FROM SEQUENCE TO STRUCTURE:
HIERARCHICAL SELF-ASSEMBLY INTO
STRUCTURALLY DISTINCT ARCHITECTURES

SOUVIK DUTTA

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JANUARY 2026



©Indian Institute of Technology Delhi (IITD), New Delhi, 2026



FROM SEQUENCE TO STRUCTURE:
HIERARCHICAL SELF-ASSEMBLY INTO
STRUCTURALLY DISTINCT ARCHITECTURES

by
SOUVIK DUTTA
(Entry No. 2021CYZ8386)

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy

to the

Indian Institute of Technology Delhi
Hauz Khas, New Delhi, India-110016
January 2026



DEDICATED TO
MY PARENTS AND MY SISTER



CERTIFICATE

This is to certify that the thesis, entitled "From Sequence to Structure: Hierarchical Self-
Assembly into Structurally Distinct Architectures", being submitted by Mr. Souvik Dutta,
to the Indian Institute of Technology Delhi, for the award of degree of Doctor of Philosophy
in Chemistry, is a record of bonafide research work carried out by him. Mr. Souvik Dutta has
worked under my guidance and supervision and has fulfilled all the requirements for the
submission of this thesis, which to my knowledge has reached the requisite standard. The
results embodied in this thesis have not been submitted in part or in full, to any other University

or Institute for award of any degree or diploma.

Prof. V. Haridas

Professor

Department of Chemistry

Indian Institute of Technology Delhi
Hauz Khas, New Delhi-110016, India.



ACKNOWLEDGEMENTS

It is with great pleasure and deep respect that I express my profound gratitude to my supervisor,
Prof. V. Haridas, for his invaluable guidance, encouragement, and unwavering support
throughout the course of my doctoral research. His scientific ideas, insightful discussions, and
constant motivation have been instrumental in shaping my research ideas and nurturing my
overall growth as a researcher. His patience, generosity with time, and high standards of
academic rigor have greatly inspired me and will continue to influence my future endeavours.

I feel extremely fortunate for having the opportunity to work under his supervision.

I am also sincerely thankful to the members of my Student Research Committee (SRC), Prof.
Nalin Pant, Prof. Janakiram Vaitla and Prof. Bishwajit Kundu, for their valuable feedback,
constructive criticism, and kind encouragement during the course of my research. Their
suggestions not only helped me refine my work but also gave me new perspectives to pursue

challenging problems with confidence.

I extend my heartfelt thanks to the Indian Institute of Technology Delhi, Hauz Khas, New
Delhi, for providing me with the opportunity to pursue my doctoral studies in such a vibrant
academic environment and for my fellowship. I am grateful to the past and present Heads of
the Department of Chemistry, Prof. A. J. Elias, Prof. S. Pandey and Prof. S. Nagendran,
for their constant support in building and maintaining a stimulating and resourceful research

atmosphere within the department.

I also take this opportunity to thank all the faculty members of the Department of Chemistry,
IIT Delhi, for their inspiring lectures, critical discussions, and encouragement during my
academic journey. I am equally indebted to all the staff members of the department, whose
help and cooperation have been indispensable in the smooth functioning of both academic and

research activities.

I gratefully acknowledge the use of CRF and SATHI facilities at IIT Delhi, which provided
access to instrumentation and resources essential for the successful completion of my research

work.



I owe a special note of thanks to all my past and present lab members, whose scientific
discussions, and collaborative spirit made the lab a lively and motivating place to work in.

Their companionship has been a source of both professional learning and personal joy.

Finally, I express my deepest gratitude to my parents, sister and friends, whose unconditional
love, encouragement, and sacrifices have been my greatest strength throughout my life. Their
constant support during difficult times and belief in my abilities gave me the confidence to
overcome challenges and persevere in my work. This thesis is as much their achievement as it

is mine, and I dedicate this accomplishment to them with immense affection and respect.

Sounik  Butta .

January 2026 Souvik Dutta



ABSTRACT

This thesis, entitled "From Sequence to Structure: Hierarchical Self-Assembly into
Structurally Distinct Architectures", explores the design, synthesis, and self-assembly
behaviour of pseudopeptides functionalized with phenylene urea motifs, demonstrating how
subtle changes in molecular architecture and amino acid sequence can lead to diverse
supramolecular structures. Through a combination of spectroscopic, crystallographic, and
microscopic techniques, we investigate the role of non-covalent interactions, such as m—n
stacking, hydrogen bonding, and hydrophobic clustering, in directing the formation of
nanotubes, fibers, vesicles, toroids, and zipper-like assemblies. The autofluorescent properties
of these assemblies further enhance their potential for bioimaging applications. Overall, this
work highlights the versatility of urea-based scaffolds in mimicking biological folding and in

forming complex architectures with the help of self-assembly.
Chapter 1

Chapter 1 provides a comprehensive introduction to self-assembly in biological systems,
emphasizing the fundamental principles and significance of this phenomenon in nature. It
discusses how weak, non-covalent interactions, including hydrogen bonds, hydrophobic
interactions, and electrostatic forces, drive the ordered organization of molecules into
functional structures such as proteins, membranes, and DNA. The chapter highlights the central
role of peptides as minimal, versatile building blocks for creating a wide array of nanostructures
like fibers, nanotubes, and vesicles, outlining the advantages of synthetic peptides over natural
proteins. Additionally, it states the diverse applications of self-assembled peptides and
pseudopeptides in areas such as drug delivery, tissue engineering, biosensing, catalysis,
nanoelectronics, and antimicrobial therapies, while addressing current challenges and future

research directions in the field.
Chapter 2

Chapter 2 introduces a novel peptide design strategy where a phenylene urea aglet at the N-
terminus induces a reverse turn conformation via edge-to-face n—m interactions. This leads to
the formation of polygonal peptide tubes through a Phe-zipper arrangement, as confirmed by

X-ray crystallography and electron microscopy. Single-crystal X-ray diffraction analysis



reveals that one of the derivatives adopts a left-handed triple-helical conformation, stabilized

through a combination of intermolecular hydrogen bonding and hydrophobic interactions.
Chapter 3

Chapter 3 extends the design to include aliphatic residues (Leu/Ile) alongside Phe, resulting in
tubular assemblies via Leu/Ile-Phe zipper motifs. Single-crystal X-ray analysis reveals a
double-helical arrangement stabilized by intermolecular hydrogen bonds and hydrophobic
interactions. The resulting nanostructures exhibit concentration-dependent autofluorescence
and red-edge excitation shift (REES), enabling confocal imaging of the self-assembled

architectures.
Chapter 4

Chapter 4 investigates the concentration-dependent morphological evolution of urea-cored
pseudopeptides, which transition from vesicles to toroids and eventually to multi-torus and
honeycomb-like structures. This study provides insights into the fusion mechanisms of
synthetic peptide-based vesicles and highlights the influence of sequence and concentration on
supramolecular topology. The autofluorescence of these structures is morphology-dependent,

allowing optical visualization of assembly pathways.
Chapter 5

Chapter 5 demonstrates the use of phenyl urea as an aglet to stabilize the trans conformation
of prolyl peptide bonds via n—n* interactions. X-ray crystallography confirms the exclusive
trans geometry and reveals an Ile-Phe zipper-like clustering of hydrophobic side chains in non-
aqueous media. This chapter underscores the ability of urea tags to control peptide

conformation and promote biomimetic hydrophobic assembly even in organic solvents.
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10.

1.

NOTES

. All amino acids used in syntheses were of L-configuration, unless stated otherwise, and

were purchased from SRL India. Unless otherwise stated, the standard single/triple
letter codes are used to represent amino acids.

All commercial chemicals and reagents used in chemical syntheses were purchased
from Sigma-Aldrich or SRL India unless otherwise stated, and used as received without
any further purification.

All the solvents employed in the reactions were distilled/dried by standard protocols
prior to use.

All air sensitive reactions were carried out in oven dried glassware under an inert
atmosphere of argon.

All the reactions were monitored by silica gel thin layer chromatography (TLC),
wherever possible.

All the synthesized compounds were purified by silica gel (100-200 mesh) column
chromatography. The slurry was generally made in chloroform, DCM and/or MeOH.
The characterization of synthesized compounds was done by 'H NMR, 3C NMR, IR
and High-Resolution Mass Spectrometry (HRMS).

'H and '*C NMR spectra were recorded on a Bruker-DPX-400/500 MHz spectrometer
and the chemical shifts are reported downfield relative to tetramethylsilane (TMS). 'H
NMR data are reported as br (broad), s (singlet), d (doublet), q (quartet), t (triplet), dd
(doublet of doublet) and m (multiplet). "H NMR coupling constants are reported in Hz.
High resolution mass spectra (HRMS) were recorded in Bruker MicrO-TOF-QII model
using Electrospray Ionization (ESI) technique.

IR spectra were recorded on Agilent-Cary 660 Series FTIR spectrometer/Nicolet,
Protégé 460 spectrometer as KBr Pellets.

Melting points were recorded on a Fisher-Scientific melting point apparatus.
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