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SYNOPSIS

Ordered Peptide-based Assemblies as Functional

Materials

by
Gagandeep Kaur
(10207067)

C/o Prof. Sandeep Verma
Department of Chemistry
Indian Institute of Technology, Kanpur
Kanpur, India

This thesis covers synthesis and characterization of
peptide-based self-assembled supramolecular architectures and
their implications for various applications such as catalysis, bio-
imaging, cancer cell detection, and potential energy storage

scaffolds.

Chapter 1 introduces self-assembly properties of short
peptides and folic acid. It also covers applications of self-
assembled peptide structures in nanotechnology, material science

and biological sciences.

Chapter 2 discusses general experimental procedures,

instruments and techniques used throughout this thesis.



Chapter 3 highlights molecular level arrangements in self-
assembling ultrathin layer of a C3 symmetric construct formed by
the conjugation of phenylalanine to benzene tricarboxylic acid.
This molecule self-assembled as long uniform nanofibers with
diameter of ~70-90 nm. Self-assembled ultrathin monolayer of this
molecule was studied at low concentration (10 uM) through atomic
force microscopy (AFM), which revealed the formation of two
different kinds of assemblies: namely, one- and two-dimensional
nano-islands. C3 symmetric molecules are generally known to form
two- dimensional islands, but the formation of one-dimensional
islands is unusual. Working models for one- and two-dimensional

islands were proposed by using DREIDING force field method.

Figure 1: AFM image of ultrathin layer of C3 symmetric molecule on HOPG
surface showing formation of two types of self-assembled structures: one
dimensional nano-islands (marked with blue line) and two dimensional nano-
islands (marked with green line). The respective molecular level arrangement of
dimer molecules was proposed through DREIDING force field method as shown
in the image.
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Peptides and proteins offer interesting starting points for
triggering self-assembly process, owing to the chemical diversity
of side-chains, ease of chemical modifications and the possibility
of exploiting several non-covalent and metal-assisted interactions,
to stabilize higher order ensembles. Consequently, a variety of
nanoscale morphologies such as fibers, vesicles, nanotubes are
observed for modified amino acids and short peptides and these
biocompatible soft materials have been used for diverse biological,
medical and material applications. Chapter 4 uncovers the effect
of metal ion coordination on self-assembled supramolecular
architectures of Phe-Phe based synthetic peptide conjugate,
containing a pyridyl connector. This construct was synthesized by
covalent conjugation of Phe-Phe with dipicolinic acid, which
afforded a planar ‘crescent-like’ conformation. The spherical
structures so formed in solution interacted with metal ions to afford
coalescence in these structures. Copper ion coordination, with the
metal-binding peptide conjugate, was confirmed by single crystal
analysis. Notably, this coalescence could be reversed in the case of
Au-mediated soft structures with thiol interference. Based on these
observations, a model depicting possible interactions leading to
soft structure formation and metal-aided coalescence is presented.
Such constructs provide a facile entry into metallopeptide

materials.
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Figure 2: (a) Molecular structure of peptide designed by covalent conjugation
of of Phe-Phe with dipicolinic acid resulted in formation of spherical self-
assembled structures which result in (b) coalescence in presence of coinage
metal ion due to metal ion coordination interactions, confirmed by single crystal
analysis in case of copper ions (¢).

Folic acid (FA) is a low-molecular-weight micronutrient,
which plays a critical role in the prevention of birth defects and
cancers. It is also essential for biochemical pathways responsible
for DNA synthesis and maintenance and for the generation of new
red blood cells. Cellular trafficking of FA and folate is based on its
high-affinity binding to cognate folate receptor, a protein
commonly expressed in several human cancers. Thus, folate
conjugates of drugs, plasmids, biosensors, contrast, and radio
diagnostic imaging agents have been used for assisted delivery in
folate receptor-positive cancer cells, via endocytosis pathways.
Chapter S5A describes synthesis and self-assembly of
diphenylalanine folic acid peptide as a bio-imaging agent. Cancer
cell uptake of fully characterized FA—diphenylalaine conjugate and
its detailed mechanistic studies were tracked with the help of

inherent fluorescence of the conjugate. Uptake in HeLa and H460
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cells was ascribed to macropinocytosis-mediated pathway, based
on rottlerin interference. In the case of MCF7 cell line,
chlorpromazine and nocodazole inhibited internalization of the
peptide, which suggested a probable role of clathrin-medicated

endocytosis in the uptake process in this cell line.

Cellular uptake studies

Figure 3: Self-assembled structure of diphenylalanine folic acid peptide.
Cellular uptake studies were tracked by the inherent green fluorescence (hem =
488 nm) of the conjugate in confocal microscopy where cancer cells were stained
with deep red plasma membrane dye (Aem = 633 nm).

Electrospun polymer nanofibers are valuable for a number
of applications ranging from catalysis to drug delivery. At times,
the lack of biocompatibility and hydrophobicity presents hindrance

to their use in tissue engineering, cell culture and proliferation.

Aromatic amino acids are veritable precursors for biocompatible



nanofibers, which could also be chemically modified with suitable
addressable recognition tags to invoke specific binding events.
Chapter 5B explores self-assembly of dityrosine folic acid

conjugate in the electrospun mat for selective cell adhesion.
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Figure 4: Dityrosine folic acid-peptide conjugate/ polycaprolactone (PCL) mat
synthesized through electrospinning process and characterized through various
microscopic methods. Hydrophilic nature of the new hybrid material was studied
through contact angle measurement. Cell adhesion studies were done by tracking
the inherent green fluorescence (Aem = 488 nm) of the conjugate in confocal
microscopy, where cancer cells were stained with deep red plasma membrane
dye (Aem = 633 nm).
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This study presented an attractive strategy for constructing
electrospun fibrous nanomats from dityrosine folic acid conjugate
and polycaprolactone (PCL) to afford a new hybrid material,
displaying excellent biocompatibility and cell adhesion. The
appropriate choice of peptide-to-polymer ratio gave mats with
sufficient hydrophilic character and allowed favorable interaction
of folate receptor presenting cells (HeLa cells) with nanomats,
while the ones lacking folate receptor (HEK 293 cells) did not
exhibit binding. Such a selectivity could be possibly invoked for
separation and also for custom synthesis of nanomats for healthcare
applications.

Energy storage or supercapacitor materials are the green
and clean alternatives for handling the energy crisis in coming
future. Supercapacitor materials have been used in renewable
energy harvesting appliances such as the wind, thermal and solar
panels. But, the existing supercapacitor materials are very costly
with limited cycle life and becoming environmental hazards itself.
The porous nitrogen-doped carbon materials are gaining attention
due to simple preparation methods, low cost and the conductivity
of material due to the electronegativity difference between carbon
and nitrogen. Vitamins and amino acid containing nitrogen in their
skeleton are attractive precursors for the nitrogen-doped carbon

materials due to environmentally compatible, economically cheap
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and easy availability. Chapter SC deals with co-assembly of
melamine with folic acid-tyrosyl phenylalanine peptide and its use
in electrochemical capacitive storage. This co-assembly of folic
acid tyrosyl phenylalanine peptide with melamine resulted in
interesting architectures with morphology similar to graphene

sheets.
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Figure 5: Peptide-based graphene-like morphological structures (b) were
obtained when co-self-assembly of melamine with folic acid-tyrosyl
phenylalanine peptide was studied. These structures were carbonized at 900 °C
to form a black shiny material and tested for electrochemical capacitive
performance (c).
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Folic acid tyrosyl phenylalanine peptide/melamine sheets were
studied for electrochemical capacitive performance by carbonizing
the material at 900 °C, followed by determining their
electrochemical capacitive performance for application in energy

storage field.
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PROPERTIES
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code | code
Alanine Ala A Nonpolar
Arginine Arg R Basic polar
Asparagine Asn N Polar
Aspartic acid Asp D Acidic
polar
Cysteine Cys C Nonpolar 250
Glutamic Acid | Glu E Acidic
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Glutamine GIn Q Polar
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Lysine* Lys K Basic polar
Methionine* Met M Nonpolar
Phenylalanine®* = Phe F Nonpolar | 257,206,188
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Serine Ser S Polar
Threonine* Thr T Polar
Tryptophan* Trp W Nonpolar 280,219
Tyrosine Tyr Y Polar 274,222,193
Valine* Val v Nonpolar
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Chapter 1

1.1.Bio-inspired Self-assembly

Self-assembly'? is a highly ubiquitous process in nature, such
as protein folding, DNA double helix, viral capsid, cell membranes,
bacterial flagella, microtubules, ribosomes etc., stabilized by

various non-covalent interactions.!

It plays a vital role in
physiological functions. Biologically-inspired self-assembling
materials (proteins, peptides, lipids, vitamins and carbohydrates)
have gained quite an attention with respect to the applications in
fields of molecular biology, material sciences and

nanotechnology. !
1.2. Peptide Self-assembly

Peptides (short peptides, peptide amphiphile and
surfactant-like peptides) has been very popular bio-inspired
material because of many attractive advantages like
biocompatibility, low immunogenicity, degradability, easy
availability and cost effectiveness. Peptide self-assembly has been
utilized in the area of biological, photonic, food sciences,
cosmetics, biomedicine, nanotechnology and many other fields,
due to tunability and functional versatility for bottom-up
fabrication.>  Peptide self-assembly is a spontaneous

thermodynamic process which results in highly ordered
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supramolecular architecture with functionality. Many non-covalent
interactions like van der Waal’s forces, - stacking, electrostatic
forces, hydrogen bonding and hydrophobic interactions play an
essential role in the stability of self-assembled structures.® Peptide
self-assembly is affected by many kinetic parameters such as
temperature, pH, electrolyte concentration, solvents etc. Therefore,
a competitive pathway between kinetic and thermodynamic
parameter decides the shape of self-assembled nanostructures

(Figure 1.1).*

Crystal/Nanotubes/Nanowires

Figure 1.1: Schematic representation of thermodynamically and kinetically
controlled peptide self-assembly pathways. (Adapted from reference 4)

As shown in Figure 1, crystal, nanotubes and nanowires are
the outcome of thermodynamic control considering their minimum

free energy states whereas kinetic control results into the gel,



Peptide Self-assembly to Applications

fibers, ribbons, nanosphere as trapped metastable state. The
relative energy of each structure (like nanosphere, nanotube or

nanowire) varies with the different peptide.

1.2.1. Driving forces for peptide self-assembly:

Self-assembly is a delicate balance between three forces:
attractive driving forces which bring molecule together, repulsive
opposition forces which balance driving forces and a directional
force.* The basic driving forces for self-assembly process are non-

covalent interactions.

Attractive driving forces L3 Repulsive opposition forces

\ /

Figure 1.2: Forces responsible for self-assembly.

In order to understand and control self assembled structures
in peptides, it is very important to know about these noncovalent

interactions responsible for peptide self-ssembly, described below:

Hydrogen-bonding: Amino and carboxylic group of
amide/peptide bonds in proteins and peptides contribute to the

formation of hydrogen bonding which play a crucial role in 2D and
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3D structures formation and stabilization.” a-helix and B-sheet
formation are balanced by hydrogen bonding which are strong and
directional. The H-bonding strength in peptide self-assembled
structures is generally 10-40 kJ/mol per bond at 298K.>
Hydrophobic interactions and n-m stacking: In aromatic
peptides, hydrophobic interactions along with n-rt stacking play a
central role in molecular self-assembly, e.g. formation of
nanotubes in the case of diphenylalanine dipeptide, when dissolved
in polar solvents.® The unfavorable enthalpy contribution of the
solvent is compensated by a large amount of entropy, resulting in
stable structural output.®® Apparently, hydrophobic interactions do
not occur due to the attraction between hydrophobic regions, but
due to the thermodynamic stability of system.

Electrostatic interaction: The electrostatic interactions are
attractive or repulsive forces which originate from interactions
between charged species like N-terminal, C-terminal carboxylate
end or oppositly charged residues in the side chains of peptides and
proteins. 33¢7

Van der Waal’s interactions: These are weak attractive or
repulsive forces between dipoles (permanent or induced dipole) at
the atomic or molecular level with a bond strength of 5 kJ/mol.>
However, these forces play a significant role in maintaining the

tertiary structures in proteins and peptides.
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Coordination interactions: Coordination with metal ions can
dramatically change the self-assembled structures and properties
peptides and proteins.®® ® Coordination interactions are a powerful
tool to construct significantly varied self-assembled architectures

in peptides with artificial or natural ligands for metal ion binding.?

1.2.2. Rules to design self-assembling peptide:

The 20 amino acids encoded by codon present on DNA or
RNA provide a marvelous set of ingredient for all protein based
structure formation and cellular machinery, which are basis of life
at the molecular level. In general, naturally occurring known
protein sequences are the basis for designing self-assembling
peptides. For example, neurodegenerative diseases such as
Alzheimer’s disease (AD), Huntingtin’s disease (HD), Parkinson’s
disease (PD) and prion diseases have been discovered to contain
misfolded protein aggregates with a B-sheet conformation.’® The
misfolded proteins or amyloids are an inspiration for many short
self-assembling peptide designs. A well known, short, aromatic,
self-assembling peptide, FF is inspired from amyloid beta (Af)
protein itself. Examination of naturally occurring proteins, a-
helices, P-sheets and coils help in the thorough and careful
selection of amino acids being used to design self-assembling

peptides.
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In order to expand the area of self-assembling peptide apart
from nature, an in-deep study about nature of amino acids is
required.” The amino acids are divided into 4 types- hydrophobic,

hydrophilic, charged, or “other” based on properties of the R group.
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Figure 1.3: Representation of 20 amino acids in the MARTINI force field.
Different colors represent different type of particle. (Reprinted with permission
from reference 9¢)

A computational protocol to design self-assembling
protected tripeptides was developed Prof. Floudas and coworkers
from 128 peptides library by using Ac-IVD mutations as the
template.”” Prof. Ulijn and co-workers demonstrated design rules
for the creation of supramolecular architectures under aqueous,
neutral pH conditions by studying 8,000 tripeptides using CG
MARTINI force field.”® The placement of selected amino acids in

7
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a particular position in tripeptide promote self-assembly (Figure
1.4). Aromatic amino acids (F, Y and W) are very convenient for
position 2 and 3 in tripeptide. Acid side chain containing amino
acid (E and D) are favorable in position 3 as C-terminal. Positively
charged amino acids, basic side chain containing amino acid and
hydroxyl containing amino acids (K, R, S and T) are favourable in
position 1 as N-terminal. Proline favours position 1 as N-terminal
due to unique conformation. The average APy scores are used to
know the self-assembling ability of tripeptide. A high APy score
denotes high tendency to self-assemble into hydrogels.
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Figure 1.4: Average APy scores for tripeptides with the 20 amino acids.
(Adapted from reference 9d)

1.2.3. Self-assembled nanostructures: As stated before, there are
total 20 natural L-amino acids which serve as the basic units for all
peptides and proteins present in humans. The possible
combinations achieved by using 20 amino acids into peptide
material makes it a very versatile field. Depending upon the

arrangement of amino acids, peptides can have different properties

8
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and self-assembled into different structures like nanotubes,

nanofibers, nanorods, nanoribbons, nanosheets, nanowires,
nanospheres, etc. The most frequent self-assembled structures

obtained in peptides are discussed below:

Nanotubes: Nanometer-scaled tube-like structures with a definite

inner hole are called Nanotubes.

Guest RhB molecule

Nano tube

Mixed

hydrophilic/hydrophobic, »~
inner surfaces .~

Multiscale
Self-Assembly

Rhodamine
aggregates

Hexagorial FF hexamer FF unit

peptide matrix \

Figure 1.5: Schematic representation of the FF-microtubes formation and
rhodamine B (RhB) loading. (Reprinted with permission from reference 10b)

A known example of nanotube forming peptide is

diphenylalanine (FF), pioneered by Prof. Gazit and coworkers®
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and obtained from Alzheimer’s f-amyloid polypeptide. FF forms
long tubular nanotubes with persistent length (~100 um) through
n-n stacking interactions and hydrogen bonding interactions.!®
Basically, six FF units come together to form cyclic hexamers
which stack to produce narrow channels resulting in the formation
of self-assembled sheets which finally coil to produce nanotubes

(Figure 1.5).1%

Nanofibres and gels: Nanofibres are fibrous structures, diameter
in nanometers. Amyloid polypeptides generally self-assemble to
form nano-fibrils.!!® As shown in Figure 1.6, peptide monomers

can self-assemble to form nanofibrils and gels.'!

Fire cross-link
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» ’ 4
Molecule d — R [e
Self-assembling T A, -.‘-.'.
s
Fibril

3D fibril network

Y _microscopic ~
1nm 100 nm 1um 1mm

10 nm

Figure 1.6: Nanofibrils formation from peptide monomer. (Adapted from
reference 11a)

9-fluorenylmethoxycarbonyl protected diphenylalanine

(Fmoc-FF) self-assemble to form nanofibrils in water which results

10
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into a hydrogel formation. The self-assembly occurs probably due
to H-bonding, hydrophobic interactions and n-m stacking.!' Fmoc-
FF formed a stiff and strong hydrogel which can stay stable at the
broad range of temperature and pH. Prof. Ulijn and coworkers
proposed a molecular model of Fmoc-FF hydrogel formation,
revealing an antiparallel B-sheet alignment in the peptide. The
formation of a cylindrical structure occurs due to interlocking of

adjacent sheets through lateral m—m interactions (Figure 1.7).'!

Figure 1.7: A model structure describing the antiparallel B-sheet arrangement of
Fmoc-FF monomers in the hydrogel. (Reprinted with permission from reference

11j)

11
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Recently, Prof. Bianco and co-workers have demonstrated
the capacity of amino acid tyrosine alone to self-assemble into

nanoribbons and fern-like structures.'?

Nanosphere: Nanometer-scaled sphere-like hollow or solid core
structures are called nanospheres. Various peptides are known to
self-assemble into nanospheres or vesicles.!*> An example is the
diphenylglycine peptide, a simpler analogue which forms
nanovesicles in aqueous solution, probably due to closure of self-

assembled B-sheets along two axes (Figure 1.8).!3

NHp-Phe-Phe-COOH H l NHz-Phg-Phg-COOH

Stacking
Interactions

Thiolation

Disulphide =
l Interaction ‘ 7_ )
b - e 008 A

Figure 1.8: Schematic presentation of nanosphere formation in diphenylglycine
peptide and comparison with diphenylalanine peptide nanotube formation.
(Reprinted with permission from reference 13a)
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As stated earlier in the beginning of this chapter, many
kinetic factors can affect the outcome of self-assembled structures
in the peptide. Levin, Mason et al. reported Boc-FF self-assembled
into nanospheres which transform into nanotubes over time via
Ostwald ripening (the change of structures to the most stable form

with time) (Figure 1.9).1%

Monomers Spheres Fibrils Tubes

P Py e
®o o) Ty
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|
AGg t=— 3.2 kd mo
AH=- 21 kJ mol™’
AS=-83 J mol' K

Figure 1.9: Schematic presentation of transition of nanospheres to fibers in Boc-
FF. Free energy changes during the phase transition. (Reprinted with permission
from reference 14a)
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Recently, Prof. Kim and co-workers showed that self-
assembly of covalent tyrosine-crosslinking of short peptide
initiated by UV rays yielded different nanostructures at pH 10 in

water or methanol solutions (Figure 1.10).14°
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Figure 1.10: Diagrammatic representation of self-assembled nanostructures of
tyrosine-based building blocks. (Reprinted with permission from reference 14b)

There are many reports in literature where peptides (short
peptide, peptide amphiphiles and surfactant-like peptides) showed
self-assembled supramolecular structures other than the ones being
discussed above, for example, nanosheets, nanowires, nanorods,
twisted nanofibers, nanotapes, nanocrystals, nano-necklaces etc.'

A detailed discussion about these is not in range for this chapter.
1.3. Folic acid self-assembly

Folic acid is an essential vitamin, required for synthesis of
DNA, RNA, amino acids (methionine and serine), for cell division,
red blood cell formation and preventing neural tube defects.'® Folic

acid has been enormously studied in cancer-related research

14
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because of the exceptional affinity to bind with folate receptors

which are overly expressed in cancer cells.!”

Figure 1.11: Molecular formula of folic acid and its sensitive groups which can
be affected by three stimuli. (Adapted from reference 19a)

Folic acid exhibits green auto-fluorescence (Aem = 488
nm)'® and is sensitive to heat, light, acid and bases (Figure 1.11).!%2
The pterin ring in folic acid exists in two types of H-bonded
structures: (a) Linear aggregation or ribbon-like style (H-type
aggregation); (b) cyclic aggregation or disk-like style (J-type

aggregation).'
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Figure 1.12: The pterin ring in folic acid self-assembled into (a) Linear
aggregation style, (b) cyclic aggregation style. (Adapted from reference 19a)

G-quartet formation and liquid crystal (cholesteric and
hexagonal mesophases) formation of folic acid and its salts in the
presence of alkali metals has been well documented in literature.!**
m It formed various self-assembled architectures including
vesicles, fibers/vesicles, fibers/nanoparticles, nanoparticles with

increasing concentration in aqueous DMSO (Figure 1.13).1%2
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Figure 1.13: Schematic representation showing supramolecular architectures
formation in case of folic acid with the increase of concentration. (Reprinted
with permission from reference 19a)
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1.4. Implication of peptide self-assembly and future
outlook

The supramolecular architectures obtained from self-
assembly of peptides or peptide amphiphiles have been reported to
show various applications including bioimaging, biosensors, drug
delivery  agents, biomineralization, tissue  engineering,

nanomedicines and nanotechnology.

Tissue-like matnices

scatios

Figure 1.14: Peptide-based biomaterials for various applications in regenerative
medicine. (Reprinted with permission from reference 20c)
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1.4.1. Scaffolds for cell culture and tissue engineering:
Nanofibres and gel formation in peptide self-assembly is an
attractive feature which makes it suitable for tissue engineering and
regenerative medicine.?’ Zhou and coworkers developed a Fmoc-
FF and Fmoc-RGD based bioactive hydrogel capable of mimicking
extracellular matrix (ECM). The hydrogel displayed a suitable 3D
cell culture model for the adhesion, spreading, and proliferation of
dermal fibroblasts.?®® Several other examples of peptide for cell

culture and tissue engineering usage are present in literature,20¢20d

1.4.2. Skin care and cosmetic: Certain peptides and peptide
amphiphiles can act as a surfactant along with fundamental
biological functions including anti-microbial, anti-aging activities
etc. Hence, they are of great potential in cosmetic industries.?!
Peptide sequences are known to stimulate the growth of fibroblast

cells, collagen formation.'

1.4.3. Nanofabrication and biomineralisation templates: A
process with which ordered structured materials are produced
biologically is called biomineralization. Self-assembling peptides
can act as templates for nanofabrication and biomineralisation.??
Nanofibres have been reported to use as the template for growing

CdS nanocrystals.??® Self-assembling peptides have been utilized

18



Chapter 1

for mineralization of hydroxyapatite for bone tissue engineering.?

FF nanotubes have been used as template to cast silver nanowires.%

A sodium
cHyata Proteinase K

: An._w’ — > GO ] ~20 nm

Silver-filled nanotube silver nanowire

Figure 1.15: (A) Schematic presentation of casting of silver nanowires with FF
nanotubes (B-D) TEM images showing formation of silver nanowires.
(Reprinted with permission from reference 6a)

1.4.4. Drug Delivery: In medicinal and pharmaceutical fields, it is
a challenging task to deliver the biologically active molecules or
drugs in a controlled way to the desired target. Self-assembling
peptides are smart materials which have been explored for the
target-specific delivery of biologically important molecules (dyes,
drugs, enzymes, antibodies etc.).”> Webber and coworkers
demonstrated the encapsulation of doxorubicin (anticancer drug) in
peptide nanofibres and its release through enzymatic dissolution of

peptides.?f

19



Peptide Self-assembly to Applications

Alkaline
Phosphatase

Figure 1.16: Schematic presentation of doxorubicin release from peptide
nanofibres upon enzymatic reaction. (Reprinted with permission from reference
23%)

1.4.5. Bio-imaging: Self-assembling peptide has also been
explored for cell imaging.* Optical properties of tryptophan have
been used in cancer cell imaging by Zhang and co-workers. Zn(II)
tryptophan-phenylalanine dipeptide nanoparticles (DNPs) have
been used for bioimaging and sensing due to its intrinsic
fluorescence signals ranging in the visible range of the spectrum.?**
The enhancement of fluorescence was due to metal coordination
and m-m stacking. These visible fluorescent emitting DNPs were
functionalized with aptamer and doxorubicin for targeting cancer
cells and to monitor the drug release. Lu and coworkers reported a
fluorescent peptide ZD2-Cy5, specific for glycoprotein, Extra
domain-B fibronectin (EDB-FN) for bio-imaging and targeting

20
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prostate cancer. ZD2 had the capability to bind EDB-FN produced
by nude mouse prostate tumor xenographs and PC3 cells.?*
Nano-electronics, nanoreactors, bone regenerating smart
materials, biosensors are few more applications of self-assembling
peptides. Beside such progress in the field, there are many
unanswered questions for the better use of such material in various
fields. The better understanding of structural design and self-

assembly can help in improvement and exploit new applications in

future.

In this thesis, various self-assembling peptides based on
phenylalanine and tyrosine amino acids are synthesized in coming
chapters. Natural (folic acid) and synthetic linkers (trimesic acid
and dipicolinic acid) has been used to synthesize peptides for

applications like catalysis, bio-imaging, capacitor studies etc.
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Chapter 2

2.1. Introduction

The essence of research is to seek the answers to problems.
Regardless of the results, the experiments should be carried out
with utmost care by minimizing probable mistakes. In a chemistry
lab, it is very important to follow the proper guidelines and
procedures for various reactions.

This chapter covers the purification of solvents and details
of reagents required for synthesis of various peptides. All the
chemicals were purchased from commercial sources and used as
supplied unless otherwise stated. This chapter also includes the
instruments, sample preparation procedures for the UV-Visible
spectrophotometer,  fluorescence  spectrophotometer  and

microscopy.
2.2. Chemicals and Reagents

Amino acids and vitamins: L-phenylalanine, L-tyrosine, L-
tryptophan, L-glycine, L-arginine, L-lysine, L-aspartic acid, L-
cysteine were obtained from Spectrochem Pvt. Ltd., Mumbai,
India. Folic acid (Vitamin Bo) and ascorbic acid were purchased
from S. D. Fine-Chem Ltd., Mumbai, India.

Protecting agents for amino acids: Thionyl chloride, F-moc
chloride, benzyloxy carbonyl chloride, trityl chloride were
procured from Spectrochem Pvt. Ltd., Mumbai, India. Boc
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anhydride (di-tert-butyl dicarbonate) was obtained from Avra
synthesis Pvt. Ltd., Hyderabad, India.

Coupling agents for amino acids: N, N'-
dicyclohexylcarbodiimide (DCC), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC.HC)), N-
hdroxybenzotriazole (HoBt), N-hydroxysuccinimide (NHS) were
obtained from S. D. Fine-Chem Ltd., Mumbai, India.

Resins: Dowex 1-X8 (Strong anion exchange resin) was obtained
from HiMedia Laboratories Pvt. Ltd. and Amberlite IR-120
(Strong cation exchange resin) were purchased from S. D. Fine-
Chem Ltd., Mumbai, India.

Metal salts: Copper chloride, Copper sulphate, Zinc acetate, Zinc
chloride, Zinc dust, Cobalt chloride, silver nitrate, Chloroauric
acid, cadmium acetate, selenium powder, potassium carbonate,
sodium carbonate, potassium carbonate, potassium chloride were
obtained from (Rankem) Avantor Performance Materials India
Ltd., Haryana, India. Ferric Chloride and Ferrous sulphate were
purchased from S. D. Fine-Chem Ltd., Mumbai, India.

Anhydrous sodium sulphate, sodium chloride, sodium
hydrogen carbonate were obtained from Titan Biotech Ltd.,
Rajasthan, India.

Acids: Glacial acetic acid was purchased from Merck Ltd.,

Mumbai, India. HCL was obtained from (Rankem) Avantor
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Performance Materials India Ltd., Haryana, India. Nitric acid and
sulphuric acid were obtained from Fisher Scientific India Pvt. Ltd.,
India. Trifluoroacetic acid (TFA) was obtained from Avra
synthesis Pvt. Ltd., Hyderabad, India.

Other chemicals: 2,6-dipicolinic acid, trimesic acid,
Ethylenediaminetetraacetic acid (EDTA), Silica gel for column
chromatography were purchased from Merck Pvt. Ltd., Mumbai,
India. Triethylamine was Avra synthesis Pvt. Ltd., Hyderabad,
India.

Solvents: Dichloromethane (DCM), methanol (MeOH), ethyl
acetate, N,N-dimethylformamide (DMF), ethanol (EtOH),
tetrahydrofuran (THF), pyridine were obtained from Merck Ltd.,
Mumbeai, India. Chloroform, petroleum ether, acetone, 1,4-dioxan,
diethyl ether were obtained from RFCL Ltd., New Delhi, India.
Dimethyl sulphoxide (DMSO), n-pentane, n-hexane were obtained
from S.D. Fine-Chem Ltd. Mumbai, India. HPLC grade methanol,
water, tetrahydrofuran, dichloromethane, isopropanol were

purchased from RFCL Ltd., New Delhi, India.

Material for Cell assay: 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), trypsin-EDTA, Dulbecco’s
modified eagle’s medium (DMEM), penicillin-streptomycin

antibiotic, bisBenzimide H 33258 and gelatin (from cold water fish
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skin) were purchased from Sigma-Aldrich (Banglore, India) and
used without further purification. Dimethyl sulphoxide (DMSO)
was obtained from Merck (Bangalore, India). Fetal bovine serum
and CellMask™ Deep Red Plasma Membrane stain was purchased

from Gibco® Life Technologies (Bangalore, India).

2.3. Purification of solvents and reagents'
Dichloromethane (DCM): Calcium hydride'? was used to store
the laboratory grade DCM for 12 h and distilled. The solvent was
stored in brown bottles over activated 4 A molecular sieves for 1-
2 days. The solvent was handled under nitrogen with the aid of T-
joint piece.

Methanol (MeOH): The commercial grade MeOH was refluxed
over freshly activated calcium oxide for 6 h and distilled. Distilled
MeOH was dried over activated magnesium turnings and distilled
under the nitrogen atmosphere. The resulting dry MeOH was stored
in brown bottles over activated 4 A molecular sieves for 1-2 days.
The solvent was handled under the nitrogen atmosphere.

N, N-dimethylformamide (DMF): Azeotropic distillation with
benzene followed by treatment with activated alumina to remove
all traces of water present in DMF. The solvent was distilled under

reduced pressure and stored over activated 4 A molecular sieves
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for 1-2 days. The solvent was handled under the nitrogen
atmosphere.

Dimethyl sulphoxide (DMSO): Freshly activated alumina was
used to store the analytical grade DMSO for 12 h. After filtration,
the solvent was distilled over calcium hydride under reduced
pressure and stored over 4 A molecular sieves for 1-2 days. The
solvent was handled under the nitrogen atmosphere.
Triethylamine (TEA): Potassium hydroxide pellets were used to
store the commercial grade TEA for 24 h. followed by reflux for
3h. TEA was distilled and stored in amber coloured bottles over
potassium hydroxide pellets.

N-hydroxysuccinimide (NHS): Ethyl acetate was used as the
solvent for recrystallization of commercially available NHS.
1-hydroxy benzotriazole (HOBt): 50% aqueous ethanol was used
as the solvent for recrystallization of commercially available

HOBt.

2.4. Instrumentation:

High-Resolution mass spectroscopy (HRMS): High-resolution
mass spectra were recorded on Waters Q-Tof Premier Micromass
HAB 213 mass spectrometer (Waters Ltd., Manchester, U.K.)
using capillary voltage 2.6-3.2 kV. The samples dissolved in
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suitable solvents were introduced into the HRMS source through a
syringe pump at the rate of 3 uL/min.

Nuclear magnetic resonance spectroscopy (NMR): 'H and °C
NMR were recorded either on JEOL-JNM LAMBDA 400 (JEOL
Ltd., Tokyo, Japan) model operating at 400 and 100 MHz,
respectively or on JEOL ECX-500 model (JEOL Ltd., Tokyo,
Japan) operating at 500 MHz and 125 MHz respectively. The
chemical shifts were referenced with respect to tetramethylsilane.
Fourier Transfer infrared spectroscopy (FTIR): FTIR spectra
were recorded on a Bruker FT-IR Vector 22 model (Bruker,
Massachusetts, USA) from 400-4000 cm™.

High-performance liquid chromatography (HPLC): HPLC was
recorded with 1200 infinity series system from Agilent
Technology.

Melting Point: Melting points of the synthesized compounds were
measured with the help of DBK-programmable melting point
apparatus (Model DBK 5067/1; DBK instruments, Mumbai, India).
UV-Vis Spectrophotometer: Absorption spectra were recorded
on CARY 100 Bio UV-Vis spectrophotometer with 10 mm quartz
cell at 25+ 0.1 °C.

Fluorescence Spectrophotometer: Fluorescence spectra were
recorded on  Varian  Luminescence  Cary  eclipsed

spectrophotometer with 10 mm quartz cell at 25+ 0.1 °C.
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Optical microscopy (OM): OM images were acquired on Leica
DM2500M microscope, equipped with a fluorescence laser and
DFC420 camera.

Fluorescence Microscopy (FM): Dye stained samples were
examined under a fluorescent microscope (Leica DM2500M),
provisioned with a rhodamine filter (absorption 540 nm/emission
625 nm).

Scanning electron microscopy (SEM): SEM images were
acquired on FEI Quanta 200 microscope, equipped with a tungsten
filament gun, operating at WD 3 mm and 10 kV.

Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM):
FIB-SEM images were acquired on FEI make Nova 600 Nanolab
workstation equipped with a field emission Ga ion source,
operating at 14 KV.

Transmission electron microscopy (TEM): Samples were
viewed using a JEOL 1200EX electron microscope operating at 80
kV.

Atomic force microscopy (AFM): AFM Samples were imaged
with an atomic force microscope (Molecular Imaging, USA)
operating under the Acoustic AC mode (AAC), with the aid of a
cantilever (NSC 12(c) from MikroMasch). The force constant was
0.6 N/m, while the resonant frequency was 150 kHz. The images

were taken at room temperature, with the scan speed of 1.5-2.2
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lines/sec. The data acquisition was done using PicoView 1.4®
software, while the data analysis was done using PicoView.
Confocal laser scanning microscopy: Cell assays samples were
observed under confocal laser scanning microscope (CLSM, Leica
spS, Germany).

Electrospinning: Electrospun fibrous mats were synthesized on a
Super ES-2 model electrospinning unit (E-Spin Nanotech Pvt. Ltd.,
SIBDI Innovation and Incubation Centre, IIT Kanpur).

2.5. Ion exchange chromatography

Anion exchange resin (Dowex 1-X8): The commercially
available Dowex 1-X8 was washed with 2N NaOH (100 mL) and
the excess of NaOH was removed by washing with triple distilled
water, monitored by pH paper till it becomes neutral. Then, this
resin was used for the exchange of anions with OH".

Cation exchange resin (Amberlite IR-120): The commercially
available amberlite IR-120 was washed with 2N HCI (100 mL) and
the excess of HCI was removed by washing with triple distilled
water, monitored by pH paper till it becomes neutral. Then, this

resin was used for the exchange of cations with H".
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2.6. Sample Preparation

UV-Vis Studies and Fluorescence Studies: The solutions were
prepared in HPLC methanol for the UV-Vis and fluorescence
studies.

Microscopy sample preparations: 10 uL aliquots of the samples
were deposited on a suitable surface (glass surface, silicon wafer,
copper grids or HOPG (highly ordered pyrolytic graphite) surface)
and allowed to dry at room temperature. Subsequently, the samples
were dried in vacuo for 30 min prior to imaging.

10 pL aliquots of the sample were placed on a 400-mesh
carbon coated copper grid for TEM samples. After 1 min any
excess fluids were removed. Due to the present of metal samples
were imaged without any further staining.

SEM samples were imaged with and without (for EDX)
gold coating.

For confocal laser scanning microscopy, Cells (10*
cells/well) were seeded on a sterilized glass cover slip (13 mm,
0.2% gelatin-coated) for 10 h. To study cellular uptake of peptides
by confocal laser scanning microscopy, a solution of peptides were
added to the cell culture media which was incubated at 37 °C with
5% CO; humidified incubator. After incubation cells were washed
thrice with PBS buffer and fixed with 4% formaldehyde solution

for 20 min. After washing, cells were stained with deep red plasma
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membrane dye and washed again with PBS buffer. Coverslips were
then mounted on slides coated with buffered mounting medium to

prevent fading and drying.
2.7. X-ray structure analysis

Single Crystal of the peptide was coated with light
hydrocarbon oil and mounted in the 100 K dinitrogen stream of a
Bruker SMART APEX CCD diffractometer equipped with CRYO
Industries low-temperature apparatus and intensity data was
collected using graphite-monochromated Mo Ka radiation. The
data integration and reduction were processed with the SAINT
software.! An absorption correction was applied.> Structure was
solved by the direct method using SHELXS-97 and refined on F?
by a full-matrix least-squares technique using the SHELXL-97
program  package.’ Non-hydrogen atoms were refined
anisotropically. In the refinement, hydrogens were treated as riding

atoms using the SHELXL default parameters.
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One- and Two-Dimensional Nano-island Growth in C3 Symmetric Molecule

3.1. Introduction

Understanding the driving force for the formation of self-
assembled structures is an essential step for designing bio-inspired
materials for various applications.! The design of molecule plays
an important role, as the functional groups present in molecule
dictate the outcome of self-assembled structures. The detailed
understanding of the molecular arrangement in self-assembled
monolayers is an essential step in the fabrication of molecular
devices.” It is valuable to explore the structural details of organic
molecules on various surfaces for refining their part and capability
in the applications. The arrangement of monolayer of organic
molecules on various solid surfaces depends mainly on the
molecular size and molecular symmetry of the organic moieties, as
well as on the lattice arrangement of the solid surface used.’
Different types of structures are reported depending on the nature
of the interaction.*

Cs symmetric molecules play an important role in nature®,
for example, triskelion-shaped clathrin molecules, which help in
endocytosis, facilitate the formation of nano-cage like
supramolecular architectures.® Benzene tricarboxylic acid (BTA),
a C3 symmetric molecule, has been widely used in synthetic fiber,
plasticizer, antiseptic, cross-linking agents to prepare extended

assemblies, dendrimers and reverse osmosis membrane materials.’
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It is a planar molecule with flexible carboxylic acid groups, capable
of forming hydrogen bonding and n-m stacking interactions. Two-
dimensional (2-D) assemblies of BTA molecule and its derivatives
have been extensively studied through many techniques such as
circular dichroism (CD), UV-Vis, STM and various theoretical
methods. &°

The conjugation of carboxylic acid groups of BTA with
amino acid side chains offer biocompatibility, biodegradability and
possibility of producing enantiopure -chiral structures with
enantioselective synthesis or detection capability.!® Moreover,
amino acid side chains can play an important role in formation of
self-assembled structures because of their capability to form
hydrogen bonding, n-m stacking interactions (in aromatic amino
acid chains) and metal ion interactions. Crystal structures of a few
BTA amino acid derivatives has also been reported in literature.!!
Atomic force microscopy (AFM) is a particularly useful tool to
investigate the detailed structural arrangements of organic
molecule monolayers on various solid surfaces up to very high
(atomic or submolecular) resolutions. In this study, we have
synthesized L-phenylalanine derivative of BTA moeitiy and
studied the assemblies formed in ultrathin layer of BTA L-
phenylalanine derivative on the basal plane of Highly Oriented
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Pyrolytic Graphite (HOPG) at ambient condition through atomic

force microscopy.

3.2. Synthesis and Characterization

The peptide was synthesized through solution phase synthesis as

shown below:

0
COOH
i "\)'L
2 . o/

+

HOOC COOH

¢ i
0/ OH
(o) i 0
—
(¢] NH 0, NH
(o] (o]
H H
~ N o N (o]
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1 o7 ™o 2 HO” O

Scheme 1: Synthetic scheme for peptide 2: (i) HOBt, DCC, 0 °C, TEA, N» atm.
(i) 6 N NaOH, MeOH, 6 h.

Trimesic acid tris L-phenylalanine methyl ester conjugate (1):

Trimesic acid (0.50 g, 2.37 mmol), and HOBt (1.09 g, 7.13 mmol)
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were dissolved in dry DMF (15 mL) under nitrogen atmosphere
and the reaction mixture was cooled to 0 °C in an ice bath. A
solution of DCC in DCM (1.47 g, 7.13 mmol) was then added
dropwise to the reaction mixture. The reaction mixture was stirred
at 0 °C for 1 h, after which, L-phenylalanine methyl ester
hydrochloride (1.63 g, 7.58 mmol) was added to it followed by
triethylamine (2.313 mL, 16.5 mmol). The reaction mixture was
monitored and stirred for 24 h at room temperature under nitrogen
atmosphere. The reaction mixture was concentrated in vacuo,
redissolved in ethyl acetate and filtered to remove DCU. The
organic layer was then washed with IN HCI (3x30 mL), 10%
NaHCOs; (3%x30 mL) and brine (30 mL). The organic layer was
dried over anhydrous sodium sulfate and concentrated in vacuo.
The crude compound was purified by silica gel column
chromatography by using DCM and methanol (98:2) solvent
system to isolate pure 1 (0.365 g, 72% yield). m.p. 199-203 °C, R¢
[4% methanol in DCM] = 0.5; 'H NMR (500 MHz, ds-DMSO,
TMS, & ppm): 3.06-3.16 (m, 6H), 3.61 (s, 9H), 4.64-4.69 (m, 3H)
7.15-7.26 (m, 15H), 8.33 (s, 3H), 9.11-9.14 (m, 3H); 3*C NMR (125
MHz; ds-DMSO, 6 ppm): 37.8, 52.5, 54.9, 127.0, 128.8, 129.5,
134.7, 166.1, 172.5; HRMS (M+H)" for C39H4oN309: 694.2765
(Calcd.), 694.2767 (Anal.).
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Trimesic acid tris-1-phenylalanine conjugate (2): 1 (0.1 g, 0.144
mmol) was dissolved in methanol to form a clear solution. To this
6N NaOH (0.03 g, 0.865mmol) was added and stirred for 6 h at
room temperature. The solution obtained was passed over activated
cation exchange resin. The filtrate was evaporated under reduced
pressure to obtain pure 2 (0.07 g, 72.9% yield). '"H NMR (400 MHz,
ds-DMSO, TMS, 8 ppm): 2.97-3.22 (m, 6H), 4.40-4.48 (m, 3H),
7.04-7.19 (m, 15H), 8.13-8.15 (m, 3H), 8.30-8.31 (m, 3H); 1*C
NMR (100 MHz; ds-DMSO, & ppm): 36.8, 54.8, 126.9, 128.7,
129.5,134.9, 138.5, 166.1, 173.4; HRMS (M-H)" for C36H34N300:
652.2295 (calcd.), 652.2297 (Anal.).

3.3. Microscopy Studies:

Optical Microscopy: OM images were acquired on Leica
DM2500M microscope, equipped with a bright and dark field
imaging.

Field Emission Scanning Electron Microscopy (FE-SEM):

10 pL aliquots of the samples were deposited on a silicon wafer
and allowed to dry at room temperature. Subsequently, the samples
were dried in vacuo for 30 min prior to imaging. The samples were
imaged with and without (for EDX) gold coating. SEM images
were acquired on FEI Quanta 200 microscope, equipped with a

tungsten filament gun, operating at WD 4 mm and 10 kV.
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Atomic force microscopy (AFM):

Freshly prepared HOPG surface (ZYB grade from p-masch) was
used as a substrate for the preparation of ultrathin films. 3-4 pL of
10® M solution was drop casted on graphite by positioning the
surface at an angle of ~30° to make sure the smooth flow of the
solution. After air drying, AFM studies were carried out at an
ambient condition where temperature (23—25 °C) and relative
humidity ¢ 50%) were maintained using air conditioning. All
measurements were performed on Agilent Technologies 5500
scanning probe microscope in intermittent contact mode.
Aluminum coated silicon cantilevers (Budget sensors) were used
as AFM probes. During scanning, cantilevers had resonance
frequency around 270 kHz and force constant was around 35 N/m.

Images were processed using WSxM software from Nanotec.!”

3.4. Results and Discussions:

3.4.1. Solution phase self-assembly: We designed and
synthesized benzene tricarboxylic acid (BTA) based C3; symmetric
molecule by chemically conjugating it with L-phenylalanine amino
acid. BTA is a planar molecule and has the ability to crystallize
from water in hydrogen-bonded networks with wide

unidimensional empty channels.

47



One- and Two-Dimensional Nano-island Growth in C3 Symmetric Molecule

Molecule 1 with protected caboxylic ends, was studied for
the self-assembled behavior in methanol at 1 mM concentration on
silicon (100) surface and discovered to form two different kinds of
supramolecular architectures- long nanofibers and small nanorods
simultaneously. The probable interactions for the formations of
these self-assembled structures could be m-m interactions due to
aromatic rings and hydrogen bonding interactions of amide/ester
bonds. A simple change of ester moieties to acid group in molecule
2 resulted in formation of uniform long nanofibers with diameter

~70-90 nm (Figure 3.1).

Figure 3.1. (a,b) SEM images of 1 (1mM, MeOH, Si wafer) (c,d) SEM Images
of 2 (ImM, MeOH, Si wafer).
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Further, upon diluting 2 sample resulting in the formation

of small spherical structures along with nanofibers (Figure 3.2).

Figure 3.2. (a,b) SEM images of 2 (10 uM, MeOH, Si wafer).

3.4.2. Atomic force microscopy and DREIDING force field
analysis: The self-assembled structures of 2 were further analyzed
through atomic force microscopy to understand molecular level

arrangements. The ultrathin film of 2 was studied for molecular

assembling behaviors on HOPG (0001) surface.

Figure 3.3. (a-c) AFM images of 2 (10 uM, MeOH, HOPG surface).

49



One- and Two-Dimensional Nano-island Growth in C3 Symmetric Molecule

AFM images revealed the presence on two kinds of
molecular self-assembled structures on HOPG surface similar to Si
wafer (Figure 3.3). These structures were classified into one-
dimensional (long edged long molecular aggregation) and two-
dimensional (spherical aggregation) islands depending on the
nature of aggregation.

One-dimensional (1-D) islands appeared bright in phase
diagram due to the positive phase shift. 1-D islands were assigned
as crystalline regions, with apparent height 0.6 = 0.1 nm which
agreed with the typical height of a monolayer. A statistical analysis
was performed to understand the relative orientation of those
islands with respect to HOPG. Analysis over several frames
showed that the location of major peaks was around 2°, 63° and 122

+ 5° (Figure. 3.4).
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Figure 3.4. A statistical analysis of relative orientation of One-dimensional
islands with respect to HOPG.

It implied that 1-D islands were following three graphite
lattice directions. The electron rich system of 2 molecule might be
interacting with graphite lattice symmetry through =#n- =
interactions. High-resolution images revealed the molecular level
ordering of 1-D islands which consisted of bright and dark strips
(Figure 3.3 b,c). The interval between two neighboring molecular
chains was ~6.2 nm. Height variation between the adjacent rows of
different contrast was found out to be ~0.1 nm. This variation was
not consistent with the typical apparent height of a monolayer,
confirming that the dark strips were formed due to self-assembly
of molecule. The width of both kinds of strips was calculated to be
in between 2.9-3.2 nm which was double the size of a single 2
molecule. As tip apex has its limitation to resolve the features
smaller than 3 nm, we assume that each strip corresponds to two
molecular rows. Further, DREIDING force field method was used
to understand the molecular level picture. A dimer was optimized
as a building unit with -COOH groups facing each other with the
possibility to form eight hydrogen bonds (Figure 3.5 a). A lattice
was grown with the optimized dimer structure (Figure 3.5 b) with
unit cell vectors A (horizontal line) and B (vertical line) marked

with green lines. Along the A vector, dimers interacted through
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four hydrogen bonds but along B, there was a high possibility of -

n stacking between the phenyl groups of dimers.

Figure 3.5. a) Optimized dimer geometry of 2 molecules using a force field. b)
The possible self-assembled pattern for the observed 1D-island.

In the DREIDING force field method, typical -C=0OH-
O- bond energy is considered approximately 9 Kcal mol™! and for

n-n stacking interactions, bond energy is variable around 2-3 Kcal
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mol!.!* The interaction energy along A was calculated to be
approximately 30 Kcal mol!(-C=O-H-O- interactions) and
along B it was approximately 3 Kcal mol! (n-m interaction). It
revealed that the growth of islands along the direction of vector A

was 10 times more favorable than that of vector B. These outcomes

perfectly summarized the shape of 1-D islands.

Figure 3.6. (a-¢) AFM images of 2 (10 uM, MeOH, HOPG surface).

Along with 1-D islands, several dark spherical self-
assembled structures (highlighted with green lines, Figure 3.6)
were observed designated as two-dimensional (2-D) islands
(considering the aspect ratio of these islands). A high-resolution
image of these regions showed periodic patterns similar to 1-D
islands. These images depicted molecular level ordering within
those regions due to the presence of dark and light strips. Statistical

analysis showed that direction of these molecular strips within
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molecular layers was also following graphite lattice direction like
ID-islands. The apparent height difference between successive
rows (marked by white arrows in Figure 3.6 c¢) was approximately
0.15 nm which was higher in comparison with the thickness of 1-
D islands. The interval between neighboring molecular chain was
5.6 nm which was few angstrom lesser than 1-D islands, revealing
that 2-D islands were compactly packed as compared to 1-D
islands. Although both kinds of islands followed the symmetry of
surface, adsorption geometry of molecule due to intermolecular
interaction could be different. Different adsorption geometry of 2
on HOPG could lead to enhancement in intermolecular interactions
namely -C=0-H-O- (B.E. ~9 Kcalmol!), -C=O-~H-N- (B.E. ~
8 Kcalmol ') and n-r stacking (B.E. ~3 Kcalmol ') leading to 2-D
growth. This understanding was supported by proposing a model
of 2-D assemblies based on an optimized geometry of a dimer using
DREIDING force field method (Figure 3.7a). A lattice was grown
with this optimized dimer structure (Figure 3.7b) with unit cell
vectors A (horizontal line) and B (vertical line) marked with blue
lines. It was observed that molecules were interacting with each
other equally through hydrogen bonding along both A and B
vectors. It was clear from the molecular picture that the assembly
adopted three-fold symmetry on the HOPG surface (angle between

two vectors~120°). Packing density for 2-D growth was found to
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be 0.38 molecules/nm? whereas the packing density for the 1-D
region was relatively less i.e. 0.32 molecules/nm? and thus

supported the experimental observation difference in packing.

Figure 3.7. a) Optimized dimer geometry of 2 molecules using a force field. b)
The possible self-assembled pattern for the observed 2D regions.
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3.4. Conclusions:

C3 symmetric molecule 2 was designed, synthesized and studied
for self-assembling behavior. This molecule self-assembled as long
uniform nanofibers with diameter of ~70-90 nm. Self-assembled
ultrathin monolayer of this molecule was studied at low
concentration (10 uM) through atomic force microscopy (AFM),
which revealed the formation of two different kinds of assemblies:
namely, one- and two-dimensional nano-islands. C3 symmetric
molecules are generally known to form two- dimensional islands,
but the formation of one-dimensional islands is unusual in this case.
Working models for one- and two-dimensional islands were

proposed by using DREIDING force field method.
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Chapter 4

Ultrastructure of Metallopeptide-based Soft
Spherical Morphologies

(Work published in RSC Adv. 2014, 4, 64457)



Ultrastructure of Metallopeptide-based Soft Spherical Mophologies

4.1 Introduction

Self-assembling peptides offer a versatile platform for the
formation of ordered nanoscale systems, with varied applications
in catalysis, delivery, and tissue engineering, to name only a few.!
Control over physicochemical properties of constituent amino
acids, possibility of predictable design on the basis of secondary
structural signatures, and high compatibility interaction with
biological systems, are hallmarks of peptide-based nanoscale
materials. Consequently, it is quite advantageous to employ short
self-assembling peptides, to obtain diverse hierarchical structures
with desired functions. Recent advances on these lines concerns
interaction of metal ions with self-assembling peptides to afford
bio-inspired metal-peptide frameworks (MPF),?> which may offer
combined investigated properties of metal-organic framework
(MOF) with biocompatibility.

Three different approaches could be envisaged for
constructing MPFs: (i) introducing amino acids side chains capable
of metal binding® (ii) use of exogenous ligands supporting MOF
architecture* (iii) use of covalently linked chiral/achiral connectors.
The latter approach appears to be a followed avenue for designing
novel, abiotic oligomers for supramolecular studies. For example,
Lehn, Huc and other groups have reported family of oligoamides

based on achiral connectivity of 2,6-pyridinedicarboxylic acid,
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where the resultant oligomers not only have the ability to self-
organize into single helices, but also support formation of double
helices.” Notably, short oligomers with 2,6-pyridinedicarboxylic
acid and related connectors afford planar ‘crescent-like’
conformation, while longer oligomers exhibit more pronounced
propensity to form helices.® In particular, pyridine diacid oligomers
offer hydrogen bonding at the inner rim of helices resulting in ~4.5
monomer per turn of the ensuing helix.

Diphenylalanine (FF) dipeptide motif exhibits spontaneous
self-assembly to generate peptide nanotubes in solution. FF
nanotubes offer interesting applications as scaffolds for the
synthesis of metal nanowires, possess improved mechanical
properties, semi-conductivity and serve as drug delivery agents.’
Side chain aromaticity in phenylalanine is implicated for self-
assembly and for control over structural features in the solid state.®
In current study, given our continued interest in hierarchical self-
assembled peptides systems and our ongoing efforts to prepare

b9 we decided to

covalently linked conjugates of FF dipeptide,
synthesize a symmetric FF conjugate using pyridinedicarboxylic
acid as a achiral linker. The ability of this new peptide conjugate to
self-assemble and its binding to various metals including copper,
silver and gold leading to formation of metallopeptide soft

structures is described.
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4.2. Synthesis and Characterization:

Peptide 4 was synthesized through solution phase synthesis:

PRYD Y o
© ©
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Scheme 1: Synthetic scheme of peptide conjugate 4: (i) 75% TFA-DCM, 4 h,
N, atm. (ii) HOBt, DCC, 0 °C, TEA, N, atm. (iii) THF, IN NaOH, 6 h, N atm.

N-(tert-butyloxycarbonyl)-L-phenylalanine-L-phenylalanine
methyl ester (1): N-(Boc)-L-phenylalanine (5 g, 18.8 mmol), and
HOBt (2.55 g, 18.8 mmol) were dissolved in dry DMF (25 mL)
under nitrogen atmosphere and the reaction mixture was cooled to

0 °Cin an ice bath. A solution of DCC in DCM (4.66 g, 22.6 mmol)

was then added drop wise to the reaction mixture. The reaction
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mixture was stirred at 0 °C for 1 h, after which, L- phenylalanine
methyl ester hydrochloride (4.05 g, 22.6 mmol) was added to it
followed by triethylamine (13.1 mL, 94.2 mmol). The reaction
mixture was monitored and stirred for 24 h at room temperature
under nitrogen atmosphere. Reaction mixture was concentrated in
vacuo, redissolved in ethyl acetate and filtered to remove DCU.
The organic layer was then washed with IN HCI (3%x30 mL), 10%
NaHCOs3 (3%x30 mL) and brine (30 mL). The organic layer was
dried over anhydrous sodium sulfate and concentrated in vacuo.
The crude compound was purified by silica gel column
chromatography by using hexane and ethyl acetate (80:20) solvent
system to isolate pure 1 (6.17 g, 76.76% yield). m.p. 102—105 °C,
R¢[30% ethylacetate in hexane] = 0.5, '"H NMR (500 MHz, CDCls,
TMS, o ppm): 1.38 (s, 9H); 2.99-3.08 (m, 4H); 3.65 (s, 3H); 4.32
(m, 1H); 4.77-4.93 (m, 1H); 6.96-6.97 (m, 2H); 7.17-7.29 (m, 10H,
overlapped aromatic signal and CDCl; peak); '*C NMR (125
MHz; CDCls, 6 ppm): 28.3, 38.0, 38.3, 52.3, 53.3, 55.7, 77.3, 80.4,
127.2, 128.6, 128.7, 129.3, 129.4, 170.8, 171.4; HRMS (M+H)"
for Co4H30N20s: 427.2233 (Caled.), 427.2236 (Anal.).

L-phenylalanine-L-phenylalanine methyl ester (2): 1 (5g, 9.5
mmol) was dissolved in 75% TFA-DCM and stirred for 1 h under
nitrogen atmosphere. After completion of the reaction, the solvent

was evaporated in vacuo and was subsequently washed with
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diethylether resulting in a white solid. The white solid then
dissolved in methanol and passed through activated anion
exchange resin and evaporated under reduced pressure to obtain
pure 2 (3.27g, 85.4% yield). Rf[50% ethylacetate in hexane] = 0.5;
"H NMR (500 MHz, DMSO-dg, TMS, & ppm): 2.89-3.09 (m, 4H),
3.57 (s, 3H); 4.02 (m, 1H); 4.51-4.55 (m, 1H); 7.18-7.30 (m, 10H),
8.16 (s, 3H); '*C NMR (125 MHz; DMSO-ds, & ppm): 39.8, 40.0,
40.1, 40.3, 52.2, 54.1, 54.3, 128.4, 128.7, 129.5, 162.8, 172.1;
HRMS (M+H)" for CioH2oN203: 327.1709 (Caled.), 327.1700
(Anal.).

Pyridyl-bis-L-phenylalanine-L-phenylalanine methyl ester (3):
2, 6-pyridinedicarboxylic acid (0.25 g, 1.49 mmol) was dissolved
in DMF and cooled to 0 °C in ice bath under nitrogen atmosphere.
To this solution, HOBt (0.404 mg, 2.99 mmol) and a solution of
DCC (0.617 g, 2.99 mmol) in DCM was added and stirred for 1h
under nitrogen atmosphere at 0 °C. Subsequently 2 (1.07 g, 3.29
mmol) was added into the reaction mixture followed by
triethylamine (0.76 mL, 9.48 mmol). The reaction mixture was
monitored and stirred for 24 h at room temperature under nitrogen
atmosphere. Reaction mixture was concentrated in vacuo,
redissolved in ethyl acetate and filtered to remove DCU. The
organic layer was then washed with IN HCI (3x30 mL), 10%
NaHCOs3 (3%x30 mL) and brine (30 mL). The organic layer was
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dried over anhydrous sodium sulfate and concentrated in vacuo.
Crude compound was then purified through silica gel column
chromatography by using methanol-DCM (4:96) resulting in pure
3. (0.45 g, 38.5% yield). m.p.= 142-144 °C, R¢ [5% methanol in
DCM] =0.5; 'HNMR (500 MHz, DMSO-dg, TMS, & ppm) = 2.46-
3.18 (m, 8H), 3.54 (s, 6H), 4.48-4.53 (m, 2H), 4.70-4.77 (m, 2H),
7.08-7.29 (m, 20H) 8.07 (m, 2H), 8.59-8.60 (m, 1H), 8.92-8.93 (2s,
4H); BC NMR (125 MHz; DMSO-ds, & ppm): 37.1, 37.8, 39.5,
40.0,40.4,40.5,52.3,54.3,54.7,125.2,126.8, 127.0, 128.7, 137.5,
139.9, 149.0, 163.5, 170.3, 172.1; HRMS (M+Cl) for
C45H4sNsOg: 818.2957 (Calcd.), 818.2957 (Anal.).

Pyridyl-bis-L-phenylalanine-L-phenylalanine conjugate (4): 3
(0.1 g, 0.127 mmol) was dissolved in tetrahydrofuran to form a
clear solution. To this IN NaOH (0.03 g, 0.765mmol) was added
and stirred for 6 h at room temperature. The solution obtained was
passed over activated cation exchange resin. The filtrate was
evaporated under reduced pressure to obtain pure 4. (0.07 g, 72.9%
yield); m.p. 120-122 °C; "H NMR (500 MHz, DMSO-d¢, TMS, &
ppm): 2.46-3.34 (m, 8H,), 4.46-4.73 (m, 2H), 4.74-4.83 (m, 2H),
7.06-7.34 (m, 20H), 8.12-8.13 (m, 1H), 8.41-8.46, (m, 2H), 8.85-
8.95 (m, 4H), 9.23-9.31 (m, 2H); '*C NMR (125 MHz; DMSO-ds,
d ppm): 37.1,37.4, 39.5, 40.0, 40.2, 40.3, 54.3, 55.5, 125.3, 126.7,
126.9, 128.6, 129.6, 139.0, 148.9, 157.1, 163.9, 171.8, 173.4; FTIR
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(KBr, cm-1): 1220, 1528, 1655 (C=0 ,amide I, II and III), 1736
(C=0, acid), 2931 (CH-aliph.), 3029 (CH-Ar), 3310 (NH, str);
HRMS (M-H)* for C43H41NsOs: 754.2877 (Calcd.), 754.2877
(Anal.)

4.3. Microscopy Studies:

Field Emission Scanning Electron Microscopy (FE-SEM): 10
pL aliquots of the samples (1mM in 50% methanol-water) were
deposited on a silicon wafer and allowed to dry at room
temperature. Subsequently, the samples were dried in vacuo for 30
min prior to imaging. The samples were imaged with and without
(for EDX) gold coating. SEM images were acquired on FEI Quanta
200 microscope, equipped with a tungsten filament gun, operating
at WD 3 mm and 10 kV.

Atomic force microscopy (AFM): 10 pL aliquots of samples (1
mM in 50% methanol-water) was placed on a silicon wafer at room
temperature and allowed to dry by slow evaporation. Subsequently,
the samples were dried in vacuo for 30 min prior to imaging. AFM
Samples were imaged with an atomic force microscope (Molecular
Imaging, USA) operating under the Acoustic AC mode (AAC),
with the aid of a cantilever (NSC 12(c) from MikroMasch). The
force constant was 0.6 N/m, while the resonant frequency was 150

kHz. The images were taken at room temperature, with the scan
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speed of 1.5-2.2 lines/sec. The data acquisition was done using
PicoView 1.8® software, while the data analysis was done using
PicoView.

Focused Ion Beam- Scanning Electron Microscopy (FIB-
SEM): 10 uL aliquots of the samples (1ImM in 50% methanol-
water) were deposited on a silicon wafer and allowed to dry at room
temperature. Subsequently, the samples were dried in vacuo for 30
min prior to imaging. FIB-SEM images were acquired on FEI make
Nova 600 Nanolab workstation equipped with a field emission Ga
ion source, operating at 15 KV.

The milling process of peptide-based soft material
depended upon beam current, accelerating voltage and mill depth
to minimize surface artifacts.

Accelerating Voltage: The interaction volume of gallium (Gat)
ions is smaller at the lower voltage which may cause less damaging
to the soft structure compare to the higher voltage. Therefore, the
FIB system which usually worked at 30 kV, operated at an
accelerating voltage of 20 kV in the initial milling stage. We used
a lower accelerating voltage up to 15 kV for ion beam and electron
beam.

Beam Currents: Usually the high beam current for peptide-based
soft structure were not applicable because the fragile specimens

may not be stable under high beam current. Due to this reason, we

67



Ultrastructure of Metallopeptide-based Soft Spherical Mophologies

used a set of current in the range of 1 pA- 2.1 nA to determine least
possible beam current which was less damaging in nature. Initially,
2.1 nA current for 1 min was used for the irradiation and effect of
this irradiation caused more damage to the soft specimen, another
beam current of 81 pA also caused damage to the soft specimen
under 1-2 mins time duration. Therefore, a current of 37 pA for 1
min apply to mill the soft-specimen which gave a fine cutting and
less damage to the specimen. Since, the milling time is inversely
proportional to beam current strength, therefore, we did not use this
beam current for the longer time which may cause sputtering and
melting of the soft-specimen (melting due to the heat generated by
ion irradiation). The optimal beam current of 10 pA for milling the
specimen typically for 5 mins was used for the present sample.

Transmission electron microscopy (TEM): 10 pL aliquots of the
sample (1 mM in 50% methanol-water) were placed on a 400-mesh
carbon coated copper grid. After 1 min any excess fluids were
removed. Due to the present of metal samples were imaged without
any further staining. Samples were viewed using a JEOL 1200EX

electron microscope operating at 80 kV.

Dynamic Light Scattering (DLS): Particle size distribution of 4,
4+Cu(Il), 4+Ag(I) and 4+Au(Ill) complexes were measured using

dynamic light scattering analyzer at a wavelength 657 nm, with
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Delsa Nano C Particle analyzer (Beckman Coulter). Samples were

measured at 25 °C.
4.4. Results and Discussion:

4.4.1. Molecular design of peptide conjugate, 4: We designed
and synthesized 4, which is a hybrid of two diphenylalanine
moieties conjugated using 2,6-pyridinedicarboxylic acid as the
linker (Scheme 1). We envisioned the following advantages for the
proposed conjugate: [i] possibility to engender a structure
containing the ability of ‘crescent-like' conformation in an
aggregating dipeptide (Figure 4.1a); [ii] introduction of metal ion
coordination sites to further interrogate peptide self-assembly

process.

2,6-pyridyl disubstituted linkers have been utilized to
engender a crescent conformation or a curvature in many
foldameric systems.!” In addition, pyridyl ring also offers
additional advantage of metal ion interaction, which may further
lead to useful coordination features and varied geometries. A
simple energy minimization of 4, MM+ molecular mechanics force
field with steepest descent algorithm in the vacuum, showed that it
indeed presents a curved, crescent-like conformation (Figure 4.1

b). It can be surmised that such curved conformation, upon
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solution-phase self-assembly eventual culminate into spherical

structures.

a)

Figure 4.1: (a) 4. (b) MM+ optimized structure of 4.

The presence of pyridyl group as a linker gave us an
impetus to focus our attention on metal ion coordination. As
envisaged, we surmised that such interaction may offer an entry
metal-mediated peptide soft matter, perhaps with tunable size and
cavities. To start, we decided to assess metal ion interaction by
growing appropriate crystal to ascertain the possible site of metal
binding. 4 was interacted with Cu(Il) ions and studied through
single-crystal diffraction analysis (Figure 4.2). A methanolic
solution of 4 was treated with CuSO4.5H>0O and the respective
crystals were grown by slow evaporation. Crystal analysis revealed

MzL: coordination, via carboxylate groups, to afford a Cu(Il)-
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supported paddle-wheel structure.!! These dimeric units were
further stabilized by hydrogen bonding (Table 4.1) between —N-H
and —C=0 of adjacent dimeric units in the range of 2.11-2.12 A
(Figure 4.3 a) as well as C—H... interactions (2.47 A)!? (Figure 4.3
b) to form a lattice structure (Figure 4.2 b). Notably, Cu(Il) ions, in

this case, did not interact with pyridyl nitrogens.

Figure 4.2: Crystal structure of Cu;L, metallopeptide (L = 4): (a) dinuclear
paddle wheel-type of structure (b) lattice structure showing peripheral
interactions.

Formation of MzLlo-type of discreet dinuclear copper
cluster evinces interest not only due to interesting coordination
geometry, but also due to the fact that coordination-driven self-
assembled structures offer facile entry to the construction of novel
metallosupramolecular ensembles such as two-dimensional
polygons and three-dimensional spherical cages, prisms, and
polyhedral.’® It is envisaged that these designed superstructures,

which combine multiple weak interactions including n—r stacking,
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CH-—r interactions, hydrogen bonds and metal-coordination, could
extend application in domains ranging from optoelectronic

materials to drug delivery to storage and catalysis.

Figure 4.3: (a) H-bonding (A) (b) CH-r interactions (A) in 4+Cu(II) complex.
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D—H.. A" D..A | H..A | D—H..A
4+Cu(II)

N(2)—H(2')...0(25) 3.0652 | 2.26 157
N(2)—H(2")...N(1) 2.7046 | 2.33 107
N(3)—H(3")...0(1)" 29319 | 2.12 156
N(4)—H(4")...0(25) 29659 | 2.17 153
N(4)—H(4")...N(1) 2.6849 | 2.32 106
N(5)—H(5")...0(25) 29582 | 2.14 158
N(5)—H(5")...0(25) 2.8091 | 2.47 104
N(7)—H(7")...0(23) 3.1644 | 2.38 152
N(7)—H(7")...N(6) 27078 | 2.33 107
N(8)—H(8")...0(23) 2.8942 | 2.04 174
N(9)—H(9")...0(23) 3.0987 | 2.32 151
N(9)—H(9")...N(6) 2.6703 | 2.31 106
N(10)—H(10")...0(9)' 29467 | 2.11 164
O(17)—H(17A)...0(5)" | 2.7168 | 1.95 155
O(18)—H(18)...0(13) | 2.6308 | 1.84 162
0(23)—H(23A)...0(2) | 2.6828 | 1.87 170
0(27)—H(27)...0(25) | 2.7654 | 1.98 162
C(7)—H(7)...0(13) 2.7789 | 2.35 105
C(9)—H(9)...0(14) 2.7856 | 2.36 105
C(18)—H(18B)...0(16) | 2.8189 | 2.47 101
C(26)—H(26)...0(1)"v | 3.1833 | 2.34 144
C(26)—H(26)...0(9) 2.8182 | 2.42 103
C(37)—H(37B)...0(10) | 3.1060 | 2.58 115
C(50)—H(50)...0(5) 2.8214 | 2.39 106
C(52)—H(52)...0(6) 2.8131 | 2.38 106
C(61)—H(61B)...0(8) | 2.8617 | 2.50 102
C(69)—H(69)...0(1) 2.8265 | 2.43 104
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C(69)—H(69)...0(9) | 3.3506 | 2.50 146
C(77)—H(77)...0(6) | 3.4802 | 2.57 166
C(80)—H(80B)...O(4) | 2.9624 | 2.57 105

Table 4.1: Selected hydrogen bonding distances (A) and bond angles (°) in
4+Cu(II) Complex.

In the case of 4, it could be imagined that metal-carboxylate
interactions offer a beneficial cooperative effect, along with other
stabilizing non-covalent interactions, to form interesting
supramolecular structures. Thus, we started with the determination
of solution-phase morphology of 4, followed by investigating the
effect of metal ions, in the solution phase, in generating

metallopeptide ensembles.

4.4.2. Solution phase self-assembly of 4: The propensity of
peptide conjugate 4 to self-assemble was studied. It was dissolved
in 50% methanol-water at a concentration of 1 mM and unlike FF
dipeptide that forms nanotube, 4 lead to instantaneous formation of
spherical vesicles with a diameter of 350-650 nm, as visualized
using atomic force microscopy (AFM) (Figure 4.4) and dynamic
light scattering (DLS) spectrum (Figure 4.4 c). Spherical nature of
the assemblies could be attributed to the crescent-shaped structural
design of this conjugate. The vesicles spherical morphology was

further analyzed using scanning electron microscopy (SEM) and
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transmission electron microscopy (TEM) (Figure 4.4). Stability of
these soft structures was also probed by subjecting it to ion beam
manipulation (Figure 4.4f). A focused ion beam (FIB) system,
using a gallium ion beam, site-selectively machined a spherical
particle, at an operating voltage of 15.00 KV. This experiment
revealed a solid inner core in the soft structure, suggesting
formation of compact structures that are able to withstand high
energy of ion beams, for almost 5 min, without any loss of

morphological integrity.'*

0 2 4 8 €& 10 12 f4ym

Figure 4.4: Microscopy analysis of 4 (a-b) AFM micrographs. (c) DLS spectrum
showing the spherical structure size distribution. (d) SEM image. (¢) TEM
image. (f) FIB-SEM image of the sphere after ion beam damage revealing the
inner surface (1 mM, 50% aqueous methanol) on the silicon wafer.
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It is known that aromatic amino acid side-chains interact
during peptide aggregation process to form parallel-stacked or T-
shaped geometries, leading to the formation of hydrophobic
microenvironments by excluding water. Moreover, aromatic-
aromatic interactions further help short peptides, such as FF, to
rapidly and efficiently access energetically favored
conformations.'”> The mixed solvent used in this case, due to
solubility constraints, may also exert some effect in stabilizing FF
dipeptide side-chain interactions, as stacked arrangements are more
stable in water, while amphiphilicity of methanol interferes with
the stabilization of both stacked and T-shaped geometries, thereby

attenuating aromatic-aromatic interactions.'®

4.4.3. Interaction of 4 with copper ions:

Cu(II) ions form stable four-, five- and six-coordinate complexes.
Cu(Il) complexes show their potential use as anti-inflammatory,!”
antimicrobial,'® antitumor agents,'” enzyme inhibitors, and
chemical nucleases, generally bind through nitrogen of the ligands.
Conjugate 4 offers pyridyl ring nitrogen as well as free carboxylate
groups as probable metal binding sites. Samples were prepared by
co-incubating 4 solution (1 mM, 0.5 mL, MeOH) with CuCl>.2H>O
solution (1 mM, 0.5 mL, H>0), followed by microscopy evaluation.

The minor changes appeared within 2 h of mixing, which became
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prominent within 12 h and confirmed by SEM and TEM (Figure
4.5). The images clearly showed initiation of vesicle coalescence
by metal ions, leading to the formation of larger-sized vesicles
upon fusion in 24 h (Figure 4.5b). The monitoring was continued
for 120 h through DLS measurements. The size of spherical
structures increased up to ~3.4 um in 120 h upon copper
interaction. Notably, the presence of copper ions in vesicles was

confirmed by energy-dispersive X-ray spectroscopy (EDX)

measurements (Figure 4.5d).

C N O CI Cu Si
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Figure 4.5: Microscopic images of 4+Cu(Il) complex. (a, b) SEM images on the
silicon wafer after 12 h and 24 h respectively. (c) TEM image (inset: magnified
view of a metal-bound spherical structure). (d) EDX spectrum after 24 h.

One of the hallmarks of Cu(Il) interaction was the
coalescence of self-assembled structures. As stacking predominate
Phe-Phe interactions, phenyl rings would prefer to be buried inside
spherical structures. Thus, it is likely that many free carboxylic
groups and pyridyl ring nitrogens in 4 would possibly be exposed
at the surface of spherical structures for metal ion binding.?® This
was also confirmed by single crystal analysis that Cu(Il) ions
would enable metal ion-mediated interactions to stitch together

smaller spherical structures into a large aggregate structure.

4.4.4. Interaction of 4 with silver ions:

Ag(I) ions generally interact through nitrogen of the ligands®! and
Ag(I) complexes exhibit biological activity in many cases.?? They
are also known to trigger conformational changes in self-assembled
peptides.”® As pyridyl nitrogen of 4 could be an interesting metal
binding site for Ag(I), samples were prepared in presence of
AgNOs as described before for copper ions. We were able to
observe changes in morphology 12 h after the addition of metal
ions (Figure 4.6a). Interestingly, coalescence of spherical vesicles
was observed again, where soft structures of 4 exhibited formation
of fused structures, as evidenced by SEM and TEM micrographs
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(Figure 4.6b, 4.6¢). As this morphology change was different
compared to copper-mediated morphology, it is likely that Ag(I)

coordination, in this case, is distinct to Cu(II) interactions.**

Q.
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Figure 4.6: Microscopic images of 4+Ag(I) complex. (a, b) SEM images on the
silicon wafer after 12 h and 24 h respectively. (c) TEM image (inset: magnified
view of a Ag(I)-mediated soft spherical structures). (d) EDX spectrum after 24
h.

4.4.5. Interaction of 4 with Au(III) ions:
Chloroauric acid (HAuCl4) protonates pyridyl ring with counter
anion AuCls ion balancing overall charge.?® Latter possesses

square-planar geometry, relatively diffuse charge distribution and
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a weak interaction with solvent (water) molecules, with nearest
solvent molecules occupying two orthogonal quasi-elliptical
curved surfaces.?® Dissolving 4 with HAuCls also showed
morphological changes where spherical structures were found

linked in a network-like fashion within 12 h incubation (Figure

4.7).

C N O Ssi Cl Au

Figure 4.7: Microscopic images of 4+Au(IIl) complex. (a, b) SEM images on
Si wafer after 12 h and 24 h respectively. (c) TEM image, (inset: magnified view
of a spherical structure). (d) EDX spectrum after 24 h.
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Given the anionic nature of AuCls, it is likely that
carboxylate anions will not have any role in coordination. Thus,
observed coalescence could be attributed to pyridyl nitrogen
coordination of Au(Ill). Indeed, several groups have reported the
formation of Au(Ill) coordination complexes using pyridyl and
phenanthronyl ligands.?” Vesicles linked in a network-like fashion
were confirmed by various microscopy methods and EDX analysis
data, which clearly suggests the formation of a metal-peptide

framework.

Figure 4.8: SEM images on copper grid after 12 h (a, b) 4+Cu(II) complex. (c,
d) 4+Ag(I) complex. (e, f) 4+Au(Ill) complex.
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To further understand the role of the surface in these
experiments, we repeated entire procedure by using copper grids
(Figure 4.8). Same results were obtained in all three cases

irrespective of surface.

There could be different interactions possibilities: in the
case of Cu(Il) ions, free carboxyl group side-chains in 4 could
interact as suggested by solid state structure; but, this does not
preclude solution interaction of pyridyl nitrogens with copper ions.
In the case of Ag(I) and Au(Ill) ions, the interaction could possibly
be supported by pyridyl nitrogen. Despite repeated attempts, we
were unable to grow crystals with Ag(I) and Au(III) ions.

4.4.6. Dynamic light scattering analysis:

Effect of metal ions on vesicle coalescence was confirmed by DLS
analysis using similar metal-peptide solutions used for microscopy
studies.?® The samples were prepared by mixing 4 ( 1 mL, 10 pm,
MeOH) with metal ion solutions ( 1 mL, 10 pm, H>O). It was
observed that the peptide vesicles alone have a hydrodynamic
diameter of ~ 350-650 nm (Figure 4.9a), which upon Cu(Il) ions
addition changes to ~1.2 um (Figure 4.9b) after 24 h incubation
and it further matured to an average diameter of ~3.4 um after 120
h (Figure 4.9¢c). For Ag(l) ions, the average size of metallated
vesicles changed to ~1 um after 24 h (Figure 4.9d) and matured to
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an average diameter of 2.2 um after 120 h (Figure 4.9¢). A similar
trend was also observed for Au(Ill) interactions (Figure 4.9f and
4.9¢g). Such a change in size may be ascribed to metal-mediated

vesicle fusion process.
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Figure 4.9: DLS spectra: (a) Size distribution of 4 (50% MeOH-H»0). (b,d,f)
Size distributions after 24 h. (c,e,f) Size distributions after 120 h.

4.4.7. Thiol displacement studies:
Au(Ill) ion binds very effectively with 4 to form network-like
metal-peptide framework. As Au(IIl) has thiophilic binding
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preference over nitrogen or oxygen centers,” we decided to treat
4+Au(Ill) complex with 1-mercaptopropanoic acid (MPA) to
achieve its displacement from the framework. Samples were
prepared by mixing 4 (0.5 mL, 1 mM, MeOH) with HAuCly
solution (0.5 mL, 1 mM, H;0), incubated for 12 h. This was
followed by addition of MPA solution (0.5 mL, 10 mM, 50%

methanol-water) and further incubation for 5 h (Figure 4.10).

Notably, network-like structure disappeared confirming the crucial

role of Au(IIl) ions in causing metalized vesicles to stick together.

1ym e

*Au(lll) MPA

Figure 4.10: (a) SEM image of 4. (b) SEM image of 4+Au(Ill) complex after 12 h. (C)
Magnified view of 4+Au(Ill) complex. (d) SEM image of 4+Au(Ill)+MPA after 5 h
incubation.
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4.4.8. UV-Vis Studies:

Spectrometric titrations: The UV-Vis absorption spectrum of 4
was dominated by strong absorption of pyridine ring and phenyl
rings. The dicpicolinic acid absorbed at 215 nm and had a n-*
transition absorbance at 270, 273 and 279 nm> but it was not easily
recognizable because of many overlapping peaks of Phe-Phe
peptide in the same region as phenylalanine also absorbed around
210 and 257 nm.*! The absorption spectra of 4 (0.1 mM, MeOH)
revealed the absorption peak at 213 nm and 274 nm. The n-m*
transitions peaks are known to shift to longer wavelength

(bathochromic shift) when metal coordination occur.*?

Spectrometric titrations with Cu (II) ions: CuCl; solution (0.5
mL, 10 puM, MeOH) was taken in UV cuvette (1 mL) and used as
the baseline. To above metal solution, 50 pL injections of 4 (10
uM, MeOH) were added and were stirred for 2-3 min prior to
measurement of relative absorbance spectrum. While titrations,
either incrementally added metal to peptide or peptide to metal
solutions. In the spectrometric titration of CuClz with 4, the amount
of free peptide started disappearing as indicated by the decrease in
absorption of 4 and amount of metal coordinate peptide started to

incline due to increase in absorption for the same (Figure 4.11).
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Figure 4.11: (a) 0.5 mL of CuCl, (10 uM, MeOH) was taken and used as the
baseline. 50 pL injections of 4 (10 uM, MeOH) were added each time. (b) 0.5
mL of 4 (10 pM, MeOH) was taken and used as the baseline. 50 pL injections
of CuCl, (10 uM, MeOH) were added each time.

Spectrometric titrations with Ag (I) ions: 0.5 mL of AgNO;
solution (10 pM, MeOH) was taken in UV cuvette (1 mL) and used
as the baseline. 50 puL injections of 4 (10 uM, MeOH) were added

each time. Solutions were stirred for 2-3 min prior to measurement

of relative absorbance spectrum. Spectrometric titrations were

carried on in both ways: either incrementally added metal to

peptide or peptide to metal solutions (Figure 4.12).
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Figure 4.12: Spectrometric titrations (a) 0.5 mL of AgNOs3 (10 pM, MeOH) was
taken and used as the baseline. 50 pL injections of 4 (10 uM, MeOH) were
added each time. (b) 0.5 mL of 4 (10 uM, MeOH) was taken and used as the
baseline. 50 pL injections of AgNO3 (10 uM, MeOH) were added each time.

Spectrometric titrations with Au (III) ions: 0.5 mL of HAuCly4
solution (10 uM, MeOH) was taken and used as the baseline. 50
uL injections of 4 (10 uM, MeOH) were added each time. Solutions
were stirred for 2-3 min prior to measurement of relative
absorbance spectrum. Titrations were performed both ways: either
incrementally added metal to peptide or peptide to metal solutions

(Figure 4.13).
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Figure 4.13: Spectrometric titrations (a) 0.5 mL of HAuCls (10 uM, MeOH)
was taken and used as the baseline. 50 pL injections of 4 (10 uM, MeOH) were
added each time. (b) 0.5 mL of 4 (10 pM, MeOH) was taken and used as the
baseline. 50 pL injections of HAuCls (10 uM, MeOH) were added each time.

Peptide conjugate 4 afforded formation of spherical
structures supported by H-bonding and n-7 stacking interactions.

Moreover, possible crescent-shape of monomers, engendered by

pyridyl linker, further assisted self-organization of 4 to maximize
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non-covalent interactions. Based on the occurrence of these forces,
a model could be proposed to depict the formation of spherical
vesicles from crescent-shaped conjugate (Figure 4.14).
Observation of coalescence upon metal ion addition was attributed
to metal-coordination, which could possibly bring these soft

peptide-based structures in close proximity.

'=Q .=‘é'°\g i_’>="@ TA‘&— = Coinage metalions ]—,= MPA

Figure 4.14: Proposed model of metal-peptide interactions

As seen in Au experiment, exogenous addition of MPA
could revert coalescence perhaps by complexing metal ions thus

releasing spherical structures.
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4.4.9. Catalytic Studies:

Acid rain, photochemical smog, ozone depletion®® and
global warming are major environmental concerns which need to
be attended first hand. The main reasons for such environmental
crisis are due to pollutants generated in coal combustion process
such as NOx, CO, SO2 to name a few. The high solubility of SO in
water had made its removal process easy through wet flue gas
desulfurization (WFGD). But due to the weak solubility of NO in
water, it has become the major concern for environmental
scientists. Catalytic oxidation of NO to NO> can be used to remove
excess of NO from the environment as NO; is highly soluble in
water and could be removed easily by WFGD method.

Catalytic oxidation of NO to NO; has been carried out
efficiently by noble metals (Pt and Pd).>* But being less available
and a high cost of noble metals, these could not be used as the
potential catalyst in industry for catalytic oxidation of NO. Till date
many transition metal catalysts have been synthesized to address
the issue.*> Copper ion mediated self-assembling peptides, known
to form MPFs, could be a new catalyst for efficient and
environmentally friendly way to oxidize NO to NO,.

Sample preparation for NO oxidation: 4 (0.5 g, mmol) and
CuS04.5H,0 (0.66 g, mmol) were dissolved in methanol and
slowly evaporated to get MPFs. The crystals (0.5 g) were dried
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under high vacuum and crushed in power for making a pellet for

catalytic studies.

Reaction conditions:

Weight of the sample 05¢g
Temperature 25 °C
Total feed flow rate 37.5 standard cc per minute (sccm)
NO flow rate 7.5 cc/min
O, concentration 20%.
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Figure 4.15: NO conversion efficiency of MPF [4+Cu(II)] at 25°C
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The catalytic activity of MPF (4+Cu(Il)) was studied at room
temperature. NO flow rate was set 7.5 cc/min along with 20% O»
concentration. The catalyst was found to convert 25% of NO to

NO> under given conditions (Figure. 4.15).

4.5. Conclusion

Conjugate 4 was designed having a crescent-type of
structure, synthesized and studied for its interaction with metal ions
in the solid state and in solution. Crystal analysis of copper
complex of 4 revealed ML, coordination, via carboxylate groups,
to afford a Cu(Il)-supported paddle-wheel structure. Lattice
structure offered insight into the further interaction of these
dinuclear units via noncovalent interactions. Solution phase self-
assembly peptide conjugate and metal ion complexation revealed
that ensembles of 4 beautifully coalesced in presence of metal ions
to form large sized vesicles. Metal coordination played an
important role in connecting spherical structures and exploits an
interesting interfacial interaction to provide entry into novel
metallopeptide materials. Further, copper MPF was explored as a

catalyst for oxidation of NO.
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Soft Structure Formation and Cancer Cell Transport Mechanisms of a
Folic acid-dipeptide Conjugate

5A.1 Introduction

Folic acid-conjugated imaging agents and candidate drugs
have evoked considerable interest over the years owing to their
ability to enter cancer cells, through high-affinity interaction with
folate receptor (FR) protein. Folate receptors, particularly FRa,
exhibit hyperactivity in several cancer cells such as breast, brain,
lungs, cervical, and renal carcinomas' and offer key entry points
supporting active folate intake in cancer cells.” Subsequent to FR
binding in cancer cells, folate conjugates are transported inside
cells via endocytosis.® Chemical functionalities in folic acid play
key roles in high-affinity FR binding®, and once folate-conjugates
enter cells, enzymatic transformations release bioactive molecules
inside the cell. Increased involvement of FRs in cancer cells makes
this Trojan horse strategy very useful for delivery of drugs and
bioactives, in cancer cells.” Over a period of time, many such
conjugates have entered different stages of clinical studies to
deliver chemotherapeutic drugs to target cells.® However, the main
impediment of such conjugates, which limits their widespread use,
concerns the lack of conjugate stability and cytotoxicity.

From the standpoint of supramolecular chemistry, folic acid
consists of a heterocyclic pterin skeleton, which affords self-

assembled structures belonging to cholesteric and hexagonal
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mesophases, under mild alkaline conditions.” Suitably disposed
donor-acceptor sites in pterin skeleton drive hydrogen bond
assisted self-recognition event, in a manner analogous to guanine
tetramer formation, and it has been shown that the presence of
monovalent cations imparts stability to the cholesteric phases. A
recent study demonstrated that a change in monovalent cations
resulted in enhanced folic acid tetramer rigidity, as a result of
favorable stacking interactions and quadruplex elongation.®

Given our ongoing interest in peptide soft structures’ and
bionanoconjugation based on guanine tetrad formation!®, we
decided to investigate whether bottom-up approach with the folic
acid containing peptide building blocks will reveal interesting
structural features. One could approach the design of folic acid
conjugates via two different routes: firstly, by making folic acid
conjugated peptides, followed by their self-assembly; or through
post-synthetic modification'!; of in situ assembled peptide
nanotubes by folic acid (Scheme 1). The former approach is
perhaps better as it offers superior control over the gross
morphology of soft structures and the possibility of additional
chemical modifications to create a multivalent, folate displaying

building block.
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Scheme 1: Two approaches for the design of folic acid and diphenylalanine
dipeptide conjugate (inset: hydrogen bonded pterin tetrad)

We decided to employ Phe-Phe dipeptide for the synthesis
of a folic acid-conjugated building block (Scheme 2), as both
dipeptide and folic acid demonstrate remarkable ability to self-
assemble in solution’*® 812 Thus, we envisaged that it would be
intriguing to study how the proposed covalent conjugation affects
self-assembly and gross morphology. We also decided to undertake
cytotoxicity assay for the conjugate and the possibility of following

its uptake in various cancer cell lines.
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5A.2. Synthesis and Characterization:

Conjugate 3 and 4 were prepared by standard solution phase

peptide synthesis. Scheme 2 shows various synthetic steps:

Yo@’ Hﬁﬁﬁl_:,”‘jg&
0" (ol

1 2

2 + HNHI COOH
HyN jﬁ

o coon qﬁ(
o]
iii N, JL
8y

Scheme 2: Synthetic scheme for peptide 4: (i) 75% TFA-DCM, 4 h, N,
atmosphere. (ii) DCC, pyridine, dark. (iii) 1 N HCIL, 6 h.

L-Phenylalanine-L-phenylalanine methyl ester folic acid
conjugate (3): Folic acid (250 mg, 0.556 mmol), 2 (184 mg, 0.556
mmol), and DCC (128 mg, 0.614 mmol) were dissolved in DMSO
(5 mL) in presence of dry pyridine (10 pL). The mixture was stirred

overnight, in the dark, at room temperature under nitrogen
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atmosphere. Afterward, the mixture was diluted with deionized
water (10 mL) and centrifuged at 1000 rpm for 30 min to separate
insoluble dicyclohexylurea. The supernatant was collected and
washed with diethyl ether to give a yellow precipitate, which was
filtered and dried. The crude compound was further purified by
silica gel column chromatography eluting with methanol-
dichloromethane, to isolate a pure yellow-coloured compound 3
(180 mg, 72% yield). HRMS (M+H)" for C3gHsoNoOs: 750.3000
(Caled.), 750.3000 (Anal.), 'H NMR (500 MHz, d¢-DMSO, TMS,
S ppm): 1.17-1.22 (m, 4H), 1.45-1.75 (m, 4H), 2.46 (s, 3H), 3.31
(s, 2H), 3.45-3.52 (m, 3H), 6.59-7.62 (m, 14H), 7.91 (s, 3H), 8.61
(s, 3H), 9.05 (s, 1H), 11.40 (s, 1H); *C NMR (125 MHz; d¢-
DMSO, é ppm): 25.7, 34.6, 36.7,42.4,46.4,48.3, 52.2,52.7, 54.1,
54.9,111.7,121.7,126.7, 127.0, 128.5, 128.7, 129.6, 149.0, 149.2,
151.3,152.8, 154.4, 158.9, 166.9, 171.9, 172.2, 174.3, 174 4.

L-Phenylalanine-L-phenylalanine folic acid conjugate (4):
Conjugate 3 (100 mg) was dissolved in 15 mL of 1 N HCI and
stirred for 6 h. The residue was filtered and washed with diethyl
ether/ acetone (70:30) to achieve yellow precipitates of 4, which
was filtered and dried (80 mg, 80% yield). HRMS (M-H) for
C37H36N9Os: 734.2687 (Calcd.), 734.2689 (Anal.), 'H NMR (500
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MHz, ds-DMSO, TMS, & ppm): 1.68-1.80 (m, 4H), 2.03-3.51 (m,
4H), 4.50 (s, 3H), 6.20-7.63 (m, 14H), 7.90-7.96 (m, 1H), 8.21 (m,
2H), 8.45-8.48 (m, 3H), 8.69-8.86 (s, 1H), 9.02 (s, 1h), 10.60 (s,
1H); 13C NMR (125 MHz; ds-DMSO, 5 ppm): 25.84, 30.44, 36.06,
39.35,47.17, 53.07, 57.45, 59.69, 116.51, 132.07, 132.20, 133.23,
133.52, 134.39, 147.16, 148.04, 148.08, 148.08, 148.97, 150.04,
150.21, 158.44, 163.65, 167.56, 167.70.

5A.3. Microscopy Studies:

Field Emission Scanning Electron Microscopy (FE-SEM): 10
uL aliquots of samples (I mM and 10 uM solutions of conjugates
3 and 4) were deposited on a silicon wafer (100) and allowed to dry
at room temperature. Subsequently, the samples were dried in
vacuo for 30 min prior to imaging. Samples were dried in vacuo for
30 min prior to imaging. Samples were gold-coated and SEM
images acquired on FEI Quanta 200 microscope (Zeiss Supra 40
VP, Germany), equipped with a tungsten filament gun, operating

at WD 3 mm and an operating voltage of 10 kV.

Dynamic Light Scattering (DLS): The solution of 3 at 10 uM
concentration was prepared in HPLC water and sonicated for 10

min. Particle size distribution of 3 was measured using dynamic
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light scattering analyzer at a wavelength 657 nm, with Delsa Nano

C Particle analyzer (Beckman Coulter, USA) and at 25 °C.

5A.4. Cell assays:

Materials and methods: 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), trypsin-EDTA, Dulbecco’s
modified eagle’s medium (DMEM), penicillin-streptomycin
antibiotic, bisBenzimide H 33258 and gelatin (from cold water fish
skin) were purchased from Sigma-Aldrich (Banglore, India) and
used without further purification. Dimethyl sulphoxide (DMSO)
was obtained from Merck (Bangalore, India). Fetal bovine serum
and CellMask™ Deep Red Plasma Membrane stain was purchased

from Gibco® Life Technologies (Bangalore, India).

Cell lines: HeLa cell (immortal cervical cancer cell line), MCF7
(breast cancer cell line) and H460 (lung cancer cell line), were
purchased from National Center for Cell Sciences Pune, India. It is
a national repository of cell lines in India. In vitro studies were

performed to assess the biocompatibility of 3.

In vitro cell viability/cytotoxicity studies: Cytotoxicity studies
were done with sterilized solution of 3 at a concentration 0.25, 0.5
and 1 pM in the cell medium to determine if it could be used for

biological applications.
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MTT assay: In vitro biocompatibility studies of 3 were carried out
with HeLa cells by MTT assay (Mosmann, 1983)'*. Cells were
maintained with Dulbecco’s minimum essential medium
supplemented with 10% fetal bovine serum in a humid incubator
(37 °C and 5% CO»). Cells (10* cells/ well) were plated onto 96-
well glass-bottom tissue culture plates at an initial confluence of
70%. After 8 h, 3 was added to a final concentration of 0.25, 0.5
and 1 uM and the wells including the control wells (i.e. only cells)
were, incubated for ~17 h at 37 °C, in 5% CO; humidified
incubator followed by removal of media. MTT in DMEM medium
(0.5 mg/mL) was prepared and stored in the dark environment.
After discarding the old media, 200 pL of freshly prepared MTT
solution was added to each of the cell-containing wells followed by
incubation for 4-5 h. After incubation, basal DMEM (having MTT)
was removed and 200 pL of DMSO was added. The viability of
cells was determined by measuring their absorbance at 570 nm. The
optical density of absorbance is directly proportional to the number
of live cells. All in vitro cytotoxicity experiments were performed

in quintuplicate and the best three were taken to quantitate.

Cell uptake studies: Cells (10* cells/well) were seeded on a
sterilized glass cover slip (13 mm, 0.2% gelatin-coated) for 10 h.

To study cellular uptake of 3 by confocal laser scanning
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microscopy, a solution of 3 (1 uM) was added to the cell culture
media which was incubated for ~17 h at 37 °C with 5% CO:
humidified incubator. After incubation cells were washed thrice
with PBS buffer and fixed with 4% formaldehyde solution for 20
min. After washing, cells were stained with deep red plasma
membrane dye and washed again with PBS buffer. Coverslips were
then mounted on slides coated with buffered mounting medium to
prevent fading and drying. Samples were observed under confocal

laser scanning microscope (CLSM, Leica sp5, Germany).

Flow cytometry data: HeLa cells (10* cells per well) were grown
as described above and the cells were incubated with 3 (10 uM in
sterilized water, 1 mL) for 17 h. After the incubation, cells were
washed with PBS buffer (pH 7.4) and trypsinized by using 0.25%
Trypsin-EDTA. The cells were then resuspended in PBS (pH 7.4)
and analyzed by flow cytometry. The experiments were done in

triplicate.

For elucidation of the mechanism of particles of 3 in the
present work, different cell lines (MCF7, HeLa and H460) were
preincubated for 1 h with inhibitors of endocytosis and
macropinocytosis followed by incubation with 3 for 17 h afterward.

After exposure of cells to 3, the cells were trypsinized by using
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0.25% Trypsin-EDTA after PBS (pH 7.4) wash. The cells were
suspended in PBS (pH 7.4) and analyzed by flow cytometry. The

experiments were done in triplicate.
5A.5. Results and discussions:

We designed and synthesized conjugates 3 and 4 from folic acid
and diphenylalanine dipeptide using a standard protocol involving
DCC coupling method (Scheme 2). 3 and 4 were characterized with
the help of spectral techniques and their purity established. A
number of concentration ranges were assessed for solution-phase
self-assembly study of 3, under aqueous conditions. After some
experimentation with respect to solubility characteristics, we
recorded SEM micrographs at two difference concentrations (1
mM and 10 uM). Worm-like, short self-assembled structures were
observed (Figure 5A.1a, b), which clearly looked very different
from the well-established nanotubular morphology observed for
diphenylalanine dipeptide alone. This suggests that not only self-
assembly of 3 is concentration dependent, but the two components
influence and modulate self-assembly behavior of the conjugate.®
Difference observed with the present conjugate may be ascribed to
the number of molecules in stacked orientation and to the

possibility of solvent intervention during the H-bond formation.
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DLS experiments were performed with 10 pM aqueous solutions
of sample 3, revealing the hydrodynamic cross-section in the range
of ~550-700 nm (Figure 5A.1c). Self-assembly study for 4 also
revealed the formation of similar worm-like morphologies under
aqueous conditions (Figure 5A.1d). Notably, both 3 and 4 showed
similar gross morphological features, despite the presence of an
additional hydrogen bonding site in 4. Folic acid units are proposed
to exist as tetramers (Figure 5A.2a, b). Tetrameric ensembles of
folic acid are known to self-assemble, with the help of eight
intermolecular hydrogen bonds, to form stacked, columnar
structures.® Incidentally, diphenylalanine dipeptide is also known
to form hollow nanotubes due to m-m stacking and H-bonding
interactions. Thus, it could be surmised that a combination of non-
covalent interactions in 3 and 4 govern final morphologies of these
conjugates. A proposed model for various interactions is given in

Figure 5A.2.
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Figure SA.1: Microscopy analysis on Si(100) wafer in water: (a) 1 mM of 3; (b)
10 uM concentration of 3; (c) DLS analysis of 3 at 10 uM; (d) SEM image of 4
at 10 uM.

The experiments were carried out with 3 due to solubility
constraints of conjugate across microscopy and cell culture studies.
As the premise of this study was to check the effect of folic acid

conjugation in dipeptide self-assembly uptake, we decided to first
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work with three concentrations (0.25, 0.5 and 1 uM) to find out the

toxicity of 3 towards cancer cell lines.
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Figure 5A.2: Hypothetical model showing FA-guided self-assembly for 3 and
4. (a) Proposed core tetramer of folic acid units; (b) model tetramers formed by
the Phe-phe conjugates; (c) proposed interactions between various tetramer units
and Phe-phe units; (d) stacked, columnar self-assembled structures.

MTT assay study: In vitro cytotoxicity of 3 was studied on HeLa
cells by MTT assay with different concentrations ranges (0.25, 0.5
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and 1 uM), to investigate the effect of these particles on cell
viability.
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Figure 5A.3: In vitro biocompatibility assay of 3 at different concentrations in
HeLa cells (17 h incubation) [purple bars (powder sample), orange bars (sample
in HPLC water)]; MCF7 (red bars, the sample in HPLC water) and H460 (green
bars, the sample in HPLC water) cancer cells.

Samples were prepared in DMEM by two methods: (i) powder
sample was dissolved in the medium; (ii) solution was prepared in
HPLC grade water, followed by dilution with DMEM. It was
observed that cell proliferation percentages for 3 were nearly
similar to that of non-treated cell control i.e. they are biocompatible

(Figure 5A.3, purple and orange bars). Since both sample
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preparations showed nontoxic behavior; we opted for the sample
prepared in HPLC water, followed by dilution, for further studies.
MTT assay was also carried out with MCF7 and H460 cancer cell
lines, which confirmed non-cytotoxic nature of 3 (Figure 4A.3, red

and green bars).

5A.5.1. Cellular uptake Study:

The conjugate 3 was designed in such a way so that it could
bind to and exploit cellular entry-mediated by FR receptors in
cancer cells.!*® Notably, 3 also exhibits fluorescence emission
making it conveniently monitored by fluorescence microscopy
methods. The non-toxic and biocompatible nature of conjugate 3
motivated us to further investigate uptake and internalization of 3
in various cancer cell lines (HeLa cells, H460 cells and MCF7

cells).

Figure 5A.4: (a) Confocal microscopy images showing uptake of 3 in HelLa
cells; (b, ¢) Magnified view. HeLa cells were stained with deep red plasma
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membrane dye, which exhibits red emission (Aem = 633 nm); green emission
(Aem = 488 nm) in a-c is ascribed to 3.

HeLa cells were incubated with 3 (1 uM in cell medium) for 17 h

and observed under confocal microscopy, clearly suggesting

uptake of 3 by HeLa cells (Figure 5A.4).

Figure 5A.5: (a) Confocal microscopy images showing uptake of 3 in H460
cells; (b,c) Magnified view. H460 cells were stained with deep red plasma
membrane dye, which exhibits red emission (Aem = 633 nm); green emission
(Aem = 488 nm) in a-c is ascribed to 3.

20 pm 20 pm

Figure 5A.6: (A) Confocal microscopy images showing uptake of 3 in MCF7
cells; (B, C) Magnified view. MCF7 cells were stained with deep red plasma
membrane dye, which exhibits red emission (Aem = 633 nm); green emission
(Aem =488 nm) in A-C is ascribed to 3.
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Further, H460 cells (Figure 5A.5), MCF7 cells (Figure 5A.5) were
incubated with 3 (1 uM in cell medium) for 17 h and observed
under confocal microscopy, suggesting uptake of 3.

5A.5.2. Elucidation of uptake mechanism:

Flow cytometry was used to determine the probable
mechanism of uptake of 3 (10 uM) in cancer cells. This technique
offers simultaneous measurement and analysis of multiple physical
characteristics of single cells, as they pass through a beam of light
in a fluid stream. It is commonly used for cell counting and sorting,
biomarker detection and in clinical studies. Of the many properties
that can be measured such as relative size, relative granularity, and
relative fluorescence intensity, we decided to use the later for our
experiments. In these analyses, optical information is known as
forward scatter (FSC) and side scatter (SSC) are collected. FSC
essentially provides information correlating cell size. SSC, light
scattering of the cell at 90° angle, provides information on cell
granularity. FSC vs. SSC plot is a basic method of visualizing flow
cytometric data and the upper right quadrant (i.e. Q2), provides
information about cells positive for 3, whereas cells negative for 3
are found in the bottom left quadrant (Q3). For this purpose, a
positive control experiment was carried out with HeLa cells (Figure

5A), H460 (Figure S1) and MCF7 cell lines (Figure S2), in
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presence of 3, which suggested that cells internalized 3 and
displayed an increase in cell size.

Uptake mechanism of 3 by various cancer cells was
probed by using different inhibitors, such as filipin III (1 pg/mL),
chlorpromazine (5 pg/100 pL), cytochalasin-D (5 uM), rottlerin
(25 ng/mL), nocodazole (20 uM) and genistein (100 uM), which
selectively interfere with various endocytic pathways. Filipin-III
and genistein are known to inhibit caveolae-mediated endocytosis,
chlorpromazine inhibits clathrin-mediated endocytosis, rottlerin is
a selective inhibitor of macropinocytosis, while cytochalasin D
inhibits actin polymerization, thus inhibiting both phagocytosis and
macropinocytosis.

Uptake of 3 in HeLa (Figure 5A.7) and H460 (lung cancer
cells) (Figure 5A.8), in the presence of all inhibitors, was analyzed
by flow cytometry. In both of these cell lines, rottlerin leads to the
maximum decrease in the percentage of the cell population (Q2)
with internalized particles of 3 as compared to the positive control,
which showed partial to complete inhibition. This suggests that
internalization occurs perhaps through a macropinocytosis-

mediated pathway for HeLa cells and H460 cells.
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Figure 5A.7: Flow cytometry assay of HeLa cells preincubated for 1 h with
endocytic inhibitors, which were treated with 3 for 17 h: (A) no inhibitor; (B)
filipin III; (C) genistein; (D) nocodazole; (E) cytochalasin D; (F)
chlorpromazine; (G) rottlerin (highlighted Q2).
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Figure 5A.8: Flow cytometry assay: H460 cells treated with 3 (positive control)
and different inhibitors (Filipin III, Genistein, Nocodazole, Cytochalasin D,
Chlorpromazine, Rottlerin) showing the percentage of cell uptake. H460 cells
were preincubated for 1 h with inhibitors which were treated with 3 particles for

17 h.
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Figure 5A.9: Flow cytometry assay: MCF7 cells treated with 3 (positive control)
and different inhibitors (Filipin III, Genistein, Nocodazole, Cytochalasin D,
Chlorpromazine, Rottlerin) showing the percentage of cell uptake. MCF7 cells
were preincubated for 1 h with inhibitors which were treated with 3 particles for
17 h.
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However, in the case of MCF-7 cell line, chlorpromazine
and nocodazole inhibited internalization of 3, which suggests a
probable role of clathrin-mediated endocytosis in the uptake
process by these cells (Figure 5A.9). Thus, it appears that different
cell lines used different endocytotic pathways for the transport of 3
particles.'”*¢ In addition, there are numerous reports for folate
conjugates following multiple pathways for cellular entry thus
suggesting that entry via folate receptor is not a unique pathway for

1625 and mono-or multivalency of folate conjugates have

cell uptake
little effect on the rate of cell internalization, despite the fact that
multivalent folate conjugates are taken up via different endocytic

pathways.!”

5A.6. Conclusion

Folic acid diphenylalanine derivatives were synthesized
and studied for their self-assembled behavior. A new
morphological structure was obtained as compared to folic acid and
diphenylalanine peptide alone. Further, MTT assay showed
biocompatible nature and stable behavior of these derivatives. 3
could be used as potential drug delivery vehicle, with further
modifications to optimize required properties, as the cellular uptake

studies and uptake mechanism studies confirmed internalization of
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3 in three different cancer cell lines. Uptake in HeLa and H460 cells
was ascribed to macropinocytosis-mediated pathway, based on
rottlerin interference. In the case of MCF7 cell line,
chlorpromazine and nocodazole inhibited internalization of the
peptide, which suggested a probable role of clathrin-medicated

endocytosis in the uptake process in this cell line.
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Cell Adhesion

5B.1. Introduction

Electrospun nanofibers are highly useful scaffolds that
offer added scope for fine-tuning physical properties such as
surface area and mechanical strength and chemical
functionalization to afford materials for tissue engineering and
drug delivery applications.! More specifically, such nanofibers
have been used in filtration systems, protective clothing, medical
prostheses, energy storage, space applications, nano-
optoelectronics, wound healing, and tissue engineering scaffolds,
etc.> Advantages of using polymer nanofibrous materials as tissue
scaffolds are ascribed to their nontoxic nature and the possibility of

creating structural features similar to extracellular matrices.’

Biological applications necessitate nanofibers that are
biocompatible and present favorable interactions with cells,
extracellular matrix, growth factors and other biomolecules.
Exploration in this domain includes modification of
hydrophobic/hydrophilic properties, the creation of a robust mesh-
like structure enabling optimal fluid sorption, transport and
delivery properties supporting the overarching aim to achieve cell
interaction, adhesion and proliferation. It is desirable that

biocompatible nanofibers also exhibit mechanical strength and

124



Chapter 5B

present a good enough surface area to allow for high volume cell
attachment and favorable interactions.* For example, poly(lactic-
co-glycolic acid), a biodegradable polymer, has been extensively
used in electrospinning to create scaffolds with appropriate

physical and mechanical properties.’

FDA approved poly-e-caprolactone (PCL) is a
biocompatible synthetic polymer with potential uses in tissue
engineering and regenerative therapies due to its affordability,
biocompatibility, —and  mechanical strength.® However,
hydrophobicity and cell binding incapability of PCL demands
attention before it could be developed as an advanced biomaterial.
These issues were addressed by the incorporation of peptides and
peptide amphiphiles along with PCL in electrospinning process.’
Fibrous networks derived from peptide-modified PCL displayed

improved cell adhesion and proliferation.®

Folic acid (FA) is a vitamin crucial for DNA synthesis,
cell division and replication and for the formation of red and
white blood cells. As a strategy to achieve cell interaction and
uptake, folate-drug conjugates exploit binding of folic acid to
its cognate folate receptor (FR) protein present on the cell

surface of many human cancers, through endocytosis uptake
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mechanism.’ Recent applications in this direction include folic
acid conjugated poly(e-caprolactone)-polypeptide copolymer
vesicles as antibacterial agents,'° polyethylenimine-graft-
polycaprolactone-block-poly(ethylene  glycol)-folate  ternary
copolymer for targeted siRNA delivery,!! and folate-functionalized
poly(ethylene glycol)-b-polycaprolactone (folate-PEG-b-PCL) for
intracellular and prolonged delivery to retinal pigment epithelium

cells,'? to name a few.

Our interest in peptide conjugates and functional peptide
self-assembly concerns the creation of soft compartments for
cellular delivery and amyloid modeling.!* We recently described
the synthesis of a folic acid-containing phenylalanine, which was
further used to study self-assembly, gross morphology of ensuing
supramolecular structures and their cell delivery properties.'* It
was determined that covalent conjugation of folic acid to the
dipeptide afforded predictable assemblies and that both
macropinocytosis-mediated pathway and clathrin-mediated
endocytosis were possibly involved in the cellular uptake process.
In order to expand the applications of folate conjugated amino
acids and peptides, we became interested in developing a new
conjugate as an additive for electrospun PCL nanofiber mats to

seek separation of cancer cells, given the propensity of
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overexpression of folate receptors on certain cancer cells surfaces.
This study is expected to serve as a step towards developing
adaptive nanomats for detection and selective capture of FR-

positive cancer cells.
5B.2. Experimental Section

5B.2.1. Materials: Poly-¢-caprolactone (PCL), average Mn =
80,000 used to synthesize electrospun mats was purchased from
Sigma-Aldrich (Bengaluru, India). L-tyrosine (Tyr), N, N'-
Dicyclohexylcarbodiimide (DCC) and trifluoroacetic acid (TFA)
were purchased from Spectrochem Pvt. Ltd., Mumbai, India; N-
tert-butoxy carbonyl (Boc anhydride), thionyl chloride, N-
Hydroxybenzotriazole (HOBt) and folic acid (FA) were purchased
from S. D. Fine-Chem Ltd., Mumbai, India; and used without
further purification. Dichloromethane (DCM), methanol (MeOH),
N, N-dimethylformamide (DMF), methanol, trimethylamine
(TEA), pyridine were distilled according to standard procedures
prior to use. Merck pre-coated TLC plates (TLC Silica gel 60 F254)
were used for thin layer chromatography (TLC), and compounds
were visualized with a UV light at 254 nm. 100-200 mesh silica gel
(S. D. Fine-Chem Pvt. Ltd.) was used for chromatographic

separations.
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5B.2.2. Peptide conjugate synthesis:
Dityrosine conjugate 3 was prepared by standard solution phase

peptide synthesis methodology (Scheme 1).

OH OH
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Scheme 1. Synthetic scheme for 3: (i) 75% TFA-DCM, 4 h, N» atmosphere; (ii)
N, N'-dicyclohexylcarbodiimide, pyridine (dark conditions).

Boc-L-tyrosyl-L-tyrosine methyl ester (1): N-(Boc)-L-Tyrosine
(3 g, 10.7 mmol) and HOBt (1.44 g, 10.7 mmol) were dissolved in
dry DMF (25 mL) under the nitrogen atmosphere. The reaction
mixture was cooled to 0 °C and a solution of DCC (2.64 g, 12.7
mmol), dissolved in DCM was added in small portions. L-tyrosine
methyl ester hydrochloride (2.50 g, 12.8 mmol) was further added
to the reaction mixture followed by dropwise addition of
triethylamine (7.44 ml, 53.3 mmol) after 45 min while stirring at 0

°C. The reaction mixture was further stirred for 24 h at room
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temperature. DCU was removed by filtration and the filtrate was
concentrated under reduced pressure. The residue was dissolved in
ethyl acetate and the organic layer was washed with 1 N HCI (2x30
mL) and brine (30 mL). The organic layer was dried over
anhydrous sodium sulfate and concentrated under reduced
pressure. The crude compound was purified on a silica gel column
by using DCM and MeOH to get pure 1 (1.90 g, 64% yield), Ry
[7% MeOH in DCM] 0.5, HRMS (M+Na)" for C4H3oN2O7:

481.1951 (Calcd.), 481.1959 (Anal.), '"H NMR (500 MHz, CDCls,
TMS, & ppm): 1.39 (s, 9H), 2.84-3.19 (m, 4H), 3.63 (s, 3H) 4.28 (t,
1H), 4.71 (t, 1H), 5.26 (m, 2H), 6.51-7.34 (m, 8H); '*C NMR (125
MHz; CDCls, & ppm): 28.34, 37.05, 37.73, 52.57, 56.06, 60.59,
80.91, 115.76, 126.88, 130.38, 155.40, 155.84, 171.67, 171.79.

L-Tyrosyl-L-tyrosine methyl ester (2): 1 (1g) was dissolved in
75% TFA-DCM (10 mL) and stirred for 6 h under nitrogen
atmosphere. After completion of the reaction, the solvent was
evaporated in vacuo and the resulting solid was subsequently
washed with diethyl ether (3x20 mL) to afford a white solid. The
latter was dissolved in MeOH and passed through Dowex resin,
followed by evaporation of fractions under reduced pressure to
obtain pure 2 (0.822 g, 82.2% yield) which was used as such in the

next step.
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Folate L-Tyrosyl-L-tyrosine methyl ester (3): FA (0.25 g, 0.556
mmol), 2 (0.203 g, 0.556 mmol), and DCC (0.701 g, 3.39 mmol)
were dissolved in DMF (5 mL), in the presence of dry pyridine (10
uL). The mixture was stirred overnight at room temperature under
nitrogen atmosphere and dark conditions. The resulting mixture
was diluted with deionized water (10 mL) and centrifuged at 1000
rpm for 30 min to separate insoluble DCU. The supernatant was
collected and washed with diethyl ether to afford a yellow
precipitate which was filtered and dried. The crude compound was
further dialyzed against distilled water for 48 h (0.167 g, 65%
yield). HRMS (M+H)" for CsgH39NoOjo: 782.2898 (Calcd.),
782.2897 (Anal.), '"H NMR (500 MHz, d-DMSO, TMS, § ppm):
2.04-3.34 (m, 8H), 3.63 (s, 3H, merged with residue peak with
DMSO-dg), 4.28 (m, 2H), 4.44 (m, 2H), 5.24 (s, 2H), 6.60-7.62 (m,
12H), 8.07-8.09 (m, 3H), 8.61-8.63 (m, 3H), 11.90 (s, 1H); 1*C
NMR (125 MHz; d¢-DMSO, & ppm): 26.9, 31.17, 35.41, 42.59,
46.4, 52.39, 55.07, 65.42, 111.72, 121.85, 128.46, 129.50, 132.70,
136.93, 138.61, 142.21, 149.14, 151.33, 154.71, 161.19, 166.84,
173.30, 174.50.

5B.2.3. Cell Assays

Material and Methods: Dulbecco’s modified eagle’s medium

(DMEM), 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
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bromide (MTT), trypsin—EDTA, Penicillin—streptomycin and
gelatin (from cold water fish skin) were purchased from Sigma-
Aldrich (Bengaluru, India). Dimethyl sulfoxide (DMSO) was
obtained from Merck (Bengaluru, India). Fetal bovine serum
(FBS), DAPI (4,6-diamidino-2-phenylindole) and CellMask™
deep red plasma membrane stain were purchased from Gibco®
Life Technologies.

Cell lines, culture conditions and treatments: HeLa cells
(cervical cancer cells) and HEK 293 cells (Human embryonic
kidney cells) were maintained at 37 °C, 5% CO; and 95% relative
humidity in DMEM and DMEM with 100 mM sodium pyruvate
medium respectively, supplemented with 10% heat-inactivated
FBS, penicillin (100 U/ml) and streptomycin (100 U/ml). Cells
were seeded for 24 h prior to treatment. All the treatments were
performed at 37 °C and at a cell density allowing exponential
growth.

MTT cell viability assay: In vitro biocompatibility studies of 3
were carried out with HeLa cells by MTT assay.'> Cells were
maintained in DMEM, supplemented with 10% fetal bovine serum
in a humid incubator (37 °C and 5% COx). Cells (10* cells/well)
were plated onto 96-well glass-bottom tissue culture plates. After

12 h, 3 was added to a final concentration of 0.01, 0.02, 0.08, 0.12
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and 0.16 mM, to the wells and incubated for ~24 h. MTT in DMEM
medium (0.5 mg/mL) was prepared and stored in a dark
environment. After discarding the old media, 200 puL of freshly
prepared MTT solution was added to each of the cell-containing
wells followed by incubation for 4 h. After incubation, basal
DMEM (having MTT) was removed, and 200 uL. of DMSO was
added. Cell wviability was determined by measuring their
absorbance at 570 nm. The optical density of absorbance is directly
proportional to the number of live cells. All in vitro cytotoxicity
experiments were performed in quintuplicate, and the three
consistent readings were used.

Cell adhesion study:

Cells (10 cells/well) were seeded on a sterilized glass surface (13
mm, 0.2% gelatin-coated) for 24 h. To study the cell adhesion on
3/PCL mats by confocal laser scanning microscopy (CLSM), HeLa
cells were incubated on the 3/PCL mat placed on a glass surface in
the cell culture media for ~24 h, at 37 °C with 5% CO; humidified
incubator. After incubation, cells were washed thrice with
phosphate buffered saline (PBS) buffer and fixed with 4%
formaldehyde solution for 15 min. After washing, cells were
stained with deep red plasma membrane dye or DAPI and washed

again with PBS buffer. Coverslips were then mounted on the slides
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coated with buffered mounting medium to prevent fading and
drying.

5B.2.4. Microscopy Studies

Optical Microscopy (OM): Electrospun mats (with and without
3) were deposited on a glass surface. OM images were acquired on
Leica DM2500M microscope, equipped with a bright and dark
field imaging.

Fluorescence Microscopy (FM): The samples were examined
under a fluorescent microscope (Leica DM2500M), provisioned
with a Rhodamine filter N2.1 (absorption 540 nm/emission 625
nm) and I3 filter (absorption 370 nm /emission 450 nm).

Field Emission Scanning Electron Microscopy (FE-SEM): (a)
Electrospun mats (with and without 3) were deposited on a glass
surface at 25 °C; (b) 10 pL aliquots of peptide samples (1 mM
solution) were deposited on a silicon wafer (100) and allowed to
dry at room temperature. The samples were dried in vacuo for 30
min prior to imaging. Samples were gold-coated and SEM images
acquired on FEI Quanta 200 microscope equipped with a tungsten
filament gun, operating at a WD 4 mm and an operating voltage of

10 kV.
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Confocal laser scanning microscopy (CLSM): Cell assays
samples were observed under confocal laser scanning microscope

(CLSM, LSM 780 NLO, Carl Zeiss GmbH).

Optical Profiler: Samples were scanned with Nanomap-D
(Universal 3D Profilometer). The area scanned was 150x150 mm?

with Z focusing range 0.1 nm to 10 mm.

5B.2.5. Electrospinning method: Electrospun fibrous mats were
synthesized using 3/PCL polymer solution, on a Super ES-2 model
electrospinning unit (E-Spin Nanotech Pvt. Ltd., SIBDI Innovation
and Incubation Centre, IIT Kanpur). High voltage (10-30 kV) was
applied on to 3/PCL, the flow rate of which was controlled and
maintained by a syringe pump. When the applied voltage exceeded
the critical limit, the former stretches, leading to solvent
evaporation and deposition of 3/PCL in the form of nanofibers on

a grounded collector.

5B.2.6. Contact angle measurements: The surface
hydrophobicity was measured on Drop Shape Analyser DSA25
(Kriiss Advancing), equipped with a high-resolution USB 3.0
camera for the drop shape analysis, was used at 25 °C and 65%
relative humidity. 3/PCL were electrospun on a glass surface and
ultrapure water was applied on different areas of the mats. The
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experiments were performed in triplicate and the average of the

data has been reported.

5B.3. Results and Discussion

5B.3.1. Solution phase self-assembly of 3: Tyrosine is an
important aromatic amino acid that serves as a versatile precursor
for the biosynthesis of certain neurotransmitters and plays a key
role in signal transduction through phosphorylation catalyzed by
tyrosine kinases. We recently demonstrated that Tyr can afford
formation of well-ordered assemblies, which could be influenced
by parameters such as concentration, duration of aggregation, pH,
etc., forming morphologies ranging from nanoribbons to branched,
fern-like structures.!® These supramolecular structures could find
potential applications such as biosensors, which lead us to surmise
their potential use as molecular scaffolds in regenerative medicine
by chemical modification via Tyr cross-linking.

With this as a backdrop, 3 was designed and synthesized by
standard procedures and protocols using DCC coupling method
(Scheme 1). A stock solution of 3 (5 mg/mL DMSO) was diluted
with DCM to afford 1 mM final concentration, which was used to
study self-assembly behavior. 3 afforded formation of fibrous

networks as determined by scanning electron microscopy studies
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on silicon wafers (100) (Figure 5B.1a, b). These structures were
somewhat different from the ones obtained for pure Tyr suggesting

a role of folic acid in giving rise to aggregate structures.

Figure 5B.1. (a, b) SEM images of 3 in (DMSO:DCM)

5B.3.2. Preparation of 3/PCL based mats: A stock solution of 3
(50 mg/mL DMSO) was prepared and diluted with 10% w/v PCL
solution in DCM to afford a final concentration of 1 mg/mL. This
solution was used for the synthesis of fibrous network containing
mats using an electrospinning machine (Figure 5B.2). Three
different concentrations of peptide/PCL solutions (3/PCL(I) = 1
mg/mL; 3/PCL(II) = 2.5 mg/mL; and 3/PCL(III) = 5 mg/mL, in
10% w/v PCL solution in DCM) were used to make three different
mats through the electrospinning process.

Blend tip 20-G needle and a drum collector were used

during the electrospinning process. The syringes were filled with
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3/PCL solution and connected to the silicon tube of a connector.
The solution was released at 1 mL/h by a pump operating at a
voltage of 14 kV. Fibrous mat was synthesized on a glass surface
attached to an aluminum foil wrapped around a drum collector
(2000 rpm) at a distance of 14 cm from the needle present, at room
temperature (25 °C). It was washed with absolute ethanol for 20
min and vacuum-dried prior to use. It was characterized through
microscopy tools such as SEM, CLSM and FM to understand gross
morphology (Figure 5B.2).

3/PCL mats showed notable changes in morphology
(Figure 2d, 2e) and variation in fibers thickness (600 nm to 2.5 pum)
as compared to PCL control fibers (Figure 5B.3). The peptide self-
assembled structures were uniformly distributed throughout on
PCL fibers in the mats which were confirmed by fluorescence
microscopy (FM) and confocal laser scanning microscopy (CLSM)
(Figure 5B.2b, 5B.2c¢).

Surface hydrophobicity of mats was found to decrease with
the addition of 1 mg peptide /mL of 10% w/v PCL solutions as
compared to PCL control fibers (Figure 5B.4).
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Figure 5B.2. Morphology of 3/PCL fibers and mat (1 mg/mL in 10% w/v PCL):
(a) OM image, (b) FM image, (¢) CLSM image, (d, ¢) SEM images, (f) Visual
image of mat. Green emission (Aem = 488 nm) in b, ¢ is ascribed to 3.
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Figure 5B.3. (a,b) SEM image of PCL control mat.
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Figure 5B.4. Contact angles details of PCL and 3/PCL mats with different
concentration of peptide (3/PCL(I), 3/PCL(II) and 3/PCL(III) were with
concentration 1, 2.5 and 5 mg peptide/mL of 10% w/v PCL solution in DCM,
respectively).

This probably occurred due to the polar nature of tyrosine
and availability of H-bonding interactions. Further increase in
peptide concentration led to an increase in the hydrophobicity of
the mats. As 3/PCL(]) satisfied all required qualities for cell culture
and cell adhesion, further study was carried out with 3/PCL(I) mats
only.
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5B.3.3. Cytotoxicity of 3: In order to test the biocompatibility of
3, HeLa cells were grown in a medium containing five different
concentrations of 3 (0.01, 0.02, 0.08, 0.12 and 0.16 mM) and its
cytotoxicity measured using the established MTT assay. There was
no statistically significant difference between control and treated
sets (p<0.05). As shown in Figure 5B.5, the peptide was nontoxic

to HeLa cells up to 24 h incubation and hence, biocompatible.
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Figure S5B.S. Bar diagram viability of HeLa cells grown in various
concentrations of 3, as measured by MTT assay.
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5B.3.4. Cell-adhesion properties of 3/PCL(I) mat: Cancerous
cells have higher levels of folate receptor (FR) — the cell
surface protein that binds to and promotes the cellular uptake
of FA. Therefore, FR is often considered as a target for cancer
diagnosis and therapeutics.!” For example, electrodes modified
with folate conjugated peptide have been previously studied to
successfully detect HeLa cancerous cells in very low concentration
samples.'® Low cost and reliable early detection and diagnosis of
cancer and other folate overexpressed infections would lead to
increased chances of treatment and survival. To test such potential,
the 3/PCL(I) mats were studied for their differential affinity toward
cells that overexpress FR. HeLa cells — a human cervical cancer
line with high FR expression — were seeded on a glass surface
coated with 3/PCL(I) fibrous mat, or on a glass surface coated with
PCL control mat.

Cells seeded and grown on a glass surface, coated with
0.2% gelatin, served as the control. These seeded cells were
incubated at 37 °C in regular culture medium for 24 h, washed with
PBS, fixed and the glass surfaces were analyzed using OM, SEM
and CLSM. The 3/PCL fibrous mat favored better attachment and
growth of Hela cells (Figure 5B.6) as the adhered cells seem to
have aligned along the direction of the 3/PCL(I) fibers (Figure
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5B.7). It was noted that very few cells attached to the PCL control
mat (Figure 5B.8) as compared to the 3/PCL mat and the glass
surface coated with gelatin (Figure 5B.8).

Figure 5B.6. Images showing HeLa cell adhesion on 3/PCL mat (a-c) OM

image, (d-f) SEM image, (g-i) CLSM images. Green emission (Aem = 488 nm)
in g—i is ascribed to 3 and HeLa cells were stained with deep red plasma
membrane dye, which exhibits red emission ( Aem = 633 nm).
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Figure 5B.7. HeLa cell adhesion study on 3/PCL mat (a) False-colored SEM
image, (b, ¢) 3D SEM images, (d) Optical profile image, () 3D profile image.
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Figure 5B.8. (a-c) OM, SEM and CLSM images of HeLa cells on the glass
surface with gelatin, respectively, (d-f) OM, SEM and CLSM images of PCL
control mat with HeLa cells, incubated for 24 h.

0

Average number of cells/0.5 mm? area
123
3

100 =
0

HelLa Celison  HelLaCellson  HelaCells on HEK-293 Cellson HEK-293 Cells on
gelatin 3IPCL (M PCL control mat  poly-L-lysine 3/pcLm

Figure 5B.9. (a) HEK 293 cells on the glass surface coated with poly-L-Lysine,
(b) 3/PCL(I) mat after incubating seeded cells on the surface for 24 h, (c¢) an
average number of cells (HeLa or HEK 293) on the glass slide, compared to the
3/PCL(I) mat and PCL alone. An average number of cells in 0.5 mm? were taken

144



Chapter 5B

each time. HEK 293 cells were stained with DAPI, which exhibits blue emission
(Aem = 405 nm) and green emission (A.m = 488 nm) is ascribed to 3.

To check if the observed adhesive property of HeLa cells is
dependent on FR, equal number of HeLa cells or HEK 293 cells, a
non-cancerous cell line derived from human embryonic kidney,
with very low level FR expression, was seeded on to the 3/PCL(I)
mats, allowed to settle for 24 h at 37 °C, and the number of cells
attached to the surface (0.5 mm?) were counted.

While the 3/PCL(I) surface showed two-fold increase in the
number of cells (623 cells/0.5 mm?2 area) as compared to the gelatin
coated glass coverslip (300 cells/0.5 mm?2 area), the HEK 293 were
hardly detected on the 3/PCL(I) surface (Figure 5B.9) thus,
establishing a selective affinity for the 3/PCL(I) surface to FR
positive cells. Number of cells in different conditions are
summarized in the graph shown in Figure 5B.9c. It was revealed

that 3/PCL(I) mats selectively bound to folate overexpressed cells.
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Figure 5B.10: Model showing capturing of HeLa cells over 3/PCL(I) mat.

5B.4. Conclusions

We have designed and synthesized a covalently linked Dityrosine-
folic acid conjugate, followed by its use in creating electrospun
mats with PCL. Hydrophilicity of these mats could be fine-tuned
by choosing the correct ratio of peptide conjugate-PCL mixture,
leading to the formation of homogenous fibers with folate display.
The applicability of these recognition element functionalized mat
was confirmed by analyzing selective adhesion and proliferation of
HelLa cells (FR-positive cells) and the lack of adhesion of HEK 293

cells (FR negative cells). These nanomats can be engineered further
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for selective detection and retention of specific cancerous cells and

parasites, such as leishmania.
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5C.1. Introduction

Energy storage or supercapacitor materials are green and
clean alternatives for handling energy crisis in coming future.!
Supercapacitor materials have been used in renewable energy
harvesting appliances such as the wind, thermal and solar panels.?
But, existing supercapacitor materials are very costly with limited
cycle life, becoming environmental hazards itself. Carbon
nanotubes and porous carbon materials have been explored in
applications such as supercapacitors, gas adsorption for separation,
catalyst support, ion exchange, as they have the advantage of
chemical stability, high conductivity, high specific surface area and
ability to interact with particles at the surface level as well as
throughout the bulk.’ However, low energy density and wettability
are their main limitations, resulting in low specific capacitance.*
The specific capacitance of carbon materials could be enhanced by
various methods like activation, heteroatom doping, or addition of
metal ions/nanoparticles.’” Among heteroatom-doped carbon
materials, nitrogen-doped carbon materials are gaining attention
due to ease in preparation, low cost and wide range of applications.®
Porous nitrogen-doped carbon materials generally display pyrrolic,
pyridinic and quaternary nitrogen bonding designs in the main

carbon lattice, exhibiting good surface potential with active
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catalytic sites and superior conductivity due to the electronegativity
difference between carbon and nitrogen.’

Vitamins, amino acid and peptides, containing nitrogen
atoms in their skeleton, may be used as precursors for nitrogen-
doped carbon materials, being environmentally safe, cheap and
easy availability.® Histidine-derived nitrogen-doped carbon
materials have been studied for their electrochemical capacitive
energy storage in the past.” Folic acid as nitrogen-doped carbon
material on Mg(OAc)'4H>O template has been used for
supercapacitor studies.'® Nitrogen percentage of carbon materials
can be enhanced by the addition of nitrogen containing additives
capable of forming covalent or non-covalent interactions with
carbon materials, such as urea, ammonia etc. '! The hydrophobic
nature of the pterin ring of folic acid results in poor solubility which
can be reduced by addition of melamine in it. The hydrogen
bonding capability of melamine with folic acid and solvent

molecules results in higher solubility and wettability of complex.!?

With prior knowledge of folic acid based peptides'®, we
designed and synthesized a folic acid based tyrosyl phenylalanine
conjugated peptide which self-assembled into nanosheets. The co-
assembly of the peptide with melamine was studied through

various microscopic techniques. Porous nitrogen-doped carbon
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materials were synthesized from peptide/melamine complex
through its carbonization at 900 °C, which was tested for
electrochemical capacitive performance in energy storage

application.

5C.2. Experimental Section

5C.2.1. Materials: Folic acid (FA), L-phenylalanine (Phe), L-
tyrosine (Tyr), N, N’-Dicyclohexylcarbodiimide (DCC) and
trifluoroacetic acid (TFA) were obtained from S. D. Fine Chem
Ltd., Mumbai, India and used without further purification. N-tert-
butoxy carbonyl (Boc anhydride), thionyl chloride, N-
Hydroxybenzotriazole (HOBt) were purchased from Spectrochem
Ltd., Mumbai, India. Dichloromethane (DCM), N, N-
dimethylformamide (DMF), methanol (MeOH), trimethylamine
(TEA), pyridine were distilled according to standard procedures
prior to use.

5C.2.2. Peptide conjugate synthesis: Conjugate 3 was prepared
by standard solution phase peptide synthesis. Scheme 1 shows

various synthetic steps:
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Scheme 1: Synthetic scheme for peptide 3: (i) 75% TFA-DCM, 4 h, N;
atmosphere; (ii) N, N'-dicyclohexylcarbodiimide, pyridine, dark.

Boc-L-Tyrosine-L-Phenylalanine methyl ester (1): N-(Boc)-L-
Tyrosine (5 g, 17.8 mmol) and HOBt (2.40 g, 17.8 mmol) were
dissolved in dry DMF (25 mL) and the reaction mixture was cooled
to 0 °C under nitrogen atmosphere. DCC (3.05 g, 14.8 mmol)
dissolved in DCM was added to the reaction mixture. L-
phenylalanine methyl ester hydrochloride (3.19 g, 14.8 mmol) was
added to the reaction mixture followed by TEA (12.40 mL, 88.9
mmol) after 1 h stirring at 0 °C. The reaction mixture was further
stirred for 24 h at room temperature. DCU was removed by
filtration and filtrate was concentrated under reduced pressure. The
residue was dissolved in DCM and the organic layer was washed
with 1 N HCI (2x30 mL), 10% NaHCO3 (2x30 mL) and brine (30

mL). The organic layer was dried over anhydrous sodium sulfate
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and concentrated under reduced pressure. The crude compound
was purified through silica gel column chromatography by using
dichloromethane and methanol to get the pure compound 1 (3.2 g,
64% yield), Rr [7% methanol in dichloromethane] 0.5, HRMS
(M+H)* for C24H30N20¢: 443.2182 (Calcd.), 443.2187 (Anal.), 'H
NMR (500 MHz, CDCl3, TMS, 6 ppm): 1.39 (s, 9H), 2.90-3.50 (m,
4H), 3.62 (s, 3H), 4.26 (m, 1H), 4.75 (m, 1H), 5.06 (s, 1H), 6.39-
7.25 (m, 9H); 3C NMR (125 MHz; CDCls, & ppm): 28.3, 37.4,
38.0, 52.4, 56.0, 65.9, 80.5, 115.7, 127.2, 127.6, 128.6, 129.3,
130.4, 136.1, 155.3, 155.5, 171.2, 171.5.

L-Tyrosine-L-Phenylalanine methyl ester (2): 1 (3g, 6.7 mmol)
was dissolved in 75% TFA-DCM (25 mL) and stirred for 1 h under
nitrogen atmosphere. After completion of the reaction, the solvent
was evaporated in vacuo and was subsequently washed with diethyl
ether resulting in a white solid. The white solid then dissolved in
methanol and passed through activated anion exchange resin and
evaporated under reduced pressure to obtain pure 2 (2.46g, 82.2%
yield) which was used as it for next step.

L-Tyrosine-L-Phenylalanine methyl ester folic acid conjugate
(3): FA (0.250 g, 0.556 mmol), 2 (0.193 g, 0.556 mmol), and DCC
(0.701 g, 0.339 mmol) were dissolved in DMSO (5 mL) in presence
of dry pyridine (10 pL). The mixture was stirred overnight, in the
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dark, at room temperature under nitrogen atmosphere. Afterwards,
the mixture was diluted with deionized water (10 mL) and
centrifuged at 1000 rpm for 30 min to separate insoluble DCU. The
supernatant was collected and washed with diethyl ether to give a
yellow precipitate, which was filtered and dried. The crude
compound was further purified by silica gel column
chromatography eluting with methanol-dichloromethane, to isolate
a pure yellow colored compound (0.167 g, 65% yield). HRMS
(M+H)" for C3sH40N9Oo: 766.2949 (Calcd.), 766.2940 (Anal.); 'H
NMR (500 MHz, d¢-DMSO, TMS, & ppm): 1.17-1.47 (m, 4H),
1.56-1.76 (m, 4H), 2.69 (s, 3H), 3.31 (s, 2H), 2.90-3.31 (m, 3H),
3.45-3.52 (m, 2H), 4.44 (m, 1H), 5.53-5.55 (m, 1H) 6.49-7.60 (m,
13H), 7.91-8.16 (m, 3H), 8.34-8.61 (m, 3H), 9.06 (s, 1H), 11.41 (s,
1H); BCNMR (125 MHz; d¢-DMSO, § ppm): 25.8, 31.3, 33.8,
36.3,37.1,46.4,48.0,52.2,54.3,111.6,115.3,121.9, 122.7, 127.0,
128.4, 129.5, 130.6, 137.4, 147.5, 149.2, 151.3, 154.2, 156.2,
157.1,162.8, 172.0, 174.6, 176.7.

5C.2.3. Microscopy studies

Atomic Force Microscopy (AFM): 10 pL aliquots of samples (1
mM in water) was placed on a silicon wafer at room temperature
and allowed to dry by slow evaporation. Subsequently, the samples

were dried in vacuo for 30 min prior to imaging. AFM Samples
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were imaged with an atomic force microscope (Molecular Imaging,
USA) operating under the Acoustic AC mode (AAC), with the aid
of a cantilever (NSC 12(c) from MikroMasch). The force constant
was 0.6 N/m, while the resonant frequency was 150 kHz. The
images were taken at room temperature, with the scan speed of 1.5-
2.2 lines/sec. The data acquisition was done using PicoView 1.8®
software, while the data analysis was done using PicoView.

Field Emission Scanning Electron Microscopy (FE-SEM): 10
pL aliquots of peptide samples (1 mM solution) were deposited on
a silicon wafer (100) and allowed to dry at room temperature. The
samples were dried in vacuo for 30 min prior to imaging. Samples
were gold-coated and SEM images acquired on FEI Quanta 200
microscope equipped with a tungsten filament gun, operating at a
WD 3.5 mm and an operating voltage of 10 kV.

X-Ray Diffraction Analysis (XRD): Samples were studied on
PANalytical X-Pert PRO diffractometer with Cu-Ko radiation
(1.5405 A).

X-ray photoelectron Spectroscopy (XPS): The samples were
studied on XPS; PHI 5000 Versa Prob II, FEI Inc. for X-ray

photoelectron spectroscopy.
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Raman Spectroscopy: Raman spectra were acquired with a
WITec alpha SNOM Raman instrument and the spectra were

registered with the laser at 532 nm.

5C.3. Results and Discussion:

5C.3.1. Solution phase self-assembly: We designed and
synthesized folic acid conjugate of L-tyrosine-L-phenylalanine
dipeptide 3 by standard procedures published in the literature
(Scheme 1). Phenylalanine is an essential amino acid, a precursor
for tyrosine which is responsible for the synthesis of various
neurotransmitters like dopamine, norepinephrine (noradrenaline)
and epinephrine (adrenaline). Both phenylalanine'* and tyrosine!®
amino acids have the ability to self-assemble into fibre-like
structures. Based on our prior knowledge, we designed and
synthesized folic acid based tyrosyl phenylalanine based peptide
(3). 3 self-assembled into nanosheets when dissolved in water at a

concentration of 1 mM. (Figure 5C.1).
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Figure 5C.1: (a,b) SEM images of 3 in the water on Si (100) wafer.

The probable interactions for the formation nanosheets
were proposed to be H-bonding and =n-m stacking between
molecules. Pterin moieties in 3 are capable of forming linear
ribbon-like and cyclic disk like H-bondings which could be
responsible for nanosheets formation.'®
5C.3.2. Melamine co-incubation: Melamine is a C; symmetric
molecule with 67% nitrogen by mass and multiple H-bonding sites.
It is well known to form spoke-like crystals of melamine cyanurate
complex when mixed with cyanuric acid in aqueous solutions (1:1
eq).!” The complex of cyanuric acid and melamine is held together
by H-bonding similar to DNA base-pairing. Along with it,
melamine has the ability to assist and modulate self-assembling
behavior of systems containing folic acid, riboflavin, and gallic
acid, under aqueous conditions.'® '® This intervention is possibly
achieved by the formation of multipoint hydrogen bonds between
melamine and other interacting partners, which overrides other

interactive structures in the absence of melamine.

Working on a similar note, we decided to study the co-self-
assembly behavior of 3 with melamine. 3 was mixed with

melamine (1:3 eq) in water and the resulting solution was heated
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up to 70 °C for 20 min, followed by cooling down to room

temperature, for 12 h.

Figure 5C.2: (a,b) SEM images of 3/melamine (1:3 eq) in water on Si (100)
wafer.
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Figure 5C.3: Atomic force microscopy (AFM) image of 3/Melamine showing
3D profile and height profile of nanosheets.
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This heating treatment resulted in formation of clear solution which
probably occurred due to enhanced solubility of 3/melamine
complex in water as compared to 3 alone. Microscopic analysis of
3/melamine complex (1 mM) revealed the formation of nanosheets
with a morphological resemblance to graphene sheets (Figure
5C.2). A change in morphology was observed upon co-incubation
of melamine with 3 due to the formation of H-bonding interactions
among the —~NH> groups of melamine and pterin ring of folic acid.
Possible extension of non-covalent interactions around melamine
scaffold, altering the gross morphology of 3, could be envisaged.
The atomic force microscopy analysis revealed the thickness of

these nanosheets to be around 3-5 nm (Figure 5C.3).
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Figure 5C.4: (a) TGA analysis (b)FT-IR of 3, melamine (Mn) and 3/Mn.
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TGA curves were used to analyze the interactions in 3 and
melamine (Figure 5C.4). The weight loss before 100 °C was
attributed to the removal of entrapped water due to evaporation. A
notable major weight loss around 250-350 °C represented the
cleavage of amine (—NH>), hydroxyl (-OH) and a carboxyl group (-
COOH) in 3/melamine. '° The interactions between 3 and
melamine (Mn) were also confirmed by FT-IR spectroscopy.
Melamine showed sharp peaks at 3469 and 3419 cm™ due to —
NH; vibration stretching band.?

—3

Mn

S—3
Mn
3/Mn 3/Mn

T T T T T T T 1 T T T T AJ 1
1900 1800 1700 1600 1500 1400 1300 1200 3750 3500 3250 3000 2750 2500

Wavelength (cm™) Wavelength (cm™)

Figure 5C.5: FT-IR of 3, melamine (Mn) and 3/Mn (zoomed in).
Due to H-bonding between 3 and melamine, the relative
intensity of —NH» vibration stretching band decreased (Figure

5C.4). The -NH; and —OH stretching peaks due to pterin ring of 3

163



Chapter 5C

at 3472 and 3328 cm ! were absent after complexation, indicating
the formation of H-bonding (Figure 5C.5). The C=0 stretching

vibrations 1685 cm™!

of free carboxylic acid disappeared,
suggesting H-bond formation between the free carboxylic group
and melamine (Figure 5C.5). A possible model of interaction of
pterin ring and free carboxylic acid side-chain of 3 with melamine

was proposed as shown in Figure 5C.6.
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Figure 5C.6: Proposed model showing H-bonding in 3 and melamine which
resulted in the formation of nanosheets.

5C.3.3. Carbonization of melamine doped 3:

Carbonization is a complex process which involves many
reactions such as dehydrogenation, isomerization, condensation,
hydrogen transfer etc. taking place simultaneously. In general
terms, carbonization means conversion of organic matter to a

carbon containing residues. High-performance carbon materials
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are generally obtained through carbonization which has been
imployed to study supercapacitor behavior and energy storage.
3/Melamine was heated in air at 250 °C for 2 h followed by
carbonization at 900 °C under 150 mL/min argon flow for 4 h, with
a 4 °C/min heating rate to obtain a shiny black material (Figure
5C.7). Microscopic analysis of this shiny material revealed the
formation of porous material. Energy-dispersive X-ray
spectroscopy (EDX) analysis confirmed the presence of carbon,
nitrogen and oxygen in carbonized sample (Figure 5C.7).
Furthermore, the carbonized material was further characterized by
various techniques like XPS, XRD and RAMAN spectroscopy. In
XPS spectra, 530, 398 and 284 eV peaks were obtained for O 1s,
N 1s and C Is respectively and were typical peaks present in any
nitrogen doped carbonized material indicating carbonized

3/melamine samples could be nice carbon material.
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Figure 5C.7: (a) Carbonization of 3/melamine resulted in (b) shiny black
material. (c-e) SEM images (f) EDX of carbonized 3/melamine sample.

The nitrogen peak represented the presence of pyridinic N (XPS
range: 398.0-398.4 eV), pyrrolic N (range 399.8-400.5 eV) and
quaternary N (401.0-401.5 eV) in the sample (Figure 5C.8).
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Figure 5C.8: (a,b) X-ray Photoelectron spectroscopy (XPS) (¢) Raman
Spectrum. (d) XRD spectrum of carbonized 3/melamine.

Raman spectroscopy was performed on carbonized material
to investigate the phase composition and graphitic content. The
obtained Raman spectrum displayed three major peaks at 1328,
1588 and 2800 cm™! corresponding to D, G and 2D bands for sp?
bonded carbon (Figure 5C.8).2! The D-band is the result of the
disordered structure of the graphitic material. These disorders or
defects originate due to the edges or restricted crystalline size of

graphitic layers. The out-of-plane vibrations of sp® carbon atoms
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contribute to D band. The C-C in-plane stretching vibration of sp?
bonded carbon in graphitic material results in G-band. The G-band
represents the presence of crystalline graphene layers. The
graphitic material exhibits a strong peak in the range of 2500-2900
cm’!, known as a 2D band, which is a second-order two-phonon
process. This band represents surface defects in sp?> bonded
graphitic material. The level of disorder in graphitic materials is
estimated by the intensity ratio of D band and G band (In/Ig). The
Ip/I value for carbonized 3/melamine was 0.836 when calculated
from obtained Raman spectrum.

Further, XRD analysis was done to obtain more details
about the crystallinity and phase of carbonized 3/melamine
samples. A distant (002) peak at 23.5° in the 20 range in the XRD
pattern was observed (Figure 5C.8), which corresponds to

characteristic lattice planes for graphitic materials.

5C.3.4. Electrochemical Capacitive performance:

The electrochemical characterization of the carbonized 3/melamine
samples was further analyzed with a Potentiostat/galvanostat 302N
(Autolab, Metroohm) using cyclic voltammetry (CV). The cyclic
voltammograms were measured to probe the applications in

supercapacitor material.
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Figure 5C.9: CV plot of carbonized 3/melamine.

The capacitive behavior of carbonized 3/melamine sample
showed the formation of slightly distorted rectangular shape CV
curve. The specific capacitance of carbonized 3/melamine was
determined by CV in the voltage range from -0.8 V to 0 V. CV
curve of porous carbon electrodes in 1 M Na;SOs aqueous
electrolyte at 25 °C was scanned at 50 mV/s and shown in figure
5C.9. The specific capacitance is proportional to the areas
surrounded by CV curves and can be calculated using the equation:
Cs= (1/mvAV)[ I(V)V
Where m, v, AV, | I(V)V and C; represent the mass of material, the
scan rate, scanned potential window, the integral area under the CV
curve and specific capacitance respectively. The specific
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capacitance from carbonized 3/melamine material were 38, 19, 14
and 1.5 F/g at current densities 1, 1.5, 2 and 3 A/g respectively
(Figure 5C.10).
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Figure 5C.10: (a) Galvanostatic discharge curve (b) Specific capacitance curve
of carbonized 3/melamine.

5C.4. Conclusions:

Folic acid tyrosyl phenylalanine peptide self-assembled
into nano-ribbon like structures. The co-self-assembly of these
structures with melamine resulted in interesting architectures with
morphology similar to graphene sheets. These sheets were
characterized through microscopy (SEM and AFM), TGA and
FTIR. Pterin ring of folic acid and melamine both were the
interesting starting point for the formation of porous nitrogen-
doped carbon materials (PNCMs). Folic acid tyrosyl phenylalanine

peptide/Melamine sheets were carbonized at 900°C for studying
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the electrochemical capacitive behavior.  The shiny black
carbonaceous material was characterized by SEM, EDX, XPS,
XRD and RAMAN spectroscopy. Furthermore, the carbonized
samples were tested for electrochemical capacitive performance
showed the specific capacitance of 38, 19, 14 and 1.5 F/g at current
densities 1, 1.5, 2 and 3 A/g respectively in energy storage

application.
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A.1. Crystallographic Data for Chapter 4

Identification code Cu(Il)+4 Complex
Empirical formula Coo Ho4 Cuz N1 Ons
Mr 1890.83
crystal system Triclinic
space group P1
a/A 12.0316 (8)
b/A 13.9710 (10)
c/A 15.7586 (11)
al® 73.2190 (10)
pl° 80.012 (4)
/° 74.696 (2)
Volume/ A3 2432.6 (3)
YA 1
Dx /Mg m™ 1.291
F(000) 986
w/ mm’! 0.516
0 range for data collection/ ° 2.11 to 28.37
Limiting indices -16<=h<=10,
-18<=k<=14,
21<=I<=19
Reflections collected 20414
unique reflections 15130
R(int) 0.0333
Completeness to 6 98.5
Tmax / Tmin 0.9038/ 0.8905
Data / restraints / parameters 15130/3/1179
Goodness-of-fit on F2 1.043

R1 and R2 [/>20(1)]
R1 and R2 (all data)

Largest diff. peak and hole/e. A

CCDC No.

0.0767, 0.1859

0.1220, 0.2129

1.281 and -0.906
1005702
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A.2. Spectral Data for Chapter 3
Figure A.2.1. '"H NMR of 1
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Figure A.2.2. C NMR of 1
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Figure A.2.3. '"H NMR of 2
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Figure A.2.5. HRMS of 2
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Figure A.3.3. HRMS of 1
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Figure A.3.6. HRMS of 2

Emoﬁcw?mu\ ionisal
GKFFO  Paste Speci

in-MS

Cen 4, 100.00, Ar,6500.0,556 28,0 27 LS 10};

S (SG, 245.00);

WATERS-Q-Tof Premier-HAB213
S (10,100 §; Cm (25:26-2:4)

14:58:4906-Mar-2014|
1: TOF M35 ES+

1004 327.1700 S t7ea
w2
3261745
1801024 34,1537
Ve
1611071 50,1542
120 0826 407 1092 7353600
a | —\ 2509629 | P h\mh 922 5029896 .602 9526 689 mmﬁ I 830 5345879 0731 Wam mmEWmm.ummm 1051 4518 iz
50 ' Am,_m_ ' .Tn,._u_ mm_m_ ' mm,.m_ ) 300 mwm ) bm__m hm,m_ ' mm,m ) mm,m_ ' mm,m_ ' mm,.m_ ' ﬂm,m_ ' ‘?n,.m_ ' mm__m ' mm,_m_ ' m_m__m ' mm__m ' .E_m_m_ ' .E_mm_,

187



Appendix

Figure A.3.7. '"H NMR of 3

abundance

=24
<+
o
3
e
N @
=]
-]
«
@
o o o o e b —a
n o® o p n © o ~
e o J i ©
< < £ ~
aJ
] rFL
T T A T £ T T
2.0 8.0 6.0 5.0 4.0 1.0
NeTal N NYONOYtOLRS Sl
s e e OGS o
oo & 1]
@oan o Ll e
e s e

X : parts per Million : 1H

L JEOL

site
Spectzometer

Field gtrength
X scq duration
X_domain
X"fraq
&lommmo«

olnta

ﬁunnmnﬂi
Tasolution

Recvr_gain
Relaxation_delay
Repetition_time
Temp_get

R TN N NI N N

GE3_1H5.jdf

B 1 14 exld

-pum. e ae.
4436575

E_waSm

I0MAY2014 09:50:04

3JUN2014 16:06:51

3JUN2014 16:08:45

1D COMPLEX
1310
1=

[Fpm

ECX 500
DELTAZ MR

11,7473579[T] (200[M
174507804 e

Mo _Hmwwum»u—_s
Tase™™

0.57277737 [Hz]
m 38438438IXkHz

un 15991521 [¥E=

wo 15951521 [MHz
5.0 [ppm]
PELS

2,74507904 [2
23.9[ac]

188



Appendix

HJEOL

Iiz_ata dec

Irr_ato_noe
Irzuoide

Decot

HEﬂﬂWH “ﬂhd

Noa -
Noa_tima

Recvr gain
RelaxEtion delay
Repetition time
Temp_get

abundance

&

=

o

=

@

<

@ Filename = GE3_13C3fid

pee Author = N.ARmed
Expeziment = single pulse dec

~ Semplae id = #6703

po SolvenE = DHSOD6
Creation time = 30MATZO14 17148746

@ Revision time = 3JUNZOL4 17:58:08

=3 Current_Eime = 3JUR2014 17:59:39

w Data_tormat = 1D coMPLEX

- Dim_size - 26821

- Dim_title =as

< Dim units = [jpm

= Dimgnsions =

< gite = BCX 500

o spectrometer = DELTA2 MMR

< Field strength = 11.7473879(r1 (E00[K

o X acq duration = 0.82837504[s

-4 X domain -a3

< X freq = 125,7652976EMEz

- X offaet = 100 [ppm]

- I points = 3876

< L prascans +

- Tesolution = 1.20718268

e X_sweep = 39.55696203
Ifr_domain - im

=3 Irr_freg = 500.15991521[MEz

<4 Irr_offset = 5.0[ppm]

=) Clipped - FRLE

. ¥od raturn =

X Scanis = 2000

=3 Total acana = 2000

5] X 90 width = 9.62[ua)

= X acq tine = 0.328375p4 (s

angTe -

<] X-ato -

= X pulse

w

=3

S

=

3

S

o

S

S

o

2

S

Z

=

=

T T T T T T T T F 3 T T T T T T T T T T

180.0 Nﬂnu _\_mnn amin ;_uﬂ ﬁﬁﬁf\_mna 110.0 1000 800 80.0 70.0 mub>ﬂob \aﬁfuab 200 10,0 o 10.0
N©B N M~ 0w oM Sain Brooro
cwB = o TN Koo TR0 T IO
88 3 2@ Ks=K N8 8358
] g gn Wron SRS
e~ © T @m NN 010 i @

X parts per Million - 13C

189

Figure A.3.8. C NMR of 3



Appendix

Figure A.3.9. HRMS of 3
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Figure A.3.10. '"H NMR of 4
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Figure A.3.12. HRMS of 4
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A.4. Spectral Data for Chapter 5A
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Figure A.4.3. HRMS of 3
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Figure A.4.4. '"H NMR of 4
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Figure A.4.6. HRMS of 4
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A.S. Spectral Data for Chapter 5B

Figure A.5.1. '"H NMR of 1
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Figure A.5.3. HRMS of 1
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Figure A.5.4. HRMS of 2
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Figure A.5.5. '"H NMR of 3
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Figure A.5.6. °C NMR of 3
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Figure A.5.7. HRMS of 3
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A.6. Spectral Data for Chapter 5C

Figure A.6.1. '"H NMR of 1

Shurdance

[ 0 20 30 a0 50 &0
B4

i

g

i e

z 2

=

£

=

ERE]

(4

Sa0RT
GLEES S
Feaaaynd sriure

103rv

TEIETIST STOCAREST
STAET+3T YIOEAREST
E¥ICHIOT PTOCARETT

207



Appendix

Figure A.6.2. 3C NMR of 1
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Figure A.6.3. HRMS of 1
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Figure A.6.5. '"H NMR of 3
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Figure A.6.7. HRMS of 3

Eoo:uqumiu:mmmz n-MS

WATERS-Q-Tof Premier-HAB213

12:23:0127-Dec-2013]

GKFAYFOMe 16 (0.333) AM (Cend, 100.00, Ar,8500.0,556 .28 0.10,L5 10); Sm (SG, 25.00), Sb (10,1.00 ); Cm (11:18) 1: TOF MSMS 766 00ES+
766.2940 1.29e3
10
<
[FE7. 2531
766.4710.[768.3050
765.2607 Jpee 3878
0 97,7340 153.5282201.1259 2950664 343 1515 424 1642 540.2774587 1393 B5E.7231 TR EB155. 8659535 e
50100 150 | 200 20 a0 | 350 4bo 40 800 sa0 | 00 | 650 | 700 | 750 | oo | 850 | B0 | 850 | 1oo0 | 1080

212



Gagandeep Kaur

Resarch Scholar

Department of Chemistry,

Indian Institute of Technology, Kanpur

Kanpur India

Address: 206E, Core Labs, Department of Chemistry,
Indian Institute of Technology, Kanpur-208016, India
Email: gkaur@iitk.ac.in

Phone: 0512-259-6353

Education

2011-Present Doctor of Philosophy (Ph. D.)
Indian Institute of Technology Kanpur, India
(CPI- 8.67)

2007-2009 Master of Science (M. Sc.)

Panjab University, Chandigarh, India

(1°* Rank in University, 79.7%)
2004-2007 Bachelor of Science (B. Sc)

Panjab University, Chandigarh, India

(First Class, 78.4%)

Publications

1. “Self-Exfoliated Guanidinium-Based Ionic Covalent Organic
Nanosheets (iCONs)” Shouvik Mitra, Sharath Kandambeth, Bishnu
Biswal, Abdul M. Khayum, Chandan Choudhury, Mihir Mehta,
Gagandeep Kaur, Subhrashis Banerjee, Asmita Prabhune,
Sandeep Verma, Sudip Roy, Ulhas Kharul and Rahul Banerjee, J.
Am. Chem. Soc. 2016, 138, 2823.

2. “Decoding the Morphological Diversity in Two Dimensional
Crystalline Porous Polymers by Core Planarity Modulation” Arjun

213



Halder, Sharath Kandambeth, Bishnu P. Biswal, Gagandeep
Kaur, Neha Chaki Roy, Matthew Addicoat, Jagadish K. Salunke,
Subhrashis Banerjee, Kumar Vanka, Thomas Heine, Sandeep
Verma and Rahul Banerjee, Angew. Chem. Int. Ed., 2016, 55, 7806.

3. "Soft structure formation and cancer cell transport mechanisms of
a folic-acid dipeptide conjugate" Gagandeep Kaur, Akansha
Shukla, Sri Sivakumar and Sandeep Verma, J. Pept. Sci. 2015, 21,
248.

4. “Chemical Sensing in Two Dimensional Porous Covalent Organic
Nanosheets” Gobinda Das, Bishnu P. Biswal, Sharath Kandambeth,
V. Venkatesh, Gagandeep Kaur, Matthew Addicoat, Thomas
Heine, Sandeep Verma and Rahul Banerjee, Chem. Sci., 2015, 6,
3931.

5. “Heterocyclic scaffolds and carbohydrate appendages in synthetic
peptides" Gagandeep Kaur, Anisha Thomas and Sandeep Verma,
Indian J. Heterocycl. Chem., 2015, 24, 487.

6. "Ultrastructure of metallopeptide- based soft spherical

morphologies" Gagandeep Kaur, Lihi A. Abramovich, Ehud
Gagzit and Sandeep Verma, RSC Adv., 2014, 4, 64457.

7. “Functionalized smart peptides based nanomaterial for disease
diagnostics and imaging” Gagandeep Kaur, Anisha Thomas and
Sandeep Verma, RSC Book Chapter (Manuscript submitted)

8. “Dityrosine folic acid conjugate in electrospun nanofibres for
selective cell adhesion” Gagandeep Kaur, Piyali Saha, Savita,
Sandeep  Patil, Subramaniam  Ganesh and  Sandeep
Verma, (Manuscript submitted)

9. “One- and Two Dimensional Nano-island Growth in C3 Symmetric
Molecule” Gagandeep Kaur, Prithwidip saha, T. G. Gopakumar
and Sandeep Verma, (Manuscript in preparation)

214



10. “Folic acid Peptide scaffolds for electrochemical capacitive energy
storage” Gagandeep Kaur, Rudra Kumar, Ashutosh Sharma and
Sandeep Verma, (Manuscript in preparation)

Symposia Proceedings

e  Presented a poster titled “Soft structure formation and cancer cell
transport mechanisms of a folic-acid dipeptide conjugate" at
Research scholar day held at IIT Kanpur, India (27%Feb., 2016)

e  Presented a poster titled “Ultrastructure of metallopeptide-based
soft spherical morphologies” at 11" Australian Peptide
Conference held at Kingscliff, Australia (25"-30" Oct., 2015)

e  Presented a poster titled “Soft structure formation and cancer cell
transport mechanisms of a folic-acid dipeptide conjugate" at 5"
Indian Peptide symposium held at INCASR Bangalore, India
(24125 Sep., 2015)

e  Presented a poster titled “Ultrastructure of metallopeptide-based
soft spherical morphologies” at the 10" J-NOST conference held
at Indian Institute of Technology, Madras, India (4-6™ Dec., 2014)

e  Presented a talk titled “Metal ion mediation in Self-assembling
Peptides” at Indian Peptide Society Satellite Symposium held at
CSIR-IMT, Chandigarh (21 Feb., 2014)

e  Presented a poster titled “Metal ion mediation in Self-assembling
Peptides” at the 5" Annual Retreat Conference, Konstanz
Research School Chemical Biology 2013 held at Gtoltstein,
Germany. (14-16" Aug., 2013)

215



Awards

e Won best poster award at Research Scholar Day-2016
organized by Department of Chemistry, Indian Institute of
Technology, Kanpur

e  Won second prize in the Artistic Micrography Contest 2015-16,
jointly organized by Indian Institute of Metals, Kanpur Chapter
and Material Advantage, Kanpur Chapter

e  Travel award to attend 11" Australian Peptide Conference by
Australian Peptide Society

e Qualified National Eligibility Test in Chemical Sciences (UGC-
Junior Research Fellowship) in June 2010

e Awarded Gold medal in Master of Science (M.Sc.) (1% in
University) in 2009

216



Journal Reprints

RSC Advances

ROYAL SOCIEETY
OF CHEMISTRY

View Article Online

View Soumol [View lsue

CrossMark

€ ke iondamy

Ultrastructure of metallopeptide-based soft

spherical morphologies+

Gagandeep Kaur, Lihi A. Abramovich,” Ehud Gazit* and Sandeep Verma™?

Cite this: RIC Adv, 2014, 4, 53457

Peptides and proteins offer interesting starting points for triggering seif-assembly processes owing to the
chemicat diversity of side-chains, ease of chemical modifications and the possibility of exploiting severat
non-covalent and metal-assisted interactions, to stabilze higher order ensembles. Consequently, a
variety of nanoscale morphologies such as fibers, vesicles, nanotubes are abserved for modhed amino
aclds and short peptides and these biocompatibie solt materials have been used for diverse biological
medical and meterial apolications. Herein. we report metal-mediated modification of sphenical soft
assemblies, by introducing a ccordinating linker for the Phe-Phe dipeptide, which results in the
copiescence of soft structures. The possibility of copper ion coordinaticn, with the metal-dindng
peptide conjugate, was confirmed Dy single Crystal analysis, Based on these observations, a model

Received 16th September 2014
Actepted 18th Novernber 2014

depicting possible mteractions lwading to soft structure formation and metal-aided codlescence & also

P The
DO; 10 1039/c4ral0532;

e could be
of thiol interference. Such an approach, exploting interfacial metal jon interactions, 15 expected to

In the case of Au-medisted soft structures with the help

Three different approaches could be envisaged for con-
structing MPFs: (i) introducing amino acids side chains capable

wvew rsc.orgladvances provide an entry Into novel metallopeptide materiais
Introduction
Self- bling pepti offer a platform

formation of ordered nanoscale systems, with various applica-
tlons In catalysis, delivery, and llﬁul‘ englncerln;,, w0 mum

few."* Control through icochemi; of
v of predictable dcsign based

of metal binding"! (i) use of exogenous ligands supporting MOF
architecture'® (i) use of covalently linked chiral/achiral
connectors. These approaches represent facile route for the
design of novel, abiotic oligomers for supramolecular studies.
As a specific example, Lehn, Hue and other groups have

1 family of olig les based on achiral connectivity of

constituent amino acids, possibility
dary ctural s and high ¢ ibility
tion with other biol

an

R are the hallmarks of
peptide-based nanoscale marerials. Consequently, it is quite
advantageous o employ short scif-assembling peptides, to

2,6-pyridinedicarbosylic acid, where the resultant oligomers not
only self-organized into single helices, but also support forma-
tion of double helices under specific conditions.”!* Notably,

obtain diverse hierarchical structures with desired functi short olig with 2 6-pyridinedicarboxylic acid and related
Recent advances along these lines concern i of metal s afford planar ‘crescentlike’ conformation, while
ions with self- bling peptides to afford bio-inspired metal-  longer olig exhibit more y 1 propensity to form
peptldo fmmnwurln (MPF),“* whu:h may offer bined helical ¥ In particular, pyridine diacid oligomers

ies of metal-org ks (MOF) offer hydrogen bonding at the inner rim of helices resulting in

with blocompatibility,

~4.5 monomer per tum of the ensuing helix.
Diphcu,Lllumm: (FF) dipeptide motif exhibits spontancous

bly to peptide bes in solution.' FF

n:motubcs um‘r interesting applicetions as scaffolds for the
hesis of metal i | mechanical
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v possess. impi
properties, semi-conductivity and serve as potential drug
delivery agents.' " Side chain aromaticity in phenylalanine is
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t (ES1) vl e data,
detalls structures showing H-booding and CH-ox interactions In Cugtg
complex. HRSEM Images of 4 « metal fons on copper grid and specral
charactotisation, CCDEC 1005702, For BS1 and enystallographic data (n CIF or
other electronic format see DOL 10,1039/ ¢dm10532)
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implicated for self- bly properties and Kkey structural
l’e..uuu-s in the solid \!Jle." In current study, given our
continued interest in hierarchical self-assembled peptides
systems and our ongoing efforts to prepare covalently linked

jugates of FF dipeptide,"™" we decided to synthesize a
symmetric FF conjugate using pyridinedicarboxylic acid as an

RSC Ack, 2004, 4, 64457 64465 | 64457
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Soft structure formation and cancer cell
s transport mechamsms of a folic acid-
dipeptide conjugate*

Gagandeep Kaur,® Akansha Shukla,® Sri Sivakumar®“¢
and Sandeep Verma® <+

L,,__.

Folic acid (FA) iu Iovrmolcaahr—walgm mk.ronmr(lm. which plays a crklul mh in lho prevention of birth dd«lund cancers. It
is also for DNA and for the g of new red
blood cells. (ellular trafficking of FA and folate is based on its hlghalﬁmty binding to (ognate lolate receptor, a protein
commonly expressed in several human cancers. Thus, folate tonjugates of drugs, and
radiodiagnostic imaging agents have been used for assisted delivery in folate n(epnw-pnshlve cancer :elk, via endocylﬂsls
pathways. This report describes h of soft lrom alully [; ized FA-d and

mechanistic studies of its cancer cell upuk', as tracked by the i yright © 2015 E

of the conj Cop
Peptide Society and John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.

Keywords: folic acid; diphenylslanine; self-assembly; cell defivery

Introduction

Folic acid (FAJ-conjugated imaging agents and candidate drugs
have evoked considerable interest over the years because of their
ability to enter cancer cells, through high-affinity interaction with
folate receptor (FR) protein, FRs, particularly FRa, exhibit hyperactiv-
ity in several cancer cells such as breast, brain, lungs, cervical, and
renal carcinomas [1,2] and offer a key entry point supporting active
folate intake in cancer cells [3]. Subsequent to FR binding in cancer
celis, folate conjugates are transported inside cells via endocytosis
{45), Chemical functionalities in FA play key roles in high-affinity
FR binding (6, and subsf.quem to cellular entry of folate
u tions release bioactive molecules
msnde cells. lnueascd involvement of FRs in cancer cells makes this
strategy very useful for delivery of drugs and bioactives [7-9]. Over
a period of time, many such conjugates have entered different
stages of clinical studies to deliver chemotherapeutic drugs to
target cells [10,111 However, main impediments of such conju-
gates, which limit their widespread use, concem lack of conjugate
stability and cytotoxicity.
From the standpoint of supramolecular chemistry, FA consists of
a heterocyclic pterin skeleton, which affords  self-assembled
structures belonging to cholesteric and hexagonal mesophases,
under mild alkaline conditions [12,13] Suitably disposed donor-
acceptor sites in pterin skeleton drive hydrogen bond-assisted
self-recognition event, in a manner analogous to guanine tetramer
formation, and it is shown that the presence of monovalent cations
imparts stability to cholesteric phases. A recent study demonstrated
that a change in monovalent cations resulted in enhanced FA
tetramer rigidity, as a result of favorable stacking interactions and
tetrad elongation [14,15).
Given our ongoing interest in peptide soft structures [16-25] and
bionanocenjugation based on guanine tetrad formation [26], we

dedded to investigate whether bottom-up approach with FA-
containing peptide bullding blocks will reveal interesting structural
features and delivery properties. The design of FA conjugates could
be achieved via two different routes: first, by making FA-conjugated
peptides, followed by their self-assembly, or through postsynthetic
modification of In situ assembled peptide nanotubes by FA
(Scheme 1) [27]. The former approach offers superior control over
gross morphology of soft structures and the possibility of additional
chemkal modifications to create a multivalent, folate-displaying
building block. We decided to employ Phe-Phe dipeptide for the
synthesis of a FA<conjugated building black (Scheme 2), as both
dij ide and FA d rkable ability to self-assemble
in solution [12-15,28-32]. Thus, we envisaged that it would be
intriguing to study how ensuing covalent conjugation will affect
self-assembly and gross morphology. We also decided to perform
cytotaxicity assays and study of possible cell uptake mechanism
in different cancer cell lines,

ate res

—_—

* Correspondence to. Sandeep Verma, Center for Environmental Sdiences and
Engineering, Indian nstiute of Techmology Kanpur, Konpur 208016, India
E-mait svermoPiticocin

! Invited Articie for the Anriversary ksue 2015 of Joumal of Peptide Science.

a Department of Chemistry, Indian institute of Technology Kanpur, Xanpur 208018
India

b DST Thematic Unit of Excedence on Soft Nanofabrication, indian institute of
Technology Kanpur, Kenpar 208016, India

¢ Cener for Emwronmental Saences and Engineenng, Mdian Institute of
Technology Kanpur. Kanpur 208016, India

d Depanment of Chemical Engineering, Material Science Programme; indian
Institute of Techinology Kanput. Kanpur 208016, india

4 Pept. Sci 2015:21: 248-255

Copyright € 2015 European Peptide Society and John Wiley & Sons, Lid,

218



Chemical

~
ROYAL SOCIETY
ca%"“

View Article Online
View Journal | View lwoe

EDGE ARTICLE

CrossMark

E bt usdaes

Chemical sensing in two dimensional porous
covalent organic nanosheetst
Gobinda Das, * Bishnu P. Biswal. 2 Sharath Kandambeth.$* V. Venkatesh,”

Gagandeep Kaur,” Matthew Addicoat,” Thomas Heine,” Sandeep Verma®
and Rahul Banerjee*™®

Cite this: Chem Sci, 2015, 6, 3931

Two new imide-based crystaline. porous and chemically stable covalent organic frameworks (COFs)
{TpBDH and TipBDH| have been successflly synthesized empioying solvothermal crystalization route.
Furthermore, thin layered covalent organic nanosheets {CONs! were derived from these bulk COFs by
the smple llquid phase exioliation mathod. These 20 CONs showcase increased luminescence Intensity
compared to their bulk counterparts (COFsl Notably, TIpBDH-CONs showcase good selectivity and

. direct visual towarde ditferent nitroaromatic analytes over TpBDH-CONs Quite
interestingly. TfpBDH-CONs exhioit a superior "tum-on” detection capabiity for 2.4.6-trinitrophenct
{TNF) in the solid state. but corwversely, they also show a “tum-off” detection in the dispersion state.
These findings descrive a new 2pp towards % an efficient. promi
chemosensor materlal for both visual and spectroscopic detection of mitroaromatic compounds with
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Introduction

Chemical sensing using porous ial pecially Metal-

= (Ml andiyte concentrations

been synthesized over the past few years, but these materials
have only rrely been explored as chemosensors™ owing to their
chemical instability in agueous and acidic/basic medium. With

Organic Frameworks (MOFs)* and Porous Organie Frameworks

this in mind, we have synthesized two imide based COFs, cach

(POFs}* has picked up considerable i lv. An
important feature of these frameworks is their nulble and
adjustable pores in which guest molecules can freely interact
with the pore walls.** However, the sensitivity and selectivity of
derection in these materials is generally not sufficient, either
due to the poor analyte-host interactions inside the amorphous
parous organic frameworks, or due to the chemical instability of
the crystalline metal-organic fi rks. Hence, a th
stable, crystalline and luminescent porous material with elec-
ically adjustable ion is an choice for
acting as an efficient chemical sensor.
Covalent Organic Frameworks (COFs)’ are one such class of
porous materials that, like MOFs, exhibit a well-defined and
predictable crystalline network. A large number of COFs have
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g @ two dimensional layered structure, that exhibit
pomslly, uysulhnm and chemical stability. Since imide func-
tionalized linkers show good photophysical properties, one
might predict that these COFs would act as efficient chemical
sensors.' However, the bulk COFs exhibit only moderate
chemical sensing ability due to the aggregated w-stacked layers,
poor cleetron mobility and ineffective lnwruuion with analytes.
In order to add these st we d the
aggregated w-stacked COF lavers using thc Liquid Phase Exfo-
liation (LPE) method™™< to produce Covalent Organic Nano-
sheets (CONs). Since 7 interactions between the stacked
layers are considerably weakened in these two dimensional
covalent organic nanosheets (2D CONs), we anticipated that
these CONs might show superior chemical sensing capabilities
compared to the bulk COF. There have been a few reports on the
growth of thin COF layers on 2D surafaces,” but very little effort
has been made to isolate such 2D materials in bulk quantities
and to investigate their usefulness. In this paper, we show that
these exfoliated CONs exhibit highly selective and visual
detection of 24,6-trinitrophenol (TNP), over other nitro-
aromatic analytes such as 2,4.6-trinitrotoluene (TNT), 2,6-dini-

trophenol (DNP), 2,6 [DNT), and 2-nitrophenol
(NP}, wa a “turn-un™ muhnuism in the solid state and a “wm-
off 1l g in the disp state, Further-

more, the wmnwicv of lhe CONs towards nitroaromatic

Chem. Sci, 2015, 6, 3931-3939 | 3931
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Decoding the Morphological Diversity in Two Dimensional Crystalline
Porous Polymers by Core Planarity Modulation

Arjun Halder', Sharath Kandambeth', Bishnu P. Biswal®, Gagandeep Kaur, Neha Chaki Roy,
Matthew Addicoat, Jagadish K. Salunke, Subhrashis Banerjee, Kumar Vanka, Thomas Heine,

Sundeep Verma, and Rahul Banerjee®

Abstract: Two new chemically stable triazine- and phenyl-
core-based crysiadline porous polvmers (CPPs) have been
svthesized using o single-step wemplate-free solvothermal
route, Unique morphological diversities were observed for
these CPPs (2.3-Dhalta (ribbon) and 2.5-DhaTab (hollow
sphere)] by simply altering the linker planarity. A detailed
time-dependent sudy established a significam  corvelation
benween the molecular level structures of building blocks
with the morphology of CPPs. Moreover. a DFT study was
done for calcnlating the nterlayer stacking energy, which
revealed that the extent of stackmg efficiency ts responsible for
governing the morphological diversity in these CPPs

.rwu dimensional crystalline porous polymers (CPPs), includ-
ing covalent organic frameworks (COFs)"! and covalent
triazine frameworks (CTFs).P are porous materials con-
structed by covalently linked light elements, such as C, N, O.
H, B, and Si. These materals have triggered substantial
research interest because of their extensive applications in
molecular storage.” sis! sensing®! and opto-clectron-
il However, the overall properties of such porous materials
do not rely only on their composition, structure, and porosity,

"] A Halder® S, Kandambeth, ! B, P. Biswal"! S. Banerjee,
Prof. Or. K. Vanka, Prof. Dr. R, Banerjee
Academy of Scientific and Innovative Research (ACSIR)
Physical/Materials Chemistry Division
CSIR-National Chemical Laboratory
Dr. Homi 8habha Road, Pune-411008 (india}
E-mail: rbaneree@ncl.res.in
). K. Salunke
Polymer Science and Engineering Division
CSIR-National Chemical Laboratory
Dr. Homi Bhabha Road, Pune 411008 (India)
G- Kaue, Prof. Dr. S. Verma
DST-Thematic Unit of Excetlence on Soft Nanofabrication
Indian Institute of Technology Kanpur
Kanpur-208016 (India)
N. C. Roy
Centre for Research in Nanotechnology and Scence
Indian Institute of Technology Bombay
Mumbai-400076 (India)
Dr. M. Addicoat, Prof, Dr. T, Heine
Center for Functional Nanomaterials
School of Engineering and Science
Jacobs University Bremen, Research |1}, Room 61
Campus Ring 1, 28758 Bremen (Germary)
[*] These authors contributed equally to this work.
@ Supporting information for this article can be found under:
http:/ fedx.dor.org/ 10,1002 fanie. 201600087,

Angew. Chem. 3016, 128, 7937 7541

© 2016 WlepVCH Verlag GmbH & Co. KGaR Weirheim

but also on their nanoscale morphologies! Therefore, an
explicit understanding of the morphology-modulation with
respect 1o their constituents is required ™ To achieve such
a molecular level unde g, herein we report two CPPs
that self-assemble 1o ribbon and hollow spherical morphol-
ogies upon crystallization in a single step without any
templating agents. Hollow spherical structures are considered
to be a highly important morphology in polymeric materials
owing o several potential applications. However, their
existence i extremely rare and often require the usage of
templating agents! The itermediates responsible for pro-
ducing these above morphologies were prepared at different
time intervals Lo understand the mechanism for the formation
of the final morphology (at 72 h)

The CPPs reported here show high crystallinity as
revealed from their PXRD pattems (Figure 1), A high intense
peak at 2.87 (29) for 23-DhaTta and 2.3-DhaTab (Figure e
and 11, respectively) appear owing Lo the strong reflections
from the 100 planes. 2.3-DhaTa and 2.3-DhaTab show other
minor peaks at 4.9, 57, 75, and 9.9° (20) owing 1o the
reflections from the 110, 200, 120, and 220 planes, respec-
tively, Peaks at 26" (23-DhaTw) and 258" (23-DhaTab)
correspond (o their 001 plane refiections. The d-spacing
values between the 001 planes were used to caleulate the -
ing distances between vertically stacked CPP layers
[: 3 A and 3.4 A in the respected CPPs]. The high crystallinity
of these CPPs is auributed to the presence of strong intra
molecular  O-H-N  hyd bondingt’! im ions
between the imine nitrogen and the hydroxy functionality of
the aldehyde core, which 1s influential in keeping the phenyl
rings in one plane and i stacking i within
adjacent CPP lavers. To get an overview of the hvdrogen
bonding effect on the CPP backbone. we crystallized three
reference compounds, SaTta, 2,3-Dha-ani™ and SaTab™
(Figure 1bd). X.ray singlecrystal  structure  analysis
showed that the three phenyl rings connected to the central
triazine core in SaTta are almost in the same plane (1orsion
angles are 174.7. 176.3, and 179.9°: Supporting Information),
whereas for SaTab, the central triphenyl cores are not in the
same plane (torsion angles are 1455, 1496, and 154.5°%) to
avoid sterie mieractions among the orthio hydrogens. On the
other hand. in 2.3-Dha-ani, the central benzene ring of the
respective aldehyde counterparts are out of plane (torsion
angles are 1345 and 135.9°). Interestingly. the structural
features of these reference compounds largely depended
upon the intramolecular O=H--N hydrogen bonding [SaTta
D=263A, d=198 A, 0=1416% SaTab 261 A, 1.88A,
146.6”; and 2.3-Dha-ani 259 A, 1.86 A, 146.6°, respectively].
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ABSTRACT: Covalent organic nanosheets (CONs) have emerged
as functional two-dimensional materials for versatile apphications.
Akbough r—1 m..lnng between layers, hydrolytic instability, possible
foliati ontofcwllnnlayered(,ONs
from crymllme potws poly We anticipated rational d i
of a structure by intrinsic ionic linker could b-:d\:wlmntoprod\xt
uhxblhud(.ONswlhommmlmﬁ.lnanmwad&m
this issue, we have synth d three self-exfoliated
based ionix covalent ntg:mc nanosheets (lCONs) “with anllmaubul
Self-exfoliati pp d by molec-
uhrdymmu (MD) mdmawlmmxmcpundlmm
unit plays the pivotal role for both self-exfoliation and antibacterial

property against

both Gram-positive and Gram-negative bacteria. Using

such ICONs, we have devised a mixed matrix membrane which could be useful for antimicrobial coatings with plausible medical
benefits.

W INTRODUCTION

Covalent erganic nanosheets (CONs) are tw&d:mmsoml
(2D) d by d
linkers, along two dimension, via strang covalent bondx' In
recent years, researchers have made considerable efforts to
synthesize monolayer or few layered CONs, which could emerge
as a porous functional material with a plethuﬂ of apphuuom
owing to dmr easy and desi

opponunty On this hne. few layﬂ!d CONs have been

difi N hel

the self-exfol of 2D
CPPsand explonng its biological significance in a single domain
is unprecedented and thus remains a daunting task. In the same
pursuit, we have introduced the concept of rational design to
self-exfoliate guanidinium halide based porous ionic covalent
organic nanosheets (ICONs) for antimicrobial applications, Pos-
itively changed guanidinium units result in interlayer repulsion to
self-exfoliate into few lyered iCONs. These iCONs showed
permanent porosity, chemical stability and potenl antimicrobial

hesized from 2D crystalline porous poly (CPPs) often property against both G itive (Stap auras) and
known a5 covalent organic frameworks (COF‘)‘ "‘d “""’k" Gnm nrgatwc (E.sdlrm.hm (olr) bmcna. Although substituted
(nannc frameworks (CTFs)," mF I ic materials are known
e s ke B imicrobial property;” but the solubilty of

ination. However, the major reasons that prevent the
formation of monolayer or few layered CONs by these method

guanidinium-based materials limits their usage in heterogeneous

indude (i) strong -7 stacking between the layers,"* (ii)
hydrolytic lnsuhhty for most of the CPPs” (iii) possible
restacking,” and most nnpnn-mdy, (iv) du.[kngu\g <ynﬂ1¢nc
procv.-d\ms to obtain the exfob

these sh ings could be surpassed easily by mhoml design
of chemically stable CON's with inbuilt ionic character to induce
self-exfoliation. Moreover,  the ionic building block itself
possesses biological significance, the synthesized CONs could be
directly used for biomedical applications without further post

< ACS Publications  © 2006 Amescan Chemical Society

3823

water resi bial coatings. Hence, the insolubility of
iCONSs with antimicrobial property coukl be the key solution in
devising antibacterial coatings useful in biomedical sectors. To
validate this conception, we have strategically fabricated
iICONs@Polysulfone (PSF) mixed matrix membrane for
antimicrobial coatings.
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HETEROCYCLIC SCAFFOLDS AND CARBOHYDRATE APPENDAGES IN
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This review presents a briel account of introduction of heterocyclic rings and
carbohydrate appendages in peptide conjugates,and their effect on solution-phase
self-assembling properties. Such scaffolds bring In geametrical considerations, metal

binding sites and water solubility properties for interesting

soit matter.

Peptides containing self-assembled goft
structures offer immense diversity in terms of the
presence of modifiable functional groups and
biocompatibility'. It provides an attractive design
platform to construct structures and tune them as
per requiraments, given the multitude of possibilities
due to sidechains vanation in constituent amino
acids®.Heterocyclic scaffclds, when used as linker
molecules, add interesting functionalities to peptide
constiucts’, and these versatile enabling modifications
bringout the possibilities of added hydrogen bonding
sites and metal interaction sites for possible
applications®. Aromatic and r—r stacking interactions,
enhanced water solubility and recognition by biological
molifs®, are the other advantages brought in by the
attachment of the right heterocyclic motil and
carbohydrates. In addition, heterocyclic rings also

Veslicles

ions of selt led

provide much needed rigidity and planarity to the
flexible peptide units,forcing them to adopt suitable
geometries to maximize interactions®.

Design Strategies

One strategy to create peptide-based small
molecules is using linking scalfolds. either flexible or
rigid, to permit intermolecular recognition or pre-
patterning of structures to form ordered architectures.
Flexible scaffolds such as tris(2-aminoethyl)amine
{tren) ar diamincalkane linkers allow for the linking of
peptide units giving rise to C, or C, symmetric
structures with potential to form self-assembled
structures’. Aliphatic chains of appropriate length and
heterocyclic rings are used as rigid connectors to
engender specific recognition sites, However, it is also
possible to use alicylic rigid scaffolds, such as Kemp's

S ¥

Nanotubes

Schematic representation of micelles, vesicles and nanotubes.

Figure-1
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This thesis contains:

Q

Q

Synthesis, design and molecular level arrangement
of amino acid based C; molecule

Metal ion coordination in self-assembled
nanostructures and formation of Metal peptide
frameworks

Catalytic studies with Metal peptide framework

The cellular uptake studies and uptake mechanism
studies of folic acid based peptide in different cancer
cell lines

Selective adhesion and detection of FR positive cells
with peptide/polymer nanomats

Carbonized peptide/melamine sheets for
electrochemical capacitive energy storage
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