.091 3.628 | 0.997 | 2.256 | 0.053 0.88
20 0.002 1.408 | 0.326 | 0.0059 6.63 0950 |3.161 |0.117 0.65
30 0.003 1.741 | 0.716 | 0.043 9.53 0.985 | 4.41 0.192 0.87
40 0.038 2.018 | 0.173 | 0.035 11.50 | 0.985 | 4.302 |0.268 0.87
50 0.003 2.36 | 0.794 | 0.027 14.06 | 0985 |3.561 |0.380 0.89

7.3.9 Desorption and Regeneration of hair samples: Repeated batch experiments have been
performed to evaluate the reusability of the adsorbents. The reusability of adsorbents were tested by
performing adsorption—desorption cycles of Cr (VI) up to three times using the same chromium
solutions. The percentage Cr removal after regeneration was reduced to 40.12 % for PH, 25.34 % for HP,
and 36.67 % for RH (Table 7.3).The significant decrease in the removal percentage may due to the non-
availability of binding sites for chromium ions. The data however reaffirms the importance of
pulverization, while preparing hair as a possible adsorbent in commercially usable chromium purification

systems.

Table 7.3 Percentage Cr removal after Regeneration

Cycles PH HP RH
1 75.21 56.68 45.34
2 59.41 4343 48.23
3 40.12 25.34 36.67
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7.3.10 Continuous Column Experiment: The batch adsorption study of Cr (VI) removal by
different forms of hairs revealed that the PH and RH adsorb Cr (VI) at appreciable levels. Further
application of RH for Cr (VI) removal was evaluated through continuous column operations. The two
predominant parameters which affect the breakthrough curve are column height and flow rate. Here, we
have tested the effect of different column heights at a flow rate of S mL/min, and obtained breakthrough
a curve is illustrated in Figure 7.11. The different values from column experiments are shown in table 7.4.
The results showed that on increasing column height from § to 20 cm, the Cr removal capacity of column
increased from 47.67mg/g to 57.80 mg/g. The breakthrough time increased from 1.3 h (for S cm bed
height) to 80 h (20 cm bed height) resulting in more adsorption efficiency of the column and more Cr
removal from the passing solution.”! At the completion of continuous column experiment, total Cr
removed by column was observed to be enhanced from 240 mg (at Scm bed height) to 1200 mg (at 20
cm bed height). It allows solution to get sufficient time to diffuse into the adsorbents, thus staying in the
column for longer time, thus treating a larger volume of effluents. In the initial phase of the experiment,

adsorption sites of the adsorbent are freely available to bind with Cr; resulting in negligible Cr

00 7 19 53 82
time (h)
m5cme10cm 4 20cm

Figure 7.11 (A) Effect of bed height on breakthrough curve for Cr (VI) ion adsorption on human hair (Co = 50
ppm, flow rate = 5 mL/min). (B) Set-up of continuous column experiment, (C) Elution of Cr (VI) solution at

different time
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concentration in eluting solution. Gradually due to binding of Cr with the adsorbent, bottom part of the
column bed was getting saturated, thus the adsorption zone gradually shifts towards the upper unsaturated
part. As the column bed getting saturated, Cr concentration in eluting solution increases gradually. Cr
concentration in eluting solution increases till the entire column bed (adsorption zone) gets saturated
(breakthrough time), resulting in the increased breakthrough time (T:,) from 80 min (at Scm bed height)
to 2640 min (at 20 cm bed height). Increase in bed height therefore results in relatively more Cr (VI)

removal and increased column efficiency.

Table 7.4. Breakthrough parameters at different bed height

Bed Co M Q Ty trotal (total Qe(exp) Meotal | Y Vet
Height | (mg/L) | (g) | (mL/ | (h) (h) (mg) | (mg/g) | (mg) | (%) | (mL)
(cm) min)

5 50 4 5 1.3 16 190.70 | 47.67 240 | 96 4800
10 50 9 5 2.5 30 447.3 49.7 450 97 9000
20 50 20 |5 44 80 1156 57.80 1200 | 98 24000

7.4 Conclusions

This study focuses on the removal and reduction of Cr (VI) from wastewater. In this study, we have
validated the Cr (VI) reduction efficiency of hybrid materials synthesized by magnetite and by 1,2-
bis(tritylthio)ethane crystals. We observed that synthesized hybrid materials could reduce toxic Cr (VI)
into non-toxic Cr (III) form up to 90%. While screening the adsorption capacity of different adsorbents
for Cr (VI) removal, we found that hybrid materials and 1,2-bis(tritylthio)ethane crystals have relatively
low Cr (VI) removal efficiency, compared to human hair. This directed us to investigate the capacity of
human hair as a heavy metal adsorbent. We investigated the three forms of human hair, PH, HP, and RH

as Cr adsorbent, and performed a series of experiments to validate their adsorption capacity. Various
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parameters were investigated to understand the mechanism and kinetics of Cr (VI) removal. The
adsorption capacity of PH was observed to be maximum (15.14 mg/g), followed by RH (13.27 mg/g)
and HP (10.5 mg/g). The adsorption process was influenced by pH, and the maximum adsorption was
observed at pH 2. Adsorption of Cr (VI) increases with an increase in the concentration of Cr (VI), and
no significant increase in adsorption was observed after 3h, indicating an optimum time of 3 hours for
typical Cr (VI) adsorption experimental cycles. An adsorption and desorption experiment was performed
to validate the reusability of the adsorbent systems. The results suggest that for PH, efficiency of Cr (VI)
removal decreased significantly from 75% to 40%, after three cycles. Kinetic studies were also performed
to understand the adsorption process. Cr (VI) adsorption on human hair follows pseudo-second-order
kinetic model, suggesting chemisorption. From the adsorption study, it is clear that the use of a bio-waste
like hair, can be a simple, cost-effective, and efficient method for chromium removal can be used in large-
scale applications. Table Al shows the adsorbent capacity of some already reported bio-adsorbents, and
our designed adsorbent system with pulverised hair (Appendix 2). Prototype of a possible device for

chromium removal is in Appendix 3.
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8.1 Conclusions

Fabrication of bioinspired molecules is opening up new possibilities in the field of medical technology. In
recent years, peptide-based smart materials have attracted attention for fabrication of de novo designed
functional molecules, owing to their biocompatibility, self-assembling property, and ease of synthesis. The
development of new computational tools has increased our ability to design new peptide molecules for
various applications. Although such systems have a vast application range and utility in every field,
biological applications are of particular interest. This thesis explored the possibility of designing bio-
inspired molecules, primarily focused on peptides, for four different applications, ranging from fluorescent

mini-protein to antimicrobial peptide hydrogels for wound healing.

In chapter 4, we have designed the fluorescent molecule to overcome the limitations of intrinsic aromatic
amino acid, tryptophan which is mainly responsible for fluorescence in proteins. Tryptophan needs to be
excited at 280 nm, and emit in 340-350 nm range, and not in the visible region. To overcome this
limitation, we have designed a self-folding hetero-chiral artificial protein, which was further examined to
be adapted as fully functional molecule for sensing and imaging applications. The de novo designed
fluorescent mini-protein has an unnatural amino acid, p-(1-Azulenyl)-L-Alanine, impregnated in the
hydrophobic core, which allows a spectral separation from the native tryptophan signal. p-(1-Azulenyl)-
L-Alanine can be selectively excited at 342 nm which emits in the visible region. De novo Designed
proteins were synthesized by solid phase peptide synthesis and characterized by HPLC and mass
spectrometry. Structure and stability were examined by spectroscopic and calorimetric methods. The
work presented in this chapter opens- up the possibility of developing new molecules that can be adapted

in imaging tools.

In chapter S, we have explored the quantum confinement in peptide nanoassemblies. Phenylalanine
dipeptides (FF) was reported to form nanotubes, which leads the creation of crystalline structures in the
sub-nanometer scale. We have extended the molecular complexity, and de novo designed the syndiotactic
phenylalanine hexamer peptide, FfFfFf-OH, which folds into a helical architecture, facilitating an

extended phenylalanine network forming quantum confinement. The radius of the quantum dots was
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estimated to be 1.07 nm. The utility of such peptide quantum dots can be further explored in electronics,

semiconductors, imaging molecules, and drug delivery.

In chapter 6, we have designed three ultrashort peptide hydrogels and validated their antimicrobial
potency. In this work, we have synthesized Fmoc-tripeptide hydrogels. The hydrogel characterization was
performed by measuring visco-elasticity, in a typical frequency sweep and amplitude sweep analysis. The
storage modulus (G') and loss modulus (G") were measured as a function of angular frequency. The
designed hydrogels are also verified for their self-healing property, which has promising applications in
tissue engineering. The synthesized hydrogels were further investigated as a potential antimicrobial
hydrogel against both Gram-positive and Gram-negative bacteria. The mechanism of action of peptide
hydrogels were investigated by measuring the reactive oxygen species (ROS) generation and outer
membrane permeabilization assay. Results showed that peptide hydrogels enhanced ROS generation in
the Gram-positive bacteria. More ROS level in the bacterial cells leads to increased osmotic and oxidative
cellular stress inside the cells, resulting in bacterial cell death. We observed no significant increase in the
ROS levels in Gram-negative bacteria. To investigate the reason of antibacterial activity in Gram-negative
bacteria, we performed membrane permeabilization assay using NPN fluorophore, which gives
enhancement in the fluorescence intensity on membrane disruption. Fmoc-FFH and Fmoc-FHF
hydrogel treated Pseudomonas aeruginosa bacterial colonies showed enhanced NPN fluorescence,
confirming outer membrane disruption. Our experiments have confirmed that the designed peptide
hydrogels have good intrinsic antibacterial potency, against both Gram-positive and Gram-negative
bacteria, which can be further validated as an antibacterial drug for topical applications. The work done in
this chapter may lead to the fabrication of hydrogel molecules with inherent antimicrobial properties and

can be exploited as a dressing material.

In chapter 7, we have investigated the issue of chromium (Cr) removal of a newly synthesized crystals of
1,2-bis(tritylthio)ethane, already reported from our laboratory. In this work, we have synthesized
magnetite impregnated 1, 2-bis(tritylthio)ethane hybrid material (trityl-magnetite hybrid). The trityl-
magnetite hybrid was investigated for its efficiency in reducing toxic Cr (VI) to Cr (III); and it showed
90% efficiency in reduction. In order to get a cost effective heavy metal adsorbents, we have compared the

metal removal capacity of glass wools, human hair, 1, 2-bis(tritylthio)ethane crystals, trityl-magnetite
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hybrid materials, and trityl-hair hybrid materials. We observed that human hair exhibited higher Cr
removal efficiency as compared to other adsorbents. This prompted us to further investigate the human
hair as potential Cr adsorbents. We have compared the three physical forms of human hair; pulverized
hair (PH), hair powder (HP), and raw hair (RH) for their Cr removing ability by evaluating control
parameters such as , effect of pH, effect of initial Cr concentration, and contact time. Among different
human hair forms, PH showed more than that 92% Cr removal efficiency, and an adsorption capacity of
15.14 mg/g. Kinetic studies were performed to understand the adsorption process, which showed that the
Cr (VI) adsorption on human hair follows pseudo-second-order kinetics, suggesting chemisorption. This
work presented in this chapter gives a practical solution in developing cost-effective chromium removing
device by utilizing bio-waste materials. This project is especially important, because it directly addresses
the need of larger population in this geographic area. Eastern states of India, western regions of China and

Bangladesh have been suffering from contamination of heavy metals in drinking water for a very long time.

8.2 Future Directions

De novo designed peptide molecules have broad range of applications, and ultrashort peptides opens up
new possibilities of fabricating smart materials. The designed peptide molecules in this thesis lead the

following objectives and opportunities for future exploration;

e Development of fluorescent molecular probes as imaging tools for biological applications

e Translation of peptide quantum dots for optical, electrical, and semiconductor applications

e Invivo investigation of antimicrobial peptide hydrogels for topical application primarily focused
on diabetic foot ulcers and wound healing

e Fabrication of a cost-effective chromium removing device
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Appendices
Appendix # 1
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Figure A1. Gibbs free energy landscape, calculated based on the cluster population, obtained from a 10 ns MD

simulation run of (A) (FF)s peptide, (B) (Ff)3 peptide
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Appendix # 2

Table A1. Comparison of bio-adsorption capacity of PH against already reported bio-adsorbent

S.No Bioadsorbent Bioadsorption capacity (mg/g) References
1 Coconut Coir 26.8 392
2 Boiled sunflower head 7.9 393
3 Cranberry kernel shell 10.42 394
4 Hevea Brasilinesis 44,05 395
5 Sugarcane bagasse 1.76 396
6 Water lily 8.44 397
7 Pulverized Hair 15.14 Present study
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Appendix # 3

Removal of Heavy Metals Removal and reduction
of Heavy Metals to non-toxic form
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Figure A2. Prototype of a possible device for chromium removal
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