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SYNOPSIS

Self-assembly is a process by which components organize themselves
into patterns or structures. It is a very effective method for creating a
wide range of useful materials. Self-assembly is a valuable technique for
creating hydrogels. The use of self-assembly is employed to arrange
small molecules to produce hydrogels where the molecules form a
network by physical interconnection. These materials are created by the
reversible and dynamic bonding of certain components. Self-assembly
is a commonly observed phenomenon in the natural systems. Therefore,
hydrogels are polymeric three-dimensional networks that can hold a
large amount of water molecules. Due to their water absorbing
properties, they are biocompatible in nature. In addition to
biocompatibility, hydrogels possess exciting properties such as stimuli-
responsive, self-healing, and thermoreversibility. Hydrogels are
extensively used in the biomedical field for application such as drug
delivery, bioimaging, bioactive scaffold, 3D bioprinting, tissue
engineering, and regenerative medicine. Peptides have been extensively
used as fundamental components in the self-assembly process.
However, nucleobase functionalized amino acids/peptides have not been
well explored to date. Nucleobases and peptides are the fundamental
building blocks of life. Among the purine and pyrimidine nucleobases,
guanine has several H-bonding donor and acceptor sides which can
contribute to the formation secondary structures of the nucleic acid such
as G-quadruplex, G-ribbon, stem-loop structures, double helices, and
psuedoknots. Purine and pyrimidine nucleobases are hydrophobic in
nature. They are insoluble in water at physiological pH. The formation
of the hydrogel depends on achieving the proper balance of
hydrophobicity and hydrophilicity of a molecule. Here, we induced the
hydrophilicity of guanine by the introduction a long fatty acid chain and
amino acid which then went higher-order self-assembly to form the

hydrogel.

The primary goals of my current research include



» To design and synthesize guanine functionalized amino acid
derivatives by the conventional solution phase peptide synthesis
process.

» To induce the gelation property in the synthesized molecules by
varying the length of the fatty acid chain as well as the sequence
of the amino acids.

» To study their self-assembly by the Molecular dynamic
simulation and Diffusion Ordered Spectroscopy (DOSY) NMR.

» To check the biocompatibility of the hydrogel quantitatively by
MTT assay and also qualitatively Live/dead cell imaging.

» To use the hydrogel for the pH-responsive release of the drug
molecules, and also to study the in vitro wound healing.

1. Synthesis and Structural Studies of Nucleobase Functionalized
Hydrogel for Controlled Release of Vitamins

In this work, | have synthesized three guanine functionalized
phenylalanine derivatives namely NP1, NP2, and NP3 using the
conventional solution phase peptide synthetic procedure. | have varied
the chain length to induce gelation properties in the synthesized NPs.
Among the synthesized NPs, the NP3 forms the stable hydrogel in the
presence of the appropriate monovalent metal ion. The hydrogel is used
for the delivery of drug molecules The presence of the G-quadruplex
inside the hydrogel is analyzed by performing spectroscopic
experiments. The nanofiber morphology inside the hydrogel is
confirmed by microscopic experiments such as SEM, TEM, and AFM.
The aggregation propensity of the NPs is analyzed by conducting a
DOSY NMR experiment. The thixotropic nature of the NP3 hydrogel is
also studied. The injectability of the hydrogel is checked. The
biocompatibility of the hydrogel is also checked by performing MTT
and live/dead cell assay. MCF7 and HEK 293 cell lines are used for the
experiment. The hydrogel is biostable in the presence of proteolytic
enzymes, proteinase K, and a-chymotrypsin. The mechanical strength
of the hydrogel is determined by the amplitude sweep and frequency

sweep experiments.

2. Chemical Reaction Driven Self-assembly of a Nucleobase
Functionalized Molecule
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The guanine functionalized amino acids derivatives (NPs) are
synthesized (Figure 2a). The supramolecular order in the synthesized
NPs is induced by a chemical reaction. methylation of nucleobases of
DNA is a significant metabolic process. Nucleobases are methylated
when a methyl group is transferred to a nucleobase by an internal or
external methylating agent. Here, the current study demonstrates the use
of dimethyl sulfate (DMS) as an external methylating agent (Figure 2b).
NP3 forms the hydrogel after the addition of the DMS. However, NPs
contain several methylating sites. PDT1 is observed as a major one. The
(%) of the conversion is analyzed from HPLC chromatograms (Figure
2c and 2d). The dynamic dynamic step-strain experiment demonstrates
the thixotropic nature of the NP3 hydrogel. UV-turbidity, fluorescence,
viscosity, and CD experiments show the progress of the self-assembly
after the addition of the DMS (Figure 2e, 2f, 2g, and 2h). SEM and
TEM images reveal the presence of nanofiber morphology inside the
hydrogel. A live video shows the formation of the nanofiber after the
addition of the DMS.

3. Design and synthesis of nucleobase functionalized peptide
hydrogel: In vitro assessment of anti-inflammatory and wound

healing effects

| have functionalized guanine with varying sequences of amino acids
(Figure 3a). The phenylalanine and tyrosine are attached to the guanine
by a six-carbon long fatty acid chain. NP5, NP6, and NP7 are
synthesized by the solution phase synthetic procedure. | introduce the
varying sequence of the amino acid to adjust the hydrophobic and
hydrophilic balance which in turn induces the gelation in the synthesized
compound (Figure 3b). The aggregation behavior of these NPs are
analyzed using a molecular dynamics simulation study (Figure 3c and
3d). The DOSY NMR experiment confirms the higher level of
aggregation of the NP5. The NP5 hydrogel is viscoelastic in nature
(Figure 3e). Furthermore, NP5 hydrogel is characterized using CD,
PXRD, and ThT-dye binding experiments. SEM and TEM experiments
reveal the existence of nanofibers within the NP5 hydrogel. The NP5
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hydrogel exhibits minimal cytotoxicity, as demonstrated by MTT and
cell death studies (Figure 3f and 3g). The NP5 hydrogel is found to be
nonhemolytic in nature (Figure 3h and 3i). The NP5 hydrogel is also
found to be biostable against the proteolytic enzyme proteinase K and
a-chymotrypsin. Furthermore, the NP5 hydrogel showed efficacy
against B. subtilis and E. Coli bacteria. It also demonstrates the
properties of ROS scavenging, antibacterial, and anti-inflammatory
activity in epithelial cells and keratinocytes. Notably, the hydrogel

shows enhanced activity in keratinocytes compared to epithelial cells.

4. Enzyme Fueled Reverse Hydrolysis of Guanine Base
Functionalized Molecules: Equilibrium Shifts, Dissipative Self-

assembly and Cellular Behavior

| have explored an enzyme-fueled dissipative self-assembly process,
which is constructed using nucleobase-functionalized biomaterials.
These materials are designed and synthesized to create non-covalent
polymers that were readily self-assembled using the G-quadruplex motif
(Figure 4a). The dissipative self-assembly system shifts the equilibrium
in reverse due to morphological transition over time upon treatment with
lipase (Figure 4b). The ThT dye-binding assay, wide-angle PXRD, and
CD experiments are performed to confirm the presence of G-quadruplex
endowed with hydrolyzable properties. The biocompatibility
experiment was performed on HEK 293 and McCoy cell lines. The
potential for NP10 as wound dressing was evaluated by scratch assay,
demonstrating the disappearance of the scratch in 24 h following the cell
migration after hydrogel treatment (Figure 4c). The hydrogel goes
within the cell and binds with the nucleus of the cells (Figure 4d).
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the formation of the B-CD/MPA hydrogel and the related
intermolecular connections within the networks.

Figure 1.19 Schematic diagram shows the formation of the
boronic acid cross-link hydrogel and its application.

Figure 1.20 Structures of nucleotide, nucleoside, purine, and
pyrimidine nucleobases.

Figure 1.21 Structures of nucleoside in DNA and RNA.
Figure 1.22 (a) The double-stranded structure of DNA,
whereas the typical single-stranded structure of RNA. (b) RNA
can also form a secondary structure by the complementary base
pairing.

Figure 1.23 A Few examples of guanine derivatives and
Watson-crick and Hoogsteen faces in the guanine molecule.
Figure 1.24 The formation of the G-tetrad in the presence of
the suitable monovalent cation. Different topologies of the G-
quadruplex.

Figure 1.25 G4 in the DNA replication.

Figure 1.26 (a) Proteins that are capped in G4 structures
prevent the erroneous guiding of cellular repair mechanisms

when DNA is damaged. (b) The G4 complexes present in the
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telomere protect nuclease enzymes. (c) Ligand or drug
molecule binding assists in the stabilization of G4s.

Figure 1.27 The graphics demonstrate the role of G-
quadruplex in DNA transcription.

Figure 1.28 The Scheme shows the formation of G-quadruplex
hydrogel for the cascade reaction container.

Figure 1.29 The G-quadruplex hydrogels stabilized by PEI and
their putative creation process.

Figure 1.30 (a) The formation of the G-quadruplex by the
antiviral drug entecavir. (b) The cation selectivity of the
hydrogel (c) The optimization diagram.

Figure 1.31 The formation of the gel-immobilized high-
internal-phase emulsions (HIPEG) using the G-quadruplex
hydrogel.

Figure 1.32 The scheme illustrates the formation of the G-
quadruplex hydrogel and shows the catalytic activity.

Figure 1.33 Peptides based self-assembling building blocks
with N-terminal protective groups.

Figure 1.34 The diagram illustrates the process of selenoester-
mediated native chemical ligation (NCL) reaction which is
used to create Nmoc-capped self-assembled peptides.

Figure 1.35 The chemical structure of 2-naphthylacetyl (2-
Naph; 1a—c) and 1-naphthaloyl (1-Nap; 2a, b).

Figure 1.36 (a) The scheme depicts the molecular composition
of the sticky hydrogel. (b) Illustration depicting the use of
sticky hydrogel for repairing articular cartilage. (c) Post-
treatment magnetic resonance imaging. (d) The scheme shows
the step-by-step procedure for making sticky HA-PG patches.

Figure 1.37 (a) Schematic depicting the Exo-pGel treatment
for spinal cord injury. (b) Images depicting the gaits of various
animals. (c) Illustrative depiction of the process involved in
creating hydrogels made of conducting polymers. Attachment

of the hydrogel to (d) skin and (e) spinal cord tissue.
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Figure 1.38 The schematic illustration shows the formation of
GP hydrogel and wound healing using mice model.

Figure 1.39 The scheme depicts the formation of the hydrogel
and its use in in vivo wound healing.

Figure 1.40 The scheme demonstrates the formation of the G-
quadruplex hydrogel and the use of the hydrogel for the
delivery of the anticancer drug doxorubicin.

Figure 1.41 The scheme demonstrates the formation of the
hydrogel and the use of the hydrogel for the delivery of the
vitamin molecules.

Figure 1.42 The scheme illustrates the formation of the G-
quadruplex hydrogel and the use of the hydrogel for 3D
printing.

Chapter 2 Synthesis and Structural Studies of Nucleobase
Functionalized Hydrogels for Controlled Release of

Vitamins

Scheme 2.1 Synthetic outline of nucleobase amino acid
conjugates.

Figure 2.1 'H NMR (500 MHz, DMSO-ds) spectrum of
compound 2a.

Figure 2.2 3C NMR (125 MHz, DMSO-ds) spectrum of
compound 2a.

Figure 2.3 ESI-MS spectrum of compound 2a.

Figure 2.4 *H NMR (500 MHz, DMSO-ds) spectrum of
compound 2b.

Figure 2.5 ¥C NMR (125 MHz, DMSO-ds) spectrum of
compound 2b.

Figure 2.6 ESI-MS spectrum of compound 2b.

Figure 2.7 *H NMR (500 MHz, DMSO-ds) spectrum of
compound 2c.

Figure 2.8 *C NMR (125 MHz, DMSO-dg) spectrum of 2c.
Figure 2.9 ESI-MS spectrum of compound 2c.
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Figure 2.10 'H NMR (500 MHz, DMSO-ds) spectrum
compound 3a.

Figure 2.11 3C NMR (125 MHz, DMSO-ds) spectrum
compound 3a.

Figure 2.12 ESI-MS spectrum of compound 3a.

Figure 2.13 'H NMR (500 MHz, DMSO-ds) spectrum
compound 3b.

Figure 2.14 3C NMR (125 MHz, DMSO-ds) spectrum
compound 3b.

Figure 2.15 ESI-MS spectrum of compound 3b.

Figure 2.16 'H NMR (500 MHz, DMSO-ds) spectrum
compound 3c.

Figure 2.17 3C NMR (125 MHz, DMSO-ds) spectrum
compound 3c.

Figure 2.18 ESI-MS spectrum of compound 3c.

Figure 2.19 'H NMR (500 MHz, DMSO-ds) spectrum
compound NP1.

Figure 2.20 3C NMR (125 MHz, DMSO-ds) spectrum
compound NP1.

Figure 2.21 ESI-MS spectrum of compound NP1.

Figure 2.22 'H NMR (500 MHz, DMSO-ds) spectrum
compound NP2.

Figure 2.23 3C NMR (125 MHz, DMSO-ds) spectrum
compound NP2.

Figure 2.24 ESI-MS spectrum of compound NP2.

Figure 2.25 'H NMR (500 MHz, DMSO-ds) spectrum
compound NP3.

Figure 2.26 3C NMR (125 MHz, DMSO-ds) spectrum
compound NP3.

Figure 2.27 ESI-MS spectrum of compound NP3.
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Figure 2.28 (a) The increasing hydrophobicity in the

synthesized nucleobase peptide conjugated molecule induces

proper hydrophilic and hydrophobic which in turn leads to the
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formation of the hydrogel. DOSY NMR spectrum of 10 mM
(b) NP1, (c) NP2 and, (d) NP3 in D20 at 298K. Optical images
of NP3 hydrogel formed in (e) LiOH and (f) NaOH. (g)
Precipitation was observed when prepared with KCI (100 mM)
solution.

Scheme 2.2 Graphical illustration demonstrating the
development of NP3 hydrogel with the support of suitable
monovalent alkali metal ion and the utilization of hydrogel to
study the release of vitamins from the hydrogel matrices.
Figure 2.29 (a) Fluorescence spectra of ThT solution (black
line), ThT loaded NP3 without K* (blue line) and ThT loaded
NP3 hydrogel (in presence of K*) (red line). (b) Optical
photographs of ThT loaded NP3 hydrogel under daylight (left)
and under 365 nm UV light (right). (c) Plausible mechanism of
enhancement of fluorescence intensity in presence of ThT. (d)
Wide angle powder X-ray diffraction pattern of the NP3
xerogel. (e) Graphical presentation of the G-quadruplex
showing the distance between two consecutive stacked G-
quartet and the width of the quartet. (f) Wide angle PXRD
spectrum of NP3.

Figure 2.30 (a) CD spectrum of the NP3 hydrogel (0.2 mM).
Circular dichroism spectra of the NP3 hydrogel prepared with
(b) NaOH and (c) LiOH. FT-IR spectra of (d) NP3 compound
and (e) xerogel of NP3.

Figure 2.31 (a) TEM image shows the presence of nanofibrillar
morphology inside the NP3 hydrogel. (b) AFM image also
reveals nanofibrillar morphology in the hydrogel state. (c)
AFM 3D height profile image of NP3 hydrogel. (d) SEM image
of NP3 hydrogel.

Figure 2.32 Rheological experiments of NP3 hydrogel: (a)
amplitude strain-sweep experiment where frequency was fixed
at 10 rad. s and (b) the frequency sweep test at fixed strain of

1%. Rheological experiments of NP3 hydrogel prepared in
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NaOH (c) Amplitude sweep experiment. (d) Frequency sweep
experiment at a constant strain of 0.5%. Rheological
experiments of NP3 hydrogel prepared in LiOH. () Amplitude
sweep experiment. (f) Frequency sweep experiment at a
constant strain of 0.5%.

Figure 2.33 (a) Optical photographs demonstrate the
Injectability nature of the NP3 hydrogel. (b) Dynamic step-
strain sweep profile of the NP3 hydrogel at a constant angular
frequency of 10 rad.s™*. Rheological experiment of vitamin By
loaded hydrogel: (c) Amplitude sweep experiment. (d)
Frequency sweep experiment. Rheological experiment of
vitamin By, loaded hydrogel: (€) Amplitude sweep experiment.
(f) Frequency sweep experiment.

Figure 2.34 Cumulative release (%) of vitamins: (a) release
profiles of vitamin Bi, and (b) release profiles of vitamin B>
from the gel matrices at pH = 4.0, 5.5, 7.4. Error bars represent
SD,n=3.

Figure 2.35 Model fittings of vitamin B1. release profile with
different equations: (1) Zero-order release model at pH (a) 4.0,
(b) 5.5 (c) 7.4, (2) first-order release model at pH (d) 4.0, (e)
5.5, (f) 7.4, (3) Higuchi release model at pH (g) 4.0, (h) 5.5 (i)
7.4.

Figure 2.36 Model fittings of vitamin B> release profile with
different equations: lease (1) Zero-order release model at pH
(@) 4.0, (b) 5.5 (c) 7.4, (2) first-order release model at pH (d)
4.0, (e) 5.5, (f) 7.4, (3) Higuchi release model at pH (g) 4.0, (h)
5.5 (i) 7.4.

Figure 2.37 Time-dependent progress of digestion of
hydrogelator NP3 by (a) proteinase K and (b) chymotrypsin.
Time-dependent HPLC Chromatograms of NP3 hydrogelator
with (c) proteinase K and (d) chymotrypsin.

Figure 2.38 Concentration dependent (2-0.0078 mM) MTT
cell viability experiment of NP3 hydrogel against (a) HEK 293
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and (b) MCF-7 cells. Statistical analysis of data was carried out
by one-way ANOVA test. A collection of biological triplicates
served as the basis for all the findings. P values were calculated
using GraphPad Prism software version 9.0. P values < 0.05
were considered statistically significant and represented by #
increased, the remaining data points show non-significant
changes (N = 3).

Figure 2.39 Biocompatibility assessment of NP3 hydrogels
using the MCF-7 cell line. (a) Control, (b) 0.25 mM NP3
hydrogel, (c) 0.031 mM NP3 hydrogel (Scale bar 20 um).
Chapter 3 Chemical Reaction Driven Self-assembly of a
Nucleobase Functionalized Molecule

Scheme 3.1. Synthesis of NP3 and NP4.

Figure 3.1 'H NMR (500 MHz, DMSO-ds) spectrum of
compound 2c.

Figure 3.2 ESI-MS spectrum of compound 2c.

Figure 3.3 'H NMR (500 MHz, DMSO-ds) spectrum of
compound 4b.

Figure 3.4 ESI-MS spectrum of compound 4b.

Figure 3.5 *H NMR (500 MHz, DMSO-ds) spectrum of
compound 3c.

Figure 3.6 *C NMR (125 MHz, DMSO-ds) spectrum of
compound 3c.

Figure 3.7 ESI-MS spectrum of compound 3c.

Figure 3.8 *H NMR (500 MHz, DMSO-ds) spectrum of
compound 5b.

Figure 3.9 ¥C NMR (125 MHz, DMSO-ds) spectrum of
compound 5b.

Figure 3.10 ESI-MS spectrum of compound 5b.

Figure 3.11 'H NMR (500 MHz, DMSO-ds) spectrum of
compound NP3.
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Figure 3.12 3C NMR (125 MHz, DMSO-ds) spectrum of
compound NP3.

Figure 3.13 ESI-MS spectrum of compound NP3.

Figure 3.14 'H NMR (500 MHz, DMSO-ds) spectrum of
compound NP4.

Figure 3.15 3C NMR (125 MHz, DMSO-ds) spectrum of
compound NP4.

Figure 3.16 ESI-MS spectrum of compound NP4.

Scheme 3.2. Graphical representation demonstrates the
activation of the non-assembling building blocks by the
addition of dimethyl sulphate.

Figure 3.17. Conversion plot of (a) NP3 after the addition of
DMS, show the formation methylated products. Formation of
the hydrogel after the addition of dimethyl sulphate. (b)
Formation of the hydrogel after the addition of dimethyl
sulphate. The change of the pH of the medium of (c) NP3 and
(d) NP3 after the addition of 2 and 5 equivalent of DMS.
Figure 3.18. Conversion plot of (a) NP4. No significant change
is observed for NP4 after 4 h. (b) Precipitate formed after the
addition of the DMS in NP4. (c) The conversion of NP3 after
the addition of 2 equiv DMS (d) The conversion of NP4 after
the addition of 2 equiv DMS.

Figure 3.19. (a) ESI-MS spectrum after the formation of the
NP3 hydrogel. (b) ESI-MS spectrum of the precipitate of NP4.
Figure 3.20. FT-IR spectra of (a) the NP3 hydrogel and the
gelator precursor NP3. (b) Wide angle powder XRD spectrum
of NP3 hydrogel and NP3. (c) Fluorescence spectra of NP3,
ThT and ThT incorporated in NP3 hydrogel.

Figure 3.21. Confocal laser scanning microscopy images
(DIC, Fluorescence) of (a) NP3 hydrogel and (b) ThT loaded
NP3 hydrogel (scale bar =5 pm). The images were taken after
the formation of the NP3 hydrogel at day 1. Rheological

experiments (c) amplitude sweeps experiment (d) frequency
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sweep experiment. Dynamic step-strain sweep profile of NP3
hydrogel at a constant angular frequency of 10 rad s

Figure 3.22. (a) The increase of viscosity with the time
demonstrates the formation of the hydrogel after the addition
of the DMS. (b) UV turbidity experiment. (c) Time dependent
fluorescence spectra (d) time dependent CD spectra of the NP3
hydrogel after the addition of the DMS.

Figure 3.23. Time dependent NMR spectra depicting the
formation of active molecules after the addition of dimethyl
sulphate. From, the NMR spectrum, it is evident that the
addition of DMS activate the precursor molecule which
undergo higher order self-assembly to form the hydrogel. The
control spectra are taken without DMS.

Figure 3.24. (a) CLSM image captured after the addition of the
DMS (0 min) (b) CLSM images taken after 15 min from the
addition of the DMS at the same region. Morphological
assessment: (c) TEM (d) SEM images of the DMS-driven NP3
hydrogel demonstrate the presence of fiber. The images were
taken after the formation of the NP3 hydrogel at day 1.
Chapter 4 Design and Synthesis of a Nucleobase
Functionalized Peptide Hydrogel: in vitro Assessment of

Anti-inflammatory and Wound Healing Effects

Scheme 4.1 Synthesis of Nucleobase functionalized peptide
derivatives (NPs)

Figure 4.1. *H NMR (500 MHz, DMSO-ds) spectrum of 6a.
Figure 4.2 ESI-MS spectrum of 6a.

Figure 4.3. *H NMR (500 MHz, DMSO-ds) spectrum of 6b.
Figure 4.4 ESI-MS spectrum of 6b.

Figure 4.5. 'H NMR (500 MHz, DMSO-ds) spectrum of 6c¢.
Figure 4.6 ESI-MS spectrum of 6c.

Figure 4.7. *H NMR (500 MHz, DMSO-ds) spectrum of 7a.
Figure 4.8 ESI-MS spectrum of 7a.
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Figure 4.9. *H NMR (500 MHz, DMSO-ds) spectrum of 7b.
Figure 4.10 ESI-MS spectrum of 7b.

Figure 4.11. *H NMR (500 MHz, DMSO-ds) spectrum of 7c.
Figure 4.12 ESI-MS spectrum of 7c.

Figure 4.13. *H NMR (500 MHz, DMSO-ds) spectrum of NP5.
Figure 4.14 3C NMR (125 MHz, DMSO-ds) spectrum of NP5.
Figure 4.15 ESI-MS spectrum of NP5.

Figure 4.16. "H NMR (500 MHz, DMSO-ds) spectrum of NP6.
Figure 4.17 C NMR (125 MHz, DMSO-ds) spectrum of NP6.
Figure 4.18 ESI-MS spectrum of NP6.

Figure 4.19 'H NMR (500 MHz, DMSO-ds) spectrum of NP7.
Figure 4.20 *C NMR (125 MHz, DMSO-ds) spectrum of NP7.
Figure 4.21 ESI-MS spectrum of NP7.

Figure 4.22 The formation of the hydrogel by NP5. The
formation of the precipitate in presence of the phosphate buffer
pH = 7.4 by NP6 and NP7 respectively.

Scheme 4.2 Schematic illustration demonstrates the formation
of the NP5 hydrogel, which effectively decreases the
inflammation, is efficient against bacterial infection and
exhibits excellent activity for the invitro wound healing.
Figure 4.23 (a) Self-aggregation of the synthesized NPs at 0
ns, 50 ns and 100 ns. (b) The decrease of the solvent accessible
surface area (SASA) with time.

Figure 4.24 DOSY NMR spectrum of 10 mM (a) NP5 (b) NP6
(c) NP7 in D20 at 298K.

Figure 4.25 (a) Circular dichroism spectrum of the NP5
hydrogel. (b) Fluorescence spectrum of the ThT solution (blue
line), NP5 hydrogel (red line) and NP5 hydrogel with ThT, the
excitation wavelength was 450 nm. (c) CLSM images show
non fluorescent supramolecular assemblies (Aex = 488 nm) in
the NP5 hydrogel, upon binding with the ThT, it becomes
fluorescent (Scale bar in all images are 5 pm).
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Figure 4.26 PXRD spectrum of (a) NP5 hydrogel and (b) the
synthesized gelator precursor NP5. (c) FT-IR spectra of the
NP5 (red line) and NP5 hydrogel (blue line). (d) Amplitude
sweep experiment of the NP5 hydrogel. (e) Frequency sweep
experiment of the NP5 hydrogel. (f) SEM and (g) TEM images
show the presence of the nano-fibrillar morphology in the NP5
hydrogel.

Figure 4.27 The MTT assay to check cell viability of NP5
hydrogel on (a) fibroblasts McCoy cell line and (b) epithelial
A549 cell line. Unpaired t-tests were conducted for the
statistical analysis of the data using graphpad prism trial
version. p-values of <0.05, <0.001 and <0.0001 were
represented with *, ** and *** respectively as compared to the
control. (c) Live-dead cell imaging shows excellent viability of
the NP5 hydrogel towards epithelial A549 cell line.
Fluorescein Diacetate (FdA) was used to detect the presence of
the live cells after the incubation with different concentration
of the NP5 hydrogel and Propidium iodide (PI) was used for

the visualization of the dead cells (scale bar 20 pm).

Figure 4.28 Live-dead cell imaging on the fibroblast McCoy
cell by the newly developed NP5 hydrogel. The scale bar in all
the images is 20 pm.

Figure 4.29 (a) Quantitative measurement of the hemolysis by
the NP5 hydrogel (b) optical image shows the hemolytic
activity of the NP5 hydrogel. Unpaired t-tests were conducted
for the statistical analysis of the data using graphpad prism trial
version. p-values of <0.05, <0.001 and <0.0001 were
represented with *, ** and *** respectively for significant
upregulation and #, ##, and ### for significant downregulation
with respect to the control.

Figure 4.30 HPLC chromatograms depicts the degradation of
the NP5 hydrogel in the presence of the proteolytic enzymes
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(a) a-chymotrypsin (b) proteinase-K. The (%) of the compound
remained after the degradation by the proteolytic enzymes (a)
a-chymotrypsin (b) proteinase-K.

Figure 4.31 The invitro wound healing experiment on the (a)
AS549 cell 'and' (b) fibroblasts McCoy cell. The quantification
of the wound closure by the (c) A549 cell (d) McCoy cell at 0
h, 12 h, 24 h, 36 h, and 48 h. Unpaired t-tests were conducted
for the statistical analysis of the data using graphpad prism trial
version. p-values of <0.05, <0.001 and <0.0001 were
represented with *, ** and *** respectively as compared to the
respective 0 h of each group.

Figure 4.32 DCFDA assay of the NP5 hydrogel on the (a)
epithelial A549 cell line 'and' (b) fibroblasts McCoy cell line.
H>O> was used to create inflammation in the cell. The scale bar
in all images is 50 um. The quantification of the inflammation
by the (c) A549 'and' (d) McCoy cell with respect to the control
was measured with the ImageJ software. Y-axis was broken at
10. Unpaired t-tests were conducted for the statistical analysis
of the data using graphpad prism trial version. p-values of
<0.05, <0.001 and <0.0001 were represented with *, ** and
*** respectively as compared to the control.

Figure 4.33 Treatment of hydrogel dampens the inflammatory
response in lung and fibroblast cells. McCoy and A549 cells
were treated with bacterial lipopolysaccharide (LPS) for 12 h
to induce inflammation followed by treatment of NP5 hydrogel
for another 12 h (LPS+ NP5 hydrogel group). Only LPS and
gel group cells were treated with LPS and NP5 hydrogel for 12
and 24 h respectively. After completion of the treatment period
cells were harvested and transcript and protein level of
inflammatory markers were evaluated. Relative transcript level
of inflammatory markers (IL6, TNFa and NF«B) in (a) McCoy
'and' (b) A549 cells. (c) Representative western blot image of
NF«B in McCoy (left panel) 'and' A549 (right panel) cells.
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Relative NF«B protein level in (d) McCoy 'and' (¢) A549 cells.
The experiment was performed in triplicates, and the results are
shown as the mean+SD of three data points. Statistical
significance was determined by Unpaired t-tests with 95%
confidence interval. */#, **/## and ***/### denotes p-values
0f<0.05,<0.001 and <0.0001 respectively as compared to the
control for significant up/down regulation.

Figure 4.34 The antibacterial activity of the synthesized NP5
hydrogel was investigated against (a) Gram-negative E. coli (b)
Gram-positive B. subtilis. All the results were derived from
technical triplicate (N = 3). All the data were statistically
analyzed by unpaired t-test using graphpad prism trial version.
*p< 0.05, **p< 0.01 as compared to the control. FE-SEM
images of the E.coli bacteria (c) control (without NP5
hydrogel) (d) in the presence of the NP5 hydrogel.

Chapter 5 Enzyme Fueled Dissipative Self-assembly of
Guanine Functionalized Molecules and Their Cellular

Behaviour

Scheme 5.1 Synthesis of guanine functionalized amino acid
derivatives.

Figure 5.1 *H NMR (500 MHz, CDClIs) spectrum of 8a.
Figure 5.2 13C NMR (125 MHz, CDCls) spectrum of 8a.
Figure 5.3 ESI-MS spectrum of 8a.

Figure 5.4 *H NMR (500 MHz, CDClIs) spectrum of 8b.
Figure 5.5 ¥*C NMR (125 MHz, CDClIs) spectrum of 8b.
Figure 5.6 ESI-MS spectrum of 8b.

Figure 5.7 'H NMR (500 MHz, CDCls) spectrum of 8c.
Figure 5.8 C NMR (125 MHz, CDCls) spectrum of 8c.
Figure 5.9 ESI-MS spectrum of 8c.

Figure 5.10 'H NMR (500 MHz, CDCls) spectrum of 8d.
Figure 5.11 *C NMR (125 MHz, CDCls) spectrum of 8d.
Figure 5.12 ESI-MS spectrum of 8d.
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Figure 5.13 'H NMR (500 MHz, CDCls) spectrum of 8e.
Figure 5.14 3C NMR (125 MHz, CDClIs) spectrum of 8e.
Figure 5.15 ESI-MS spectrum of 8e.

Figure 5.16 'H NMR (500 MHz, DMSO-dg) spectrum of 9a.
Figure 5.17 *C NMR (125 MHz, CDClIs) spectrum of 9a.
Figure 5.18 ESI-MS spectrum of 9a.

Figure 5.19 'H NMR (500 MHz, DMSO-ds) spectrum of 9b.
Figure 5.20 1*C NMR (125 MHz, CDClIs) spectrum of 9b.
Figure 5.21 ESI-MS spectrum of 9b.

Figure 5.22 'H NMR (500 MHz, DMSO-ds) spectrum of 9c.
Figure 5.23 *C NMR (125 MHz, CDClIs) spectrum of 9c.
Figure 5.24. ESI-MS spectrum of 9c.

Figure 5.25 *H NMR (500 MHz, DMSO-ds) spectrum of 9d.
Figure 5.26 **C NMR (125 MHz, CDCIs) spectrum of 9d.
Figure 5.27 ESI-MS spectrum of 9d.

Figure 5.28 'H NMR (500 MHz, DMSO-dg) spectrum of 9e.
Figure 5.29 *C NMR (125 MHz, CDClIz) spectrum of 9e.
Figure 5.30 ESI-MS spectrum of 9e.

Figure 5.31 *H NMR (500 MHz, DMSO-ds) spectrum of NP8.

Figure 5.32 1*C NMR (125 MHz, CDCls) spectrum of NP8.
Figure 5.33 ESI-MS spectrum of NP8.

Figure 5.34 *H NMR (500 MHz, DMSO-ds) spectrum of NP4.

Figure 5.35 1*C NMR (125 MHz, CDClIs) spectrum of NP4.
Figure 5.36 ESI-MS spectrum of NP4.

Figure 5.37 *H NMR (500 MHz, DMSO-ds) spectrum of NP3.

Figure 5.38 *C NMR (125 MHz, CDClIs) spectrum of NP3.
Figure 5.39 ESI-MS spectrum of NP3.

Figure 5.40 *H NMR (500 MHz, DMSO-ds) spectrum of NP9.

Figure 5.41 C NMR (125 MHz, CDCls) spectrum of NP9.
Figure 5.42 ESI-MS spectrum of NP9.

Figure 5.43 'H NMR (500 MHz, DMSO-ds) spectrum of

NP10.
Figure 5.44 C NMR (125 MHz, CDCls) spectrum of NP10.
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Figure 5.42 ESI-MS spectrum of NP10.

Scheme 5.2. Graphical representation demonstrating the
biocatalytic dissipative self-assembly.

Figure 5.43 (a) Ester conversion (%) of NP10 with time (days).
(b) Ester conversion histogram of NPs at 55 days by the lipase.
HPLC chromatograms of (c) NP8, (d) NP4, (e) NP3 (f) NP9
(g) NP10 (blue line) and biocatalytic conversion to ester (red
line) at 55 days. (h) Docking image shows the binding region
of the NP10 in lipase. (i) Protein-ligand interaction diagram of
1CRL and NP10.

Figure 5.44 Protein-ligand interaction diagram of 1CRL (a)
NP8 and (b) NP4 (c) NP3 and (d) NP9.

Figure 5.45 ESI-MS analysis for the biocatalytically formed
NP10 hydrogel. The enzymatic reaction between the
synthesized nucleobase amino acid conjugate and p-
hydroxybenzyl alcohol was used to generate NP10 hydrogel.
Figure 5.46 (a) The participation of the aliphatic -OH group of
PHBA in the esterification of NP10 process is confirmed by the
'H NMR spectra in DMSO-ds. (b) FT-IR Spectra of NP10
xerogel (red line), NP10 hydrogel (pink line) and NP10 (blue
line). (c) CD spectra of the biocatalytically formed NP10
hydrogel with time (200 uM). Wide angle PXRD spectrum of
NP10 (red line), NP10 hydrogel (blue line) and PHBA.
Figure 5.47 (a) ThT dye binding assay: the excitation spectrum
of ThT (black line), NP10 hydrogel (pink line) and NP10
hydrogel+ThT (green line) at 450 nm. ThT dye binding
experiment was performed after the formation of the hydrogel
at 30 days. (b) Absorbance spectra of the synthesized
nucleobase functionalized amino acid conjugate NP10
hydrogel at 30 day, NP10 and PHBA. (c) Normalised
excitation and (d) emission spectra (Aex = 375 nm) of the NP10
hydrogel at 30 day, NP10 and PHBA.Rheological experiments

XXXIV

261
267

268

269

269

270

272



(e) amplitude sweeps and (f) frequency sweep experiment of
the biocatalytically formed NP10 hydrogel.

Figure 5.48 (a) SEM images of nanofiber enclosed sphere, the
formation of the fiber enclosed nanosphere on the progress of
the reaction has been shown here. (The scale bar in all the
images is 1 um). (b) TEM image of the biocatalytically formed
NP10 hydrogel at 30 day. The image was taken after the
formation of the hydrogel at 30 day.

Figure 5.49 CLSM images show the formation of the fiber
enclose sphere caused by lipase catalyzed esterification of
PHBA in NP10. (Scale bar in all images are 5 pm).

Scheme 5.3 Graphical illustration demonstrating the formation
of the bio-catalytically formed NP10 hydrogel and its use to
study cell proliferation and cell migration.

Figure 550 In the cell viability experiment, a range of
concentrations (0.00781-1 mM) was applied to check the
viability of the cell lines (a) HEK 293 and (b) McCoy.

Figure 5.51 Live and dead cell images on HEK 293 cell lines
of (a) control (buffer treated), (b) 0.25 mM and (c) 0.061 mM
NP10 hydrogel. The images were taken using a 10x objective
z1.0 (The scale bar in all images is 20 um).

Figure 5.52 CLSM images (scale bar in all images are 20 pm)
taken after treating of the McCoy cells with NP10 hydrogel
(0.25 mM). The images were taken using 100x objective z1.0.
Figure 5.53 The scratch wound test was used to evaluate the
migratory behavior of McCoy cells after the treatment of 0.5
mM and 0.25 mM of NP10 hydrogel and control. The
migration of the cells was at time 0 h, 12 h and 24 h. (Scale bar

in all images are 50 um).
Figure 5.54 Quantification of the wound closure by NP10

hydrogel after its formation at 30 day with time after 0 h, 12 h
and 24 h.
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Chapter 1

General Introduction






1.1 Introduction
1.1.1 Molecular self-assembly

Molecular self-assembly refers to the organization of the molecules in
the absence of any external guidance [1,2]. The process of self-assembly
involves the formation of organized structures from the disordered
structures of the existing molecules. The self-assembly is most
commonly observed phenomenon in the natural system. Molecular self-
assembly offers several advantages. First, it performs many of the most
challenging procedures in nanofabrication (including atomic-level
alterations) with highly sophisticated synthetic chemistry techniques.
Second, it takes inspiration from the vast array of examples seen in
biology, as self-assembly is one of the most significant techniques
utilized in biology for the production of intricate functional structures.
Third, biological structures can be directly included in the final systems
as components [3]. Therefore, scientists have utilized the potent
phenomena of molecular self-assembly, which they inherited from
nature to create innovative supramolecular structures. The molecular
self-assembly is spontaneous and ubiquitous in nature which occurs
under thermodynamics equilibrium [4,5]. The molecules under
equilibrium spontaneously form supramolecular nanostructures by non-
covalent interactions such as pi-pi stacking interaction, H-bonding
interactions, hydrophobic interaction, ionic interaction, van der Waals
interaction, and dipole-dipole interaction [6-8]. The formation of lipid
layers [9], micelle [10], vesicle [11], cylinder [12], nanotube [13],
coacervates [14], nanofiber [15] host-guest [16] are instances of the

molecular self-assemble system (Figure 1.1).
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Figure 1.1 Self-assembled nanostructures: (a) micelles, (b) vesicles, (c)
cylinder, (d) coacervates, (e) bilayers, (f) nanotubes, (g) host—guest, and
(h) nanofiber. [Recreated from ref. no. 9-16]

In self-assembly, the desired morphology is encrypted in the properties
and shape of the molecules which are utilized in comparison to
conventional techniques like lithography where the expected
morphology is fabricated from the larger matter. For this reason, self-
assembly is called as a "bottom-up" manufacturing process, while
lithography is called as a "top-down" process [17]. Molecular self-
assembly is a form of bottom-up strategy in which molecules adopt a

specific layout (Figure 1.2).
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Figure 1.2 Top-down and bottom-up fabrication approach: (a) the
formation of nanoparticles from the bulk of the matter and (b) atoms

aggregate into clusters to form the nanoparticles.

In the top-down method, larger components break into smaller parts.
The top-down methodology was invented by Alois Asnefeler in 1978
[18]. This approach has now ushered in a new age in the biological and
material sciences (Figure 1.3). Top-down approaches are employed to
create functional nano materials of proteins and peptides [19,20].
Therefore, combining this top-down method with self-assembling
materials might provide several options for bioelectronics and micro- or

nanofabricated devices.
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Figure 1.3 Methods for creating nanoparticles and microparticles with
specific sizes and shapes using a top-down approach: (a) Template-
based and stamp lithography methods use either disposable templates
that can be dissolved or templates that can be used again, (b) Flow-based
lithography methods can be used by UV light with photomasks that are
precisely made, or two-photon polymerization and (c) Stereolithography
or 3D printing can make micro- and nanoparticles in the widest range of
shapes, but it might not be as easy to scale up. [Recreated from ref. no.
19]



The idea of bottom-up self-assembly came from a popular quotation
given by Richard Feynman at a lecture that there is plenty of room at the
bottom [21]. In this approach, the individual molecules and atoms are
used as building blocks for the generation of the higher-ordered structure
by self-assembly. Specially in supramolecular chemistry, the fabrication
of the molecules with a distinct molecular structure has the capability
for use in a variety of chemical and material science domains (Figure
1.4). Usually, a more sophisticated assembly is often created by

arranging smaller components in a bottom-up manner [22].
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Figure 1.4 Bottom-up approaches for the formation of nanoparticles and
microparticles that are defined by their size and shape: (a) Emulsion
polymerizations and emulsions, with single phases that don't mix, (b)
Spontaneous arrangement of chemically different molecules that have
both hydrophilic and hydrophobic parts which lead to the formation of
nanostructures of different forms and size under certain circumstances
and (c) Polymer induced self-assembly (PISA) of molecules that are
hydrophilic and hydrophobic, with radical polymerizations that can be
activated as well as deactivate, or controlled ring-opening
polymerizations. [Recreated from ref. no. 19]



These procedures are resemble with the seed model, which begins with
small but grows with complexity and completeness. Typically, the
methodology for molecular assembly relies on bottom-up approaches to
create and assemble highly ordered functional materials [23]. Using
bottom-up approaches, naturally occurring bioactive molecules or bio-
architectures such as lipids, sugars, amino acids, and nucleic acids are
utilized as the precursors for the fabrication of highly ordered self-
assembled functional materials. Now, the formation of self-assembled
supramolecular nanostructures of proteins, peptides, and other
biomolecules includes such as fibers, tapes, tubes, belts, and vesicles
[24]. A variety of nanostructures are most effectively prepared using the
bottom-up strategy. The top-down method is the process of creating a
planned structure by disassembling or moving a system or its parts into

a designated spot [25].
1.1.2 Hydrogels

In our everyday lives, gels are the most often utilized materials. We used
to come into contact with gels-like viscous things in our everyday
routine, ranging from hair gel, and toothpaste to food jelly and so on.
However, it has proven difficult for academics in the past to precisely
characterize such a distinct thing. Thus, materials that primarily absorb
solvent (>90% by weight), defy gravity, and have viscoelastic properties
akin to solids are the best method to characterize gels. The next question
is, "How are the gels formed?" To create gels, two distinct phases must
be formed where the substantial volumes of solvent (solution) are held
inside the networks, obstructing the flow of liquid, and these networks

resemble 3D solid networks built of the gel's ingredients [26,27].
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Figure 1.5 Diagram illustrating the formation of supramolecular
hydrogels via many noncovalent contacts: (a) electrostatic interaction,
(b) H-bonding interaction, (¢) n- m interaction, and (d) Hydrophobic

interaction.
1.1.3 Hydrogel formation

Gels prepared in an aqueous media are known as hydrogels, and when
organic solvents are used, they are referred to as organogels. Because of
their high-water content, soft tissue-like properties, biocompatibility,
and biodegradability, hydrogels are best known for their vast array of
biomedical uses including tissue engineering, contact lenses, wound
healing, the release of therapeutic drugs, and tumor treatment. Given
their limitations in the biological domain, hydrogels are thus a possible
alternative to organogels [28]. Chemical crosslinking or physical
crosslinking methods are used to prepare the hydrogel. During the
physical process of crosslinking, many non-covalent interactions are
considered such as H-bonding, mn-m interactions, metal-ligand
interactions, hydrophobic interactions, host-guest interactions, and Van
der Waals interactions (Figure 1.5) [29]. The weak and short-range
hydrogen bonding interaction occurs when H atoms connect to different
functional groups e.g. amine (-NH2), hydroxyl (-OH), amide (-CONH)
as well as electronegative atoms (O, F, N) containing the lone pairs of
electrons. H-bonding interactions are vital for the construction of
supramolecular hydrogels which also play an important role in various
biological self-assembled systems, such as protein -sheet structures,
DNA, and RNA. Several biomolecules including peptides,
polysaccharides, proteins, synthetic polymers, small molecules, and
nucleic acid are capable of the formation of hydrogel by the H-bonding
interactions [30,31]. Alternatively, the self-healing and shear thinning
capabilities of the hydrogels are provided by the easy breaking and
reformation capacity of the hydrogen bonds [32].

Hydrophobic interactions are another kind of non-covalent interaction
in addition to H-bonding interactions. Hydrophobic interactions also



play a crucial role in the formation of supramolecular hydrogels [33].
Usually, hydrophobic interactions happen between the nonpolar parts to
keep the polar water molecules from coming into contact with them.
Molecular structures that make gels through hydrophobic interactions
usually have hydrophilic as well as hydrophobic parts. When water is
present, the molecules self-assemble so that the hydrophobic parts stay
at the center and the hydrophilic parts are spread to the water, this creates
structures that look like micelles and a hydrogel [34]. Therefore, the
length of the hydrophobic chain and the size of the hydrophobic domain
have a big effect on the hydrogel's physical features. When hydrogels
are involved in these kinds of hydrophobic interactions, they often show
bad thermoresponsive behavior. As the temperature rises, the water
molecules move around more, which upsets the solvent sphere. As a
result, hydrophobic interactions become more important, and this is how
the self-assembly hydrogel forms. However, the hydrogen bonds and
Van der Waals interactions are not as strong as the hydrophobic
interactions [35,36].

One type of non-covalent interaction is the n-m stacking interaction,
which happens between aromatic rings with m-orbitals. This stacking
interaction usually happens between molecules that have a lot of
electrons and molecules that don't have many electrons [37]. The
stacking interaction has considerable significance. However, the n-n
stacking interaction plays a crucial role in crystal packing structure,
folding of proteins, DNA and RNA base stacking, drug design, and
molecular recognition [38-40]. The =n-m interaction is heavily influenced
by size as well as the electron density of the aromatic rings, temperature,
and the solvent. The m-m stacking of aromatic rings in water is
determined by the intermolecular contact, which enhances the stability

of the stacked arrangement [41-43].
1.1.4 Dynamic Covalent Bond-Driven Hydrogel

Dynamic Covalent Chemistry (DCC) has recently emerged as a

promising avenue for creating smart materials that possess versatile



characteristics (Figure 1.6). The dynamic bonds exhibit reversibility
that allowing them to be broken and restored under certain
circumstances. This process leads to the creation of novel materials with
distinct characteristics and functionalities [44-47]. The stability and
functioning of hydrogels are determined by the chemical and physical
crosslinking that occurs during self-assembly. Physically cross-linked
hydrogels often experience instability due to minor changes in their

environment and have limited resilience [44].
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Figure 1.6 Schematic representation demonstrating the formation of
stimuli-responsive hydrogels by dynamic covalent bonding. [Recreated

from ref. no. 44]

Reversible chemically cross-linked hydrogels have impressive shear-
thinning and self-healing properties (Figure 1.7), making them very
interesting. Compared to non-covalent interactions such as n-n
interactions, H-bonding, hydrophobic interactions, metal-ligand

interactions, host-guest and Van der Waals interactions, dynamic
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covalent chemistry offers more stability, reversibility, and exhibit
stimuli responsiveness under certain circumstances [48-50]. A variety of
dynamic covalent linkages such as boronate esters bonds, disulfide
bonds, imine bonds, and click chemistry are often used in the creation
of functional supramolecular hydrogels. The generation of imine bonds
are strongly influenced by temperature and pH. The equilibrium shifts

more towards imine production at high temperatures and pH values,

whereas the reverse happens at low pH values [51].

Figure 1.7 Optical photograph shows the formation of the self-healable

hydrogel by the dynamic covalent bond. [Recreated from ref. no. 52]

So, hydrogels based on imines may exhibit self-healing, pH-responsive,
and thermoresponsive properties due to the dynamic characteristics of
the imine linkages.
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Figure 1.8 PEG-CHO undergoes a reaction with PEG-ADH and PEG-
CDH to create hydrogels that can degrade due to reversible hydrazone
cross-links. Additionally, PEG-CHO can react with PEG-AO to make
nonreversible oxime bonds, which help stabilize the hydrazone gels.

[Recreated from ref. no. 52]

Boehnke et al. reported an imine cross-linked gel where dynamic imine
cross-link was incorporated for the controllable degradation of the
hydrogel. The hydrogel was formed by the reaction of the hydrazide-
functionalized  poly(ethylene glycol) (PEG) and aldehyde-
functionalized PEG (PEG-CHO) which was broken rapidly in the
presence of media. It was shown that hydrogel stability may be adjusted
from less than 24 hours to more than 7 days by mixing oxime and
hydrazone chemistry. Notably, higher cell viability was observed when
an RGD peptide was covalently attached [52].
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Figure 1.9 Graphical abstract representing the pH-responsive release of
Dox to the tumor cells from the self-healable hydrogel matrices.

[Recreated from ref. no. 52]

The resultant hydrogel, which was cross-linked with chitosan and PEG,

showed remarkable properties such as being shear-thinning, printable,
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injectable, and self-healing. In addition, the biocompatible hydrogel
functionalized with dynamic imines was used as an effective drug
delivery carrier in the treatment of hepatocellular cancer [53]. Similar to
the imine cross-link, hydrazone cross-links are also used for the
formation of stable hydrogels. Notably, the hydrazone cross-linking
offers more stability than the imine cross-linking [54]. Hydrazone
connections are often created by the spontaneous condensation process
between a primary amine group and a carbonyl group bonded to a
nitrogen atom. Hydrazone crosslinking may be achieved by directly
reacting an aldehyde/keto functionalized molecule with a hydrazide-
containing moiety. The preparation of hydrazone cross-linked polymeric
hydrogels is a straightforward process in the field of polymer chemistry.
This is accomplished by combining oxidized polysaccharides with
hydrazide-modified polymers [55]. Domingues et al. reported an
injectable HA-based hydrazone cross-linked hydrogel that was made of
aldehyde-modified cellulose and adipic acid dihydrazide HA. The
morphology of the hydrogel was compact, and it had a high storage
modulus value of 152.4 kPa. Additionally, the cross-linked hydrogel
demonstrated a suitable level of biocompatibility with human adipose-
derived stem cells [56].
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Figure 1.10 The reversible dynamic disulfide bond formation.

Disulfide bonds, also known as S-S bonds or disulfide bridges, are a
kind of covalent link that may quickly break and reform in response to
certain external physical or chemical triggers (Figure 1.10) [57,58].
Thiols and disulfide bonds play important roles in several biological
operations inside living systems, such as protein folding, cell signaling,

and protein synthesis [59].
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Figure 1.11 The scheme illustrating a hydrogel that responds to redox
reactions. The oxidation and reduction reaction drives the sol-gel

transformation. [Recreated from ref. no. 60]

A recent study showed that a peptide with high levels of thiol, consisting
of Cys and penicillamine residues, may generate hetero-disulfide bonds.
This resulted in the formation of amphipathic B-hairpins gel (Figure
1.11). The disulfide bridges collapsed in the presence of dithiothreitol.
This caused a conformational flip to a random coil, which then initiates

the transition from a gel to a sol state [60].

Hydrogels that rely on disulfide bonds can react to many environmental
stimuli by integrating distinct interactions into a single hydrogel
structure [61]. In this direction, a hydrogel with multifunctional and
multi-sensitive properties is synthesized using reversible cross-linking
between the boronic ester and disulfide linkage which shows pH, redox,

and glucose-responsive features (Figure 1.12a).

14



S e
7 e C® §

b ] (T )rooos el (A L
T sy
R
= e ™
3 3
o i i o0 100 T
Strain (%)

Disulfide cleavage by GSH

-+

-«gs-.»
0

o | s
MV

BPBAC

H
H
"
H
H
H

i) Oxidative polymerization
for organogel

i) Solvent exchange in
aqueous Ca?* solution

Poly(disulfide) hydrogel Cut

v
Hydrogen bonding lonic bonding

Figure 1.12 Self-healing hydrogels built on disulfide bonds. (a)
Schematics of hydrogel which was formed by the crosslinking of
cystamine and bis(phenylboronic acid carbamoyl) (BPBAC).
Assessment of the self-healing capacity of the hydrogel derived from
disulfide bonds. (b) The schematic representation of the self-repairing
hydrogel is composed of 2,3-dimercapto-1-propanol and meso-2,3-
dimercaptosuccinic acid. Additionally, this hydrogel exhibits a self-

healing mechanism. [Recreated from ref. no. 61, 62]

Although there have been significant advancements in hydrogels that
rely on disulfide connections, the poor mechanical characteristics of
hydrogels, which are caused by the low density of disulfide links and
inefficient energy dissipation processes, might be troublesome for their
usage in the biomedical area. To overcome these limitations, Van Tron
Tran and his colleagues formed a versatile hydrogel by combining meso-
2,3-dimercaptosuccinic acid with 2,3-dimercapto-1-propanol [62]. The
hydrogel exhibited quick self-healing capabilities in aqueous media and
also showed notable stretchability, and compatibility (Figure 1.12b).
This approach offers a novel pathway for using dynamic hydrogels

based on disulfide bonds in biological and engineering contexts.
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Figure 1.13 Construction of photodegradable hydrogels by chain and
step polymerization. CP gels, which are chain-polymerized hydrogels,
were created by copolymerizing photolabile PEGA with PEGdiPDA by
FRP. This process resulted in the creation of a unique network topology.

[Recreated from ref. no. 63]

Tibbitt and his colleagues examined the mechanical and degrading
characteristics of the hydrogel formed by step and chain polymerizations
[63]. The same photodegradable crosslinking macromer based on
diacrylated PEG was used to create chain- and step-polymerized
hydrogels (PEGdiPDA). PEGdiPDA and a monoacrylated PEG
macromer were copolymerized using FRP to create chain-polymerized
hydrogels, which had a network topology that was homogeneous. Using
Michael addition polymerization, step-polymerized hydrogels were
synthesized by copolymerizing PEGdiDPA with PEG4SH, a thiol-
terminated four-armed PEG (Figure 1.13). The integrity and
homogeneity of the network in the step-polymerization gel improved its

tensile toughness, shear strain to yield, and ductility.

16



o s, .~
Yy isiide A% o, ‘-\
KKKKKK linking site o o -
QL wad R o ® "*"‘\* i
v ~2h $%
ibation

"y S e A
O\U,\/\gj))l\,,,([w; Aq. NaOH Disulphide b/ T\N \©>""© Incuba s
Light-responsive W ~——)©L & bond formation It ' 2 ;1’\ -
we W 0 - - 9
e, W\L‘, LR W TN .\ Disulphide cross-linked .‘.,“
- '—\Azo-KCm | QL Azo-KC, peptide dimer ™
Transisomer \—, Hydrophilic cationic Trans-isomer i
(Monomer) ) o . (Dimer) \' ‘@ self-assembly
v 2 4
S 4 & 4 ’
8 & 2 % 5;1.
£ ~ = s ~ =
@ ¥ =
%2 s k) 3
% 8 A %, g N \
7 < & 4 & i o
' {
\ Cross-linked
g o M N Q fibrous network werachical
) . (
@%LE)LHL{M N a?”r‘g)‘k/\/r’\@w 7 self-assembly
i IL b4 W ’(g"“ AN -
) '
X 78
Cis-isomer \H Cis-isomer \‘ ‘
(Monomer) (Dimer) "o .s
DVE REMOVAL —
- 1, Gel-coated ™ -~
‘ % " cotton I |
J_ L |
‘ solu ‘ ‘ ‘ P
| —
|
— | —_—) - | r__.)‘ ‘ —— 1 —> W
| J J | |
= — Vi =
Solid support

Gel phase

Figure 1.14 The peptide hydrogelator's molecular structure, as well as
its monomeric and their respective dimeric forms, Light driven trans to

the cis transition of dimeric and monomeric form. [Recreated from ref.

no. 64]

The formation of hydrogel is facilitated by both non-covalent and
covalent interactions by the use of an ultrashort peptide hydrogelator
that contains cysteine at its C-terminus [64]. The synthesized hydrogel
was insoluble in an aqueous medium as well as buffers with different
pH ranges from pH 1 to 13. Hydrogel showed injectable and thixotropic
properties (Figure 1.14). The gel remained intact even after being
exposed to UV light. Hydrogel was used to extract organic pigments

from polluted water.
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Figure 1.15 The mechanistic steps of the (a) NCL (b) cysteine-free

auxiliary mediated NCL. [Recreated from ref. no. 65]

Fuchs et al. used a thiol exchange reaction for the Native chemical
ligation (NCL) [65]. The process involves a chemoselective reaction
between a peptide segment without protection on its side chain, which
has a thioester at its C-terminus, and another peptide segment lacking
protection on its side chain, which has a cysteine residue at its N-
terminus. An auxiliary called 2-mercapto-2-(pyridine-2-yl)ethyl
(MPyE) was introduced to enhance the catalytic capabilities of native

chemical ligation (Figure 1.15).
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The most famous kind of dynamic covalent bond (DCB) that is involved
in the self-assembly is the B-O, which involves dynamic boronate esters
bonds. Boronic acid has a trigonal planar geometry with sp?
hybridization at its center boron atom [66,67]. When combined with cis-
1,2 and 1,3-diols, boronic acids readily create boronate esters. An
equilibrium exists in aqueous media between boronic acids and boronate
ester (Figure 1.16). A change in this equilibrium towards hydroxyl
boronate ester production is possible under certain ideal circumstances.
The hybridization of the negatively charged B atom undergoes a shift to
sp® with a tetrahedral shape after the formation of the boronate ester [68].
Boronic acid reacts with 1,2- and 1,3-diols in water to produce a
negatively charged boronate esters with a tetrahedral shape. However,
when in an organic solvent, it generates neutral trigonal boronic esters
with 1,2- or 1,3-diols [69]. Boronic acids have a fast and reversible
interaction with cis-1,2 and 1,3-diols which results in the development
of stable boronate esters. This process leads to the development of five-
membered and six-membered cyclic rings, respectively [70]. The
equilibrium strongly relies on the pKa values of the boronic acids and
the pH levels of the solutions as the boronate ester bond is dynamic. The
equilibrium favors the production of boronate ester when the pH of the

medium is equal to or greater than the pK, of the boronic acid [71].
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Under these circumstances, a tetrahedral boronate structure with a
negative charge is created, which subsequently promotes its interaction
with -OH groups of diols, leading to the formation of boronate esters.
Conversely, the tetrahedral boronate esters with a negative charge have
greater stability in large quantities of water at alkaline pH levels. At pH
levels close to those of the body pH level, the reaction with diols is not
preferred [72]. However, in acidic circumstances, the boronate esters are
not stable, and the balance switches towards the formation of free
boronic acids. The benefits of using boronic acid and boronate ester
chemistry over other dynamic covalent bonds are (i) it works in an
aqueous medium (ii) it mild reaction condition (iii) it works without any
catalyst. Boronate esters are classified as "dynamic covalent” bonds due
to their kinetically regulated exchange of bonds between free boronic

acids and diols, as well as between boronate and boronic esters [73].

OH

Hydrogel Gossypol

Figure 1.17 The reaction scheme shows the breaking of cross-linking in
the presence of the lactic acid which results in the release of the

anticancer drug molecules.

Heleg-Shabtai et al. formed a hydrogel matrix by cross-linking of
anticancerous drug gossypol and the chains of a phenylboronic acid
functionalized with acrylamide copolymer [74]. The hydrogel was
dissociated in an acidic environment with a pH of 4.5. The addition of
lactic acid enhanced the dissociation of the hydrogel more than formic
acid. The formation of a stable complex by the lactic acid and boronic
acid bridging groups enhanced the breaking of the hydrogel in the
presence of lactic acid. Lactic acid is present in cancer cells at high

levels, and the environment around these cells is acidic (Figure 1.17).
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The cross-linked hydrogel served as a responsive matrix for the

regulated release of gossypol.
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Figure 1.18 The diagram illustrates the synthetic procedure for the
formation of the B-CD/MPA hydrogel and the related intermolecular
connections within the networks. [Recreated from ref. no. 75]

Chen et al. provided a straightforward technique for creating hydrogels
that possess several properties such as pH responsiveness, drug
encapsulation, and self-healing [75]. The hydrogel was used for the
release of the encapsulated drug molecules. Salicylic acid was
encapsulated inside B-CD via host-guest interactions. The hydrogel was
formed by polymerizing acrylamide with cyclodextrin-phenylboronic

acid, which acts as a reversible and pH-sensitive cross-linker (Figure
1.18).

Figure 1.19 Schematic diagram shows the formation of the boronic acid

cross-link hydrogel and its application. [Recreated from ref. no. 76]
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Daniel et al. synthesized an organogel by the formation of boronate ester
between 1,4-phenylenediboronic acid and D-xylose derivative [76]. The
organogel exhibited good self-healing properties. Lithium ions were
incorporated by the inclusion of bis(trifluoromethanesulfonyl)imide
(LIiTFSI). The lithium-incorporated hydrogel showed good ionic

conductivity and electrochemical stability (Figure 1.19).
1.1.5 Building blocks of DNA and RNA

DNA, also known as deoxyribonucleic acid, is a biomolecule that is
made up of two biopolymer chains that are coiled with one other by H-
bonding interactions. This results in the formation of a double helix
structure [77-79]. DNA is responsible for carrying genetic information
and plays a crucial role in cell reproduction, the creation of ribonucleic
acid (RNA), and the synthesis of proteins. The DNA is stored within the
nucleus of eukaryotic cells and is referred to as nuclear DNA [54]. In
Eukaryotic organisms, DNA is also present in chloroplasts (chloroplast
DNA) and mitochondria (mitochondrial DNA). On the other hand, DNA
is located in the cytoplasm of prokaryotic biological cells. Ribonucleic
acid, commonly known as RNA, is another kind of biomolecule that is
constructed using a biomolecular chain. RNA is constructed by a single
chain. The most important functions of RNA are the regulation of the
expression of genes, the control of genes, the coding and decoding of
genetic information, and the production of proteins [81]. On the other
hand, the majority of cells have RNA in their cytoplasm, although the

nucleus produces RNAs.
1.1.6 Nucleotides and Nucleosides

The nucleotides that makeup biopolymers of DNA and RNA are the
essential building blocks and monomeric units themselves [82].
Phosphate linkage is responsible for the formation of a lengthy
polymeric chain by nucleotides (Figure 1.20). The building blocks of
nucleotides are nucleosides and a single phosphate group. A nucleoside
is a molecule with five carbon atoms that contain pentose sugars and two

heterocyclic nitrogenous base pairs (Figure 1.20). Nucleosides are
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categorized as monophosphate, diphosphate, or triphosphate based on
the number of phosphate groups they contain. Nucleosides that are
monophosphate are known as nucleotides (Figure 1.20). There are two
kinds of nitrogenous base pairs, distinguished by the heterocyclic rings
(i) purine and (ii) pyrimidine (Figure 1.20).

Nitrogenous bases

Pentose sugar Purines
\ NH, 0
i 7 7 6
Nitrogenous base Ns 6\[11 /N 5 lllH
0 <, AL
oNTaN\T 2 INT4 SN2 NH,
H 3 H 3
OH R Adenine Guanine
| Nucleoside | Pyrimidines
NH, (0]
Nucleotide 23 3 3
| 5 | N N > | NH 5 | NH
n = 1 - nucleoside monophosphate 6
2 - nucleoside diphosphate N/2g0 ° N/Zgo ° N/zgo
3 - nucleoside triphosphate ';' '1'| ']'
Cytosine Thymine Uracil

Figure 1.20 Structures of nucleotide, nucleoside, purine, and pyrimidine

nucleobases.

Two purine bases, adenine, and guanine, have heterocyclic aromatic
rings which are fused. A pyrimidine base with a single heterocyclic
aromatic ring is cytosine, thymine, or uracil. Four base pairs guanine,
adenine, thymine, and cytosine are found in DNA. Glycosidic linkages
are formed between the N9 nitrogen of purines and the N1 nitrogen of
pyrimidine via the anomeric carbon C1 of the five-carbon pentose sugar.
RNA consists of guanosine, adenosine, uridine, and cytidine nucleosides
respectively (Figure 1.21). These nucleosides are formed from the bases
adenine, guanine, cytosine, and uracil, respectively. The hydroxyl group
linked to the C2" carbon in DNA nucleosides is substituted with a
hydrogen atom. Therefore, the nucleosides found in DNA are referred
to as deoxyribonucleosides (Figure 1.21). The nucleotides of DNA are

referred to as deoxyguanosine, deoxyadenosine, thymidine, and
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deoxycytidine, which are composed of guanine, adenine, thymine, and

cytosine bases, respectively.

Nucleoside in DNA
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Figure 1.21 Structures of nucleoside in DNA and RNA.

1.1.7 Supramolecular assemblies in DNA and RNA

The supramolecular double-helix coiled structure of DNA is formed by
the interaction of two biopolymer chains by hydrogen bonding. James
Watson and Francis Crick made the first discovery of the helical
structure of DNA in 1953 [77]. The stability of the double helical
structure of DNA is maintained by the interactions between
complementary purine/pyrimidine base pairs. Both adenine and thymine

possess two H-bonds, which allow them to interact with one another.
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@

Figure 1.22 (a) The double-stranded structure of DNA, whereas the
typical single-stranded structure of RNA. (b) RNA can also form a
secondary structure by the complementary base pairing. [Recreated

from ref. no. 83]

The C6-NH2 and N1 in adenine serve as a hydrogen bond donor and
acceptor, respectively [83]. On the other hand, the C=0 double bonds of
C2 and N3 in thymine serve as the H-bond acceptor and donor,
respectively. Three H-bonds allow guanine and cytosine to interact with
one another. The C=0 at the C6 carbon atom of guanine serves as an H-
bond acceptor, whereas the —NH> at the C2 and N1-H serve as H-bond
donors (Figure 1.22). In contrast, the C=0 of C2 and N2 in cytosine
serve as an H-bond acceptor, while the C3—NHz> in cytosine serves as an
H-bond donor. In contrast to one another, the two strands of DNA are
oriented oppositely. When a strand in DNA is located in the direction of
3’ to 5', the complementary opposite strand will be located in the
direction of 5’ to 3’ (Figure 1.22). Both major and minor grooves are
formed by the double helix structure of DNA. The term "major groove"
refers to the groove that occurs inside the double helix when two
phosphate-sugar backbones are located widely to one another, while the
term "minor groove" refers to the groove that occurs when two
backbones are located close to one another [84]. The grooves play a

significant role in the process of binding with enzymes, biomolecules,
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and proteins. However, in contrast to DNA, RNA is composed of a
single biopolymeric chain. In the case of RNA, the double helix
structure does not exist. On the other hand, a lengthy chain of RNA may
self-assemble and fold over itself like that of a protein, provided that
complementary base pairs are present. The H-bonding interactions that
occur between the purine and pyrimidine base pairs are responsible for
the self-assembly process. The H-bonding interactions that occur in
RNA are comparable to those that occur in DNA; however, in RNA,
uracil binds with guanine as a complementary base pair rather than
cytosine. As a consequence of secondary folded structures of RNA,
many tertiary structures are produced, including bulges, hairpin loops,
and internal loops. Loops are very important because they safeguard the
structural integrity of the structure, interact with enzymes, and bind with
biomolecules. The three primary kinds of DNA are classified as A-
DNA, B-DNA, and Z-DNA, depending on their supramolecular
structural characteristics of the helix [85-87].

1.1.8 G-quartet and G-quadruplex

Among the nucleobases, guanine is capable of engaging in H-bonding
interactions via the Hoogsteen face (Figure 1.23). The formation of G-
quartet may be achieved by the interaction of four guanines through the

Hoogsteen H-bonding mechanism [88-90].
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Figure 1.23 A Few examples of guanine derivatives and Watson-crick

and Hoogsteen faces in the guanine molecule.

Several G-quartets are stabilized by the process of binding with core
metal ions, primarily with ions of the K™ and Na*. Additionally, G-
quadruplex structures are constructed by repeating G-quartet units of the
same kind [88-90].

G4 units may be found in the guanine-rich moiety of DNA. In certain
cases, it can be found in RNA. However, extended G-wires may be seen
in situations where hundreds of G4 units are involved. In general,
stacked G4 units comprising one to four units are the most prevalent. G-
quadruplexes may be folded in a variety of different ways, depending on
the direction in which the biopolymer chains are arranged (Figure 1.24).
They can also take on a variety of folded forms, such as parallel G-
quadruplexes, anti-parallel chairs, anti-parallel baskets, and mixed
structures [91,92].
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Figure 1.24 The formation of the G-tetrad in the presence of the suitable
monovalent cation. Different topologies of the G-quadruplex.

[Recreated from ref. no. 92]
1.1.9 G-quadruplex in the Biological System

A significant portion of the DNA is found inside the chromosome, which
is located within the nucleus of cells. The presence of G4s may be
discovered in certain regions of the chromosome, genes, and the
genomic region. When it comes to human cells, the immunoglobulin
switch regions and telomeres are the most prevalent. As a result of the
fact that G4 is responsible for several functions that are essential to the
functioning of the biological system, it has become a very intriguing
topic for researchers to investigate in the field of nanotechnology and

drug targeting motifs [93].
1.1.10 G4 in the Replications of DNA

Researchers studied the origin of DNA replication. As per the literature,
the bulk of human cell replications come from the G4 area (Figure
1.25). The research found that G4 units serve as the basis of the
replication process in four kinds of human cells such as embryonic stem
cells, induced pluripotent stem cells, HeLa cells, and fibroblasts [94-96].
The replication origin of DNA in viruses, such as SV40 virus and
Epstein-Barr virus, initiates from G4-rich areas. However, the precise
cause, complicated development method, and contributing aspects of the

phenomena have not yet been fully disclosed [97,98].

Replication initiation Replication stalled
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Figure 1.25 G4 in the DNA replication. [Recreated from ref. no. 92]
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Figure 1.26 (a) Proteins that are capped in G4 structures prevent the
erroneous guiding of cellular repair mechanisms when DNA is
damaged. (b) The G4 complexes present in the telomere protect nuclease
enzymes. (c) Ligand or drug molecule binding assists in the stabilization
of G4s. [Recreated from ref. no. 104]

1.1.11 DNA in the Telomere

The telomere, or end of the human chromosome, is linked to around 5—
10 kb of TTAGGG repeating units [99,100]. The telomere region
contains the majority of G4s due to the high concentrations of GGG
units. Telomere lengthening occurs after each cell division, and when it

reaches a certain length, it signals the beginning of cellular senescence
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[101,102]. A telomere-specific reverse transcriptase enzyme known as
telomerase is responsible for the telomere-shortening process. It has an
RNA strand that can attach to telomeric DNA directly. Telomeres cause
around 85% of tumors to be overexpressed [103]. Thus, telomeres play
a crucial part in tumor control and cellular immortalization. The
telomere is shielded by G4 complexes. The telomere consists of repeated
G4 units that are protected by a protein complex, which differentiates
them from damaged DNA. Since the process of repairing DNA causes
the system to become unstable, it prevents cells from making erroneous
attempts to repair the DNA and safeguard the telomere (Figure 1.26a).
The G4 DNA region is very stable and not influenced by any nuclease
enzyme from the outside (Figure 1.26b) [104]. It is believed that any
measures to improve the stability of G4 DNA by attaching drugs or
external ligands would be beneficial in the fight against cellular

abnormalities (Figure 1.26c).
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Figure 1.27 The graphics demonstrate the role of G-quadruplex in DNA

transcription. [Recreated from ref. no. 92]
1.1.12 Role of G-quadruplex in the DNA Transcription

G4 structures induce specific harm to the integrity of the genome during
the process of transcription (Figure 1.27). Transcribing G-quadruplex
regions produces R-loops, which are susceptible to transcription-
induced genomic instability [92]. Just like G-loops, R-loops are quite
similar. R-loops consist of a hybrid of RNA and DNA. However, it is
important to note that not all R-loops have the non-template G4 DNA

strand [105-107]. In these cases, G-loops are susceptible to being
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targeted by various recombination factors. G4 structures shield the
promoter regions of R-loop development from nucleotide methylation.
The genomic instability resulting from transcription-induced G4
structures is determined by using gene analysis. The involvement of G-
quadruplex has been proven by the use of G4 DNA as a ligand and
pyridostatin [108,109].

1.1.13 Background of G-quadruplex Hydrogels

Bang was the first to report that gels could form with guanine derivatives
in 1910 [110]. Subsequently, in 1962, Gellert et al. investigated the
formation of a G-quadruplex structure by making a hydrogel using 5°-
guanosine monophosphate (5'-GMP) [111]. In the 1970s, Guschlbauer
and his colleagues explored more on G-quadruplex structures using
guanosine derivatives [112]. In addition, Davis and his colleagues have
made significant contributions to the G-quadruplex mechanism in both
solid and gel phases [113-115]. Over the years, several hydrogels on G-
quadruplex have been noted. These hydrogels have shown promise for
diverse applications such as drug carriers, cell growth applications,

sensing applications, and catalysis [116-118].
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Figure 1.28 The Scheme shows the formation of G-quadruplex hydrogel

for the cascade reaction container. [Recreated from ref. no. 119]

Li et al. developed an antibacterial G-quadruplex hydrogel. The
constituents of the hydrogel were 2-formylphenylboronic acid,
putrescine, and guanosine [119]. The hydrogel matrices were used as a
cascade rector. The hemin and glucose-oxidase were loaded in the
hydrogel. The Oz and glucose were transformed into H20 and gluconic
acid by enzymatic action of glucose-oxidase. The reactive oxygen
species (ROS) were formed by the transformation of H.O,. The
production of the ROS Kkilled the bacteria. The G-quadruplex hydrogel

was used for diabetic wound healing (Figure 1.28).
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Figure 1.29 The G-quadruplex hydrogels stabilized by PEI and their

putative creation process. [Recreated from ref. no. 120]

Zhang et al. prepared a G-quadruplex hydrogel using guanosine
monophosphate disodium salt (GMP) along with the hyperbranched
poly(ethylenimine) [120]. They explored that the interaction between
the cations (Na*) and GMP -quartet as well as the H-bonding interaction
between poly(ethylenimine) and phosphate groups help to form the

hydrogel at appropriate pH (Figure 1.29).
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Figure 1.30 (a) The formation of the G-quadruplex by the antiviral drug
entecavir. (b) The cation selectivity of the hydrogel (c) The optimization
diagram. [Recreated from ref. no. 121]

Hu et al. prepared a supramolecular G-quadruplex hydrogel (Figure
1.30) from the antiviral drugs entecavir, ganciclovir, and penciclovir in
the presence of an appropriate monovalent cation [121]. The hydrogel
showed excellent temperature responsiveness. The hydrogel was used
for the release of drug molecules in a temperature-responsive manner.

The hydrogels showed biocompatible and injectable properties.
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Figure 1.31 The formation of the gel-immobilized high-internal-phase
emulsions (HIPEG) using the G-quadruplex hydrogel. [Recreated from
ref. no. 122]

Hydrogel scaffold based on G-quadruplex structures was developed by
Das et al., which exhibited stimuli-responsive behavior and a high
internal phase emulsion [122]. This scaffold was used for biocatalytic
cascades and demonstrated synergistic antimicrobial activity (Figure
1.31). The G-quadruplex hydrogel was prepared with guanosine and

phenylboronic acid.

McGown et al. demonstrated a gel system consisting of binary G-
quadruplexes containing Guanosine and 5°-GMP [123]. In this study,
they varied the concentration of the Guanosine and GMP to make the
hydrogel more stable. They also studied how the system's behavior

changed depending on the temperature.

Mariani and his colleagues used Guanosine and 5-GMP in varying
proportions to enhance the stability of the gels. The gel medium was

used to encapsulate certain compounds [124].

Kraatz et al. used a binary combination of 2'-deoxyguanosine (dG) and
Guanosine (G) for gelation [125]. The mechanical strength,

viscoelasticity, and thermal stability of this binary gel were adjusted by
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using different metal ions as the stability of the G-quartet template
depends on the size of the cations. An appropriate hydrogel was used for

the transportation of vitamins.

Chen et al. developed a binary G4 hydrogel using guanosine (G) and
isoguanosine (IsoG) as the main components [126]. The formation of
hydrogel was assessed by screening with various monovalent alkali
metal ions and the ratio of G and IsoG. The hydrogel was injectable and

self-healable.
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Figure 1.32 The scheme illustrates the formation of the G-quadruplex

hydrogel and shows the catalytic activity. [Recreated from ref. no. 127]

Pei et al. fabricated flexible electrochemical sensors using a G4
hydrogel, which was formed using guanosine and boric acid [127]. In
addition, hemin was integrated into the G-quadruplex scaffold to
provide enzyme-like functionality. The G-quadruplex hydrogel
exhibited quick sol-gel transition and shear thinning behavior due to the
presence of dynamic boronate linkages, which enables it to be printed as
'ink'. The hydrogel ink was effectively used to make a variety of designs.
In addition, polyaniline was integrated into the G4 nanowires. It was
used as a flexible electrochemical electrode. A flexible glucose
biosensor was prepared by incorporating glucose oxidase into a
hydrogel (Figure 1.32).
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1.1.14 Hydrogel Formed by the Peptide-functionalized Molecules

Molecular self-assembly is a well-established method for creating
organized structures with desired outcomes, requiring minimum human
and machine involvement [128]. Self-assembled peptides can rival
physiologically active proteins and provide valuable biological activities
and structural diversity as flexible biomaterials [129,130]. Peptide
amphiphiles, which have both hydrophobic and hydrophilic groups, are
a kind of molecule that may be used as a component for molecular self-
assembly [131]. The chemical structure of the aromatic amphiphiles
which contain self-assembling peptides consists of three main
components: aromatic protective group at the N-terminus, peptide

molecule, and methoxycarbonyl group (Figure 1.33).
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Figure 1.33 Peptides based self-assembling building blocks with N-

terminal protective groups.

Peptide amphiphiles can aggregate and construct a wide variety of
supramolecular structures when they are in the presence of diverse
stimuli under aqueous circumstances [132]. Typically, the short peptides
are adorned to the synthetic hydrophobic moiety to aid in the formation
of an organized pattern [133]. It is also possible to build self-assembling
peptides utilizing the hydrophobic group that is covalently connected to
hydrophilic moiety at both ends of the peptide. Bola-type peptides are
characterized by the presence of two hydrophilic groups that are
connected to a hydrophobic core [134-136]. These peptides are superior
in terms of their ability to build nanostructures [137,138]. The
supramolecular nano architectures that are shown by peptide-based bola
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amphiphiles include the relevant functional groups that have broad-
spectrum application possibilities [139,140]. The self-assembling
Therapeutic peptides, which possess biological activity, are involved in
the treatment of several diseases. The process of peptide assembly into
stable structures based on thermodynamics is a typical occurrence

among many bioactive peptides [141].

The peptide-based self-assembling materials are prepared by the use of
several N-terminal aromatic-protecting groups [142]. These groups are
capable of engaging in aromatic-aromatic interactions, possessing the
necessary level of hydrophobicity needed for hydrogelation. Therefore,
the peptides and amino acids are protected with a naphthalene group,
which is an aromatic motif as well as biocompatible in nature. Thus, it
is used in the construction of soft materials [143]. Das et al. developed
an N-terminal protected peptide for the production of self-assembling
materials based on peptides [144]. The protection was made by
naphthalene-2-methoxycarbonyl (Nmoc). Nmoc-protected tripeptides
were used to facilitate the development of enzyme-catalyzed Nmoc-
protected peptides that are thermodynamically stable. This process is
facilitated by -7 stacking interactions [145]. The aforementioned group
also documented the use of oxo-ester and seleno-ester as directing
agents in the process of native chemical ligation (NCL) with the Nmoc
protected peptide (Figure 1.34) [146].
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This resulted in the formation of self-assembled materials at ambient
temperature. In addition, the researchers used native chemical ligation
and subsequent desulfurization procedures to regulate the process of
peptide self-assembly [146]. The thiol groups in the cysteine and
penicillamine were transformed into Val and Ala moieties using the

desulfurization process [147].

In the field of nanomedicine and biomaterials, self-assembled peptide-
based hydrogels are the prototypical examples of nanostructured
materials. These hydrogels have a seemingly endless number of
potential uses. N-terminal protected di- and tri-peptides exhibit
significant hydrogelation properties and are considered efficient
minimalist hydrogelators [148]. Exploring a broad range of chemical

possibilities and adjusting hydrogel characteristics may be achieved by
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the independent manipulation of the protecting group, side chain

changes, and peptide sequence.
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Figure 1.35 The chemical structure of 2-naphthylacetyl (2-Naph; 1a—c)
and 1-naphthaloyl (1-Nap; 2a, b).

Vilaca et al. synthesized a library of dehydropeptide with N-terminal
protection by 2-naphthyl acetyl and 1-naphthoyl groups [148]. The use
of the 2-naphthylacetyl group has been widely documented in the
formation of peptide-based self-assembled hydrogels (Figure 1.35). In
contrast, the 1-naphthaloyl group received less attention, perhaps due to
the absence of a methylene linker connecting the aromatic ring of
naphthalene with the peptide backbone. They explored that the
dehydrodipeptides with an N-terminal protecting 1-naphthyl group form
more robust gels at lower concentrations compared to dehydrodipeptides

with an N-terminal protecting 2-naphthylacetyl group.

It is possible to generate self-supporting, thixotropic, and injectable soft
biomaterials for a variety of biological purposes by functionalizing the
N-terminal of amino acids and peptides with a much more robust, rigid,
and aromatic anthracene ring [149]. The hydrophobicity of the peptides
is increased by 9-Anthracenemethoxycarbonyl (Amoc) protected
peptides to improve hydrogelation [150]. Furthermore, it was shown that
Amoc aromatic peptides had a synergistic impact on three-dimensional
stacking interactions which resulted in the formation of highly entangled
fibrillar structures by self-assembly [151]. To produce a variety of

Amoc-capped dipeptide-based hydrogelators, a powerful N-terminal
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protecting group known as 9-anthracenemethoxycarbonyl (Amoc) was
used. The same research team reported the formation of hydrogel using
Amoc-capped dipeptides at ambient temperature [150]. The resulting
hydrogels exhibited exceptional rheological characteristics which were
suitable for many biological applications. The hydrogels exhibited many
three-dimensional shapes and demonstrated the capacity to be injected
using a syringe. The hydrogel was used for antimicrobial purposes. In a
separate study, the same research team demonstrated the anti-
inflammatory properties of Amoc capped peptide. This peptide could
self-assemble in aqueous medium and formed an antibacterial,
thixotropic, noncytotoxic, and injectable hydrogel. A recent study
described the formation of a coassembled thixotropic hydrogel by
combining B-cyclodextrin (CD) with the self-assembling AmocFF-OH
hydrogelator [151]. The toughness of the hydrogels was adjusted by
physically combining B-CD with Amoc-FF-OH, due to the optimal
noncovalent interactions among peptides and BCD, which resulted in

improved thixotropycity and syringe injectability.

Supramolecular soft biomaterials have been synthesized using Fmoc-
protected peptides [152]. Peptides get their amphiphilicity via aromatic
functionalities that are attached to their N-terminus [153]. In solid-phase
peptide synthesis, the Fmoc-group is a popular and adaptable N-terminal
protective group [154]. In recent times, self-supporting hydrogels have
been made using Fmoc-protected peptides. Vegners and his colleagues
prepared the dipeptide hydrogels using Fmoc-protected aliphatic amino
acids. The thermoreversible properties of the peptide hydrogel were
thoroughly investigated. The solution was formed at 100 °C. Then, the
solution was gradually converted into hydrogel when the temperature of
the solution was decreased. The drug molecules were also encapsulated
into the hydrogel. In-vivo study was performed on rabbits to investigate
how much antigenicity was caused by the drug-loaded hydrogel. The
gel-to-sol transformation happened when the peptide reacted with
vancomycin. The vancomycin disrupted the intermolecular H bonding

and hydrophobic interactions amongst peptide hydrogelators, resulting
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in a change from a gel to a liquid state [155]. Another study talked about
an easy and reliable way to make a biomimetic peptide-based hydrogel
that changed color based on the amount of potassium ions present [156].
The formation of peptide hydrogels was achieved by utilizing a
technique that allowed the changes in pH in a controlled manner.
Glucono-o-lactone (GdL) was used as the acidifying agent in this
process [157]. Using a different method, the introduction of a weak acid
resulted in a quick alteration in pH which resulted in the formation of an
inhomogeneous suspension within a clearer area. The authors explained
that the kinetics involved in the formation of gluconic acid is slower due
to the sustained hydrolysis of GdL. Consequently, the pH of the system
decreased gradually which helped in the formation of a uniform
hydrogel. The rheological characteristics of the hydrogels were greatly
influenced when they were made using the NaOH / HCI technique. A
modified aromatic dipeptide underwent self-assembly to develop a
hydrogel [158]. The stiffness and three-dimensional structure of the
hydrogel were the consequence of the aromatic interactions among the
constituent units. The Fmoc-FF dipeptide has a fibrillar structure similar
to amyloid-like morphology. Rheological results showed that
mechanical strength was concentration-dependent. Hydrogels of peptide
concentrations of 10 mg/mL were both strong and stiff. It was shown
that several self-assembling dipeptides protected by Fmoc may be
formed by combining four distinct amino acids such as G, A, F, and L
[159]. The dipeptide hydrogels were prepared using the pH switch
technique. The hydrogelation pH of the proposed peptides differed
according to their pKa, values. For example, Fmoc-GG, Fmoc-AA,
Fmoc-AG, Fmoc-FG, and FmocLG peptides had acidic pH (pH < 4),
whereas Fmoc-FF peptides had neutral pH (pH < 8). Chemical
functionalities of Fmoc hydrogels such as NH2, COOH, or OH were
studied because of their potential impact on cellular survival [160].
Banerjee et al. documented the use of a Fmoc-protected hydrogelator
(Fmoc-VD-OH) to produce a stable hydrogel at a concentration as low
as 0.2% wi/v [161]. The three-dimensional networks of the hydrogels

were used to stabilize and prepare luminous silver nanoclusters. The
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same group also unveiled a self-assembling proteolytic stable hydrogel
composed of B-amino acid residue in peptides [162]. Viscoelastic
hydrogels were generated by the peptides (Fmoc-pA-F and Fmoc-BA-
V) containing B-amino acid residue, and they showed improved
resistance to external forces. Optimal gelation conditions were achieved
with a peptide concentration of 0.1% (w/v) in 50 mM PBS. Ikeda et al.
recently published a set of self-assembling dipeptides based on a-methyl
L-phenylalanine that were protected with Fmoc [163]. They
demonstrated that the hydrogelation ability and self-assembly were
significantly affected by the location and quantity of methyl groups
linked to the dipeptides. By combining the dipeptide (Fmoc-FF) with
the novel ureidopeptide (FmocFuF), a new ureidopeptide with distinct
characteristics was formed. The mechanical strength, shear thinning,
and self-healing capabilities of the developed ureidopeptide gelator
Fmoc-FuF were enhanced compared to Fmoc-FF hydrogel due to the
increased hydrogen bonding interactions [164].

Researchers discovered several aromatic compounds that might engage
in aromatic interactions and had the appropriate hydrophobicity for
hydrogelation while working on several N-terminal protective groups
[165]. Since the naphthene (Nap) group is a more biocompatible motif,
it is used to protect peptides and amino acids in the production of soft
biomaterials [166]. A self-assembling peptide conjugated with Nap,
Nap-FF-NO, was described by Zhao and colleagues for use in
myocardial infarction [167]. The researchers demonstrated that in
reaction to B-galactosidase, the Nap-FF-NO peptide releases nitric oxide
(NO) molecules, which enhance heart function via the promotion of
angiogenesis. Researchers examined the self-assembly behavior of
aromatic protecting groups linked to the N-terminal of peptides, such as
Fmoc, benzyloxy-carbonyl (Cbz), and naphthalene (Nap) [168]. Several
dipeptides, including Nap-FF, Nap-FY, Nap-FL, and Nap-FS, were
prepared by the capping NAP group [168]. The author investigated the
influence of N-terminal protection with aromatic and C-terminal

protection with hydrophobic amino acids on the self-assembly of
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various peptides. Peptide hydrophobicity (ClogP) and minimal gelation
concentrations (MGC) were shown to have an inverse relationship. In
contrast to Nap-FF and NapFL, Nap-FY and NapFS have a higher MGC
value. A tetrapeptide called Naphthalene protected tetrapeptide (Nap-
GFFpY-OMe) was synthesized as a very efficient gelator [169]. This
tetrapeptide can self-assemble into a hydrogel by an enzymatic process
at very low concentrations (0.01% wi/v). Hydrogels were generated by
other synthesized peptides such as NapGFFpY-OH and Nap-FFpY-
OMe with MGC values of 0.08% and 0.4% (w/v) respectively.
Furthermore, the presence of the N-terminal protecting group and G
amino acid was essential for the formation of the excellent hydrogelator.
Furthermore, the presence of the G amino acid and N-terminal
protecting group was essential for the development of the hydrogelator.
Peptides with a distinct N-terminal aromatic protecting group but a
comparable peptide sequence (Fmoc-GFFpY-OMe) exhibited a greater
MGC value (0.1% w/v) in comparison to the Nap-GFFpY-OMe peptide.
A hydrogel was prepared by self-assembling Nap-GFFY peptide. The
hydrogel was used to deliver ophthalmic drugs [170].

Additional aromatic protecting groups such as pyrene are located at the
N-terminus of peptides which helps to strengthen aromatic stacking
interactions [171]. The peptides and amino acids which were protected
by the aromatic pyrene group, exhibit distinct monomer and excimer
emissions at varying wavelengths depending on the specific
circumstances [172]. Researchers were interested in creating self-
assembled aggregates with specified functional structures due to the
photoluminescence and intrinsic photophysical stability of the pyrene
group. The pyrene group also has a higher fluorescence quantum yield
than the anthracene group which means that the excimers formed by
pyrene-protected peptides are much easier to detect. When pyrene-
containing molecules self-assemble, their photophysical characteristics
vary from those of their constituent parts. A change in the emission
property of self-assembled materials containing pyrene may be observed

visually. Specifically, pyrene-protected peptides exhibit excited-state
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electron transfer from the fluorophore to various biological analytes and
compounds. Biosensor systems and devices are made using hydrogels
that contain pyrene and have ordered structural arrangements, these
hydrogels are luminous. Several noncovalent interactions allow
bioanalytics and molecules to be accommodated in the well-organized
microenvironments provided by pyrene-containing peptides [173].
Bhattacharya et al. reported pyrene functionalized peptide which self-
assembled to form the hydrogel [174]. Lee et al. prepared peptide
amphiphiles with pyrene protection at the N-terminal [175]. These
molecules were used to detect Ag™ ions within HeLa cells. Xu et al.
prepared two pyrene-functionalized pentapeptides such as Py-B (Py-
IQEVNOH) and Py-A (Py-RMLRF-OH) [176].

The peptide-derived hydrogelators are synthesized by adding long-chain
alkyl groups to the N-terminal end of peptides which promotes the
aggregation of molecules via hydrophobic interactions in aqueous
medium [177]. The hydrophilicity of the peptide amphiphiles is
preserved by the incorporation of certain amino acids that engage in -
7 stacking interactions and hydrogen bonding [178]. Peptides with long
alkyl chains exhibited exceptional aggregation characteristics and
created soft biomaterials with integrated biological uses, including
antibacterial and drug transport functions [179]. A simple alteration in
the alkyl chain length may regulate the peptides' nano structural shape
and aggregation concentrations [179]. Peptides have a wide range of
self-assembling properties due to the varied sequences of amino acids
that make them up [180]. Recent work by Hamley et al. used a variety
of microscopic, spectroscopic, and small-angle X-ray scattering
methods to investigate the biological activity and self-assembly of the
amphiphilic lipopeptide PAEPKI-C16 [181]. The impact of a peptide
sequence on the cytotoxicity against MCF-7 and human dermal
fibroblast (HDFa) was intensively explored. Increased cytotoxicity was
observed in the peptide containing free proline residue, suggesting that
it may have used alternative self-assembly pathways. An B-sheet type

nanotape structure was generated when a carnosine-derived lapidated
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peptide (C16KTTBAH) self-assembled into water [182]. The hydrogel
slowly absorbed the bright Congo red dye and released it gradually over
time. The MCF-7 cell line was used to check the anticancer activity of
the hydrogel. Banerjee et al. used histidine amino acid to make a charged
hydrogel that was mechanically and thermally stable. The imidazole ring
of histidine is involved in the development of prolonged supramolecular
structures via the use of noncovalent interactions between the self-
assembling entities that have opposing charges [183]. Stupp et al.
conceived and developed several soft biomaterials based on peptide
amphiphiles for use in a variety of biological applications, including the
regeneration of tissues and organs [184,185]. The appropriate
mechanical strength of the hydrogel plays an important role in the three-
dimensional growth and regeneration of the neuronal cells. Cell growth,
proliferation, and adhesion are directly influenced by nanofibers, hence
the hydrogels based on peptide amphiphiles demonstrated the healing of
burn wounds [184]. Banerjee et al. explored a class of hydrogelators
based on peptides that have a free amine group attached to their N-
termini [186]. These hydrogelators include lengthy alkyl chains. The
rheological results demonstrated that the hydrogels' stiffness increased
as the alkyl chain length grew, likely owing to the enhanced
hydrophobic contacts between the peptide amphiphiles. The FTIR and
PXRD results revealed the presence of a hydrogen-bonded [B-sheet
structure with a n-n stacking arrangement between peptide amphiphiles

in their self-assembled form.
1.1.15 Application of the Hydrogel

Hydrogels, which consist of over 90% water and possess tissue-like
strength and flexibility, find extensive usage in several biomedical fields
including tissue engineering, wound healing, antibacterial therapy, and

3D bioprinting.
1.1.15.1 Tissue Engineering

Avrticular cartilage is a kind of tissue that does not have blood vessels

and has a restricted ability to mend itself after experiencing trauma,
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arthritis, or injuries connected to sports [187]. Cartilage lesions not only
impose significant financial and psychological difficulties on patients,
but they may also increase the likelihood of joint deterioration,
deformity, or even disability [188]. In this situation, it is required to
provide therapeutic intervention for abnormalities in the articular
cartilage [189]. In recent times, supramolecular hydrogels have emerged

as optimal materials for the regeneration of cartilage tissue.
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To improve the biological capabilities, scientists included tissue
adhesiveness into the supramolecular hydrogel, resulting in a significant
enhancement of tissue integration and cell adhesion [190]. Lu et al.
developed a hydrogel called tissue-adhesive polydopamine—chondroitin
sulfate-polyacrylamide (PDA-CS-PAM) to construct articular cartilage
[191]. The PDA-CS-PAM hydrogel was able to simultaneously enable
tissue integration and provide a biomimetic milieu for cartilage
regeneration. This was accomplished without the incorporation of an
external growth factor. Lin et al. described a hydrogel consisting of a

double network. Hydrogel was prepared by radical polymerization as
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well as photochemical imine cross-linking (Figure 1.36a) [192]. The
ultrafast, robust, and adhesive properties of hydrogels made them
acceptable for use in water-filled arthroscopy to repair cartilage for the
articular cartilage (Figure 1.36b). The double-network hydrogel can
cling to cartilage defect sites with uneven forms in an attractive manner
(Figure 1.36¢). Additionally, it enhances cell deposition and finally
guarantees the regeneration of cartilage defects. The clinical testing
provided further evidence that this pragmatic biomaterial approach has
the potential to address articular cartilage abnormalities. Supramolecular
adhesive hydrogels have notable benefits in repairing hard bones, in
addition to their use in cartilage repair. Supramolecular adhesive
hydrogels can mimic key characteristics of the extracellular matrix
(ECM) and exhibit robust adherence to bone in complicated
therapeutically significant scenarios, including bleeding, bodily fluid,
and uneven surfaces. Supramolecular hydrogels with bone-adhesive
capabilities may effectively secure hard tissues due to their exceptional
cohesive mechanical characteristics, including strength, stiffness, and
toughness [193,194]. Cho et al. developed a supramolecular sticky
hydrogel patch that effectively promotes bone growth (Figure 1.36d).
This hydrogel patch contained inorganic particles (HAP and WKT) and
bone morphogenetic protein 2 (BMP-2), which are integrated into PG-
conjugated HA (HA-PG) hydrogels [195].
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Figure 1.37 (a) Schematic depicting the Exo-pGel treatment for spinal
cord injury. (b) Images depicting the gaits of various animals. (c)
Illustrative depiction of the process involved in creating hydrogels made
of conducting polymers. Attachment of the hydrogel to (d) skin and (e)

spinal cord tissue. [Recreated from ref. no. 199,200]

Neural tissue in the central and peripheral nervous system is vital for
certain processes related to receiving, interpreting, and transmitting
information [196]. Several neurodegenerative disorders such as
Alzheimer's Disease, Parkinson's Disease, traumatic brain injury, spinal
cord injury (SCI), and amyotrophic lateral sclerosis, are linked to the
dysfunction of neural tissue. The restoration of brain tissue functions
presents significant challenges in the clinical process due to the limited
regenerating ability of neural tissues. Supramolecular adhesive
hydrogel-based biomaterials have significant promise as an alternative
treatment for treating brain tissues since they are capable of filling
irregular defects in neural tissue. Another one of the most common
causes of death throughout the world is spinal cord injuries (SCI), which
may be defined as any damage that results in death to any component of
the spinal cord or nerves. An innovative approach to spine regeneration
has been made possible by the implantation of stem cells [197,198]. To
treat spinal cord injuries (SCI), Gao and his colleagues developed a
novel implantation technique that included the utilization of exosomes
produced from human mesenchymal stem cells (HMSC) that were
encapsulated in a peptide-modified supramolecular sticky hydrogel
(Figure 1.37a) (Exo-p gel) [199]. Exosomes generated from
hematopoietic stem cells (HMSC) were successfully implanted locally,
resulting in good retention in the damaged tissue of the spinal cord. Exo-
pGel was a successful technique to stimulate spinal cord regeneration
and reconstruct hindlimb motor function in rat animal models, as
revealed by in vivo research (Figure 1.37b). Other animal models also
proved its effectiveness. Ning and his colleagues have successfully

introduced a soft conductive polymer sticky hydrogel for repairing
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spinal cord injuries (SCI) [200]. The supramolecular sticky hydrogel
was created using tannic acid (TA) and a conductive polymer network
based on polypyrrole (PPy) (Figure 1.37c). The presence of
polyphenols on the TA molecule resulted in the hydrogel being able to

adhere well to both the skin and spinal cord tissue (Figure 1.37d, e).
1.1.15.2 Wound Healing

Gong et al. reported a new antibacterial hydrogel composed of
phycocyanin (PC) and gallic acid (GA) with potential use in the
treatment of bacterial infections in wounds [201]. The GP hydrogels
facilitated adherence to the wound area and achieved a continuous
release of GA and PC. Hence it effectively reduced inflammation and
sped up wound healing in both bacteria-infected and normal mice by
regulating the expression of the tight junction protein and alleviating

oxidative stress (Figure 1.38).
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Figure 1.38 The schematic illustration shows the formation of GP

hydrogel and wound healing using mice model. [Recreated from ref. no.
201]

Liu et al. developed an injectable, self-healing, and multifunctional
hydrogel for wound healing [202]. The modification was carried out on
chitosan with tannic acid to implement anti-inflammatory and potential

adhesion properties. The wound healing ability of the hydrogel was
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studied in vivo (Figure 1.39). Hydrogel rapidly adapted to the wound
area, halting bleeding, and facilitating cellular proliferation and wound

healing. It had favorable anti-inflammatory characteristics during the

early phase.
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Figure 1.39 The scheme depicts the formation of the hydrogel and its

use in in vivo wound healing. [Recreated from ref. no. 202]

Gavel et al. developed a hydrogel by conjugating a dipeptide with an
Amoc (9-anthracene methoxycarbonyl) using several noncovalent
interactions. B-cyclodextrin (CD) was encapsulated to prepare a co-
assembled thixotropic and injectable hydrogel, which was appropriate
for use in wound healing [151]. The wound healing capacity of the co-

assembled hydrogel was studied in mice using histopathology studies.
1.1.15.3 Drug Delivery

Hydrogel delivery methods may exploit the advantageous effects of
drug administration and have been used in biomedicine. Hydrogels
provide the ability to precisely regulate the release of different
therapeutic agents, such as small-molecule medications, and
macromolecular pharmaceuticals. Hydrogels are used as a platform to
regulate the release of drugs due to their adjustable physical
characteristics, ability to degrade in a controlled manner, and capacity

to shield sensitive drugs from breaking down. These hydrogels facilitate
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numerous chemical and physical interactions with the enclosed drugs,

allowing for precise control over drug release [203].

Biswas et al. prepared a hydrogel by employing guanosine, 4-Arm PEG-
NH2, and 2-formylphenylboronic acid. The biocompatible G-
quadruplex hydrogel was used as a drug carrier [204]. The anticancer
drug doxorubicin was loaded in the hydrogel. Using two distinct
external pH solutions, the release study of the drug-loaded G-
quadruplex-PEG hydrogel was examined (pH 7.4 and 4.8) (Figure
1.40).
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Figure 1.40 The scheme demonstrates the formation of the G-
quadruplex hydrogel and the use of the hydrogel for the delivery of the

anticancer drug doxorubicin. [Recreated from ref. no. 204]

In another study, Ghosh et al. reported the formation of multi-
component G-quadruplex hydrogel by 1-naphthaleneboronic acid and
guanosine (G) [205]. A biocompatible G-quadruplex hydrogel that may
be injected has been used to encapsulate and gradually release two
crucial vitamins (B2 and B12) over 40 hours at a pH level of 7.46, which

is similar to the pH level seen in the human body (Figure 1.41).
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1.1.15.4 3D Printing

3D printing is an expanding area that involves the creation of real items
by depositing layers of material based on a pre-designed digital model.
In the field of 3D bioprinting, it is possible to create intricate 3D
structures of live human tissues or organs by combining them with
hydrogels, known as bioinks. Bioinks are pliable hydrogel substances
used in the process of 3D-bioprinting to encase live cells, bioactive
elements, and growth factors. A bio-ink hydrogel should possess the
following characteristics: (1) sufficient mechanical strength to support
the cells (2) injectable (3) biocompatible (4) self-healing (5) thixotropic
There has been a significant rise in the number of people suffering from
bone abnormalities resulting from trauma, osteoporosis, and bone
tumors [206]. Clinicians have a significant problem when it comes to
repairing irregular, recurrent, and massive bone abnormalities. Bone
tissue engineering is becoming a suitable approach for replacing
autologous bone grafting in the treatment of large bone deformities.
Nevertheless, the adequacy of bone tissue engineering scaffolds in terms
of their structure, degradation, microenvironment, and mechanics is
insufficient. Three-dimensional (3D) printing is a sophisticated kind of

additive manufacturing that is extensively used for bone restoration.
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Figure 1.42 The scheme illustrates the formation of the G-quadruplex
hydrogel and the use of the hydrogel for 3D printing. [Recreated from
ref. no. 207]

Biswas et al. reported a G-quadruplex extrudable hydrogel by using
guanosine and phenylboronic acid. The inherent fluidity of the boronate
ester-boronic acid equilibrium imparts crucial characteristics like as
injectability, self-healing, and thixotropy, which are vital for 3D printing
[207]. The gel was harmless and the printing technique did not harm the

survival of the cells (Figure 1.42).
1.2 Summary

The Chapter 1 described molecular self-assembly and the formation of
the hydrogel. The non-covalent interactions behind the hydrogel
formation were discussed. The formation of a G-quadruplex structure
via Hoogsteen H-bonding interaction was described. The importance of
G-quadruplex structure in the replication, transcription, and translation
of DNA was mentioned. The role of G-quadruplex in the formation of
the hydrogel was outlined. This chapter mainly focused on the formation
of the G-quadruplex hydrogel by guanine derivatives. Therefore, this
chapter spoke about the recent progress of the guanine-functionalized
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G-quadruplex hydrogels, peptide based hydrogels, and their

applications.

1.3 Thesis Organization

This thesis consists of six chapters. Chapter 1 provides an overview of
the molecular self-assembly and the formation of the hydrogels using
the self-assembly. The effects of physical and chemical stimuli in the
formation of the hydrogel and their biomedical applications are
discussed. In addition to the literature review in Chapter 1, the research
works that had been carried out in the past five years are described in
the following chapters. Chapter 2 discusses the synthesis and
development of guanine-functionalized phenylalanine derivatives. |
varied the chain length of the long fatty acid to induce gelation
properties in the synthesized nucleobase functionalized amino acid
derivatives. Their self-aggregation was thoroughly studied in water by
performing DOSY NMR. The synthesized biocompatible hydrogel was
used for the pH-responsive release of the drug molecules. In Chapter 3,
| synthesized and developed nucleobase-functionalized amino acid
derivatives. The chemical reaction-driven formation of the
supramolecular hydrogel is discussed here. The progress of the self-
assembly over time is thoroughly studied using various spectroscopic
techniques. In Chapter 4, | functionalized guanine with different amino
acids. The self-assembly of the synthesized nucleopeptide is extensively
studied using molecular dynamic simulations and DOSY NMR. The
synthesized nucleopeptide hydrogel is biocompatible and possesses
properties such as anti-bacterial, anti-inflammatory, non-hemolytic, and
bio-stability. The hydrogel was used for in vitro wound healing. In
Chapter 5, | designed and synthesized five different guanine
functionalized amino acid derivatives. The lipase catalyze formation of
the hydrogel is explored. This biocompatible hydrogel was used for
studying cell migration and proliferation study. Finally, Chapter 6
provides a comprehensive overview of the results obtained from the

present Ph.D. research and outlines the future prospects of this study.
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2.1 Introduction

The development of efficient drug delivery systems using biocompatible
scaffolds is one of the important research areas in biomedical
applications. The drug administration systems often use high doses to
achieve therapeutic effectiveness leading to severe side effects in
patients and high cost of treatment [1,2]. Therefore, sustain release of
drug molecules is vital to maintaining a steady concentration in plasma.
This minimizes the chance of drug fluctuation with respect to its
maximum safe and minimum effective concentration. In this respect,
hydrogels are the most popular choice as the drug carrier due to their
favorable physicochemical and biological properties [3]. In literature,
numerous polymeric hydrogel-based drug carriers have been reported.
In most of these cases, it is observed that the release profile is biphasic
in nature [4]. The synthesis and purification of these polymeric
compound is a tedious process and batch to batch variation is also
observed [5]. Therefore, low molecular weight hydrogels having
biodegradable and biocompatible properties are often considered as the
effective drug carrier [6]. Nucleobases and amino acids are the basic
building-blocks of living organisms enabling self-assembly to create
highly ordered and complex structures. The functionalization of the
nucleobases with the amino acid generates a new class of nucleobase
amino acid conjugate analogs with unique properties. The H-bonding
capability of nucleobase makes them an attractive choice in the field of
heterocyclic chemistry and biomedicine [7-9]. Bioinspired nucleoside
guanosine derived hydrogels are well established in literature [10, 10].
Davis et al. reported guanosine boronic acid cross-linked ion selective
G-quadruplex (G4) hydrogel where the role of metal ions on the stability
was illustrated [12]. Additionally, they explained the stability of G4 in
presence of anion and organic dye molecule [13]. A dynamic boronate
ester bond between diol of sugar moieties and 1-naphthylboronic acid
led to the development of stable G-quadruplex hydrogel [14]. The
bioconjugation of a synthesized cytosine functionalized nucleopeptide

with Guanine and 4-formylboronic acid resulted into the formation of
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an injectable G-quadruplex hydrogel which displayed excellent inherent
antibacterial activities [15]. A recent review described the biomedical
applications of such dynamic boronate esters cross-linked guanosine-
quadruplex hydrogels [16]. The supramolecular functional materials
developed via the self-assembly of peptide biomolecules have been
studied thoroughly over the past few years [17-19]. The self-assembly
of the peptide-based molecules including peptide bolaamphiphiles,
aromatic N-terminal capped peptides and short hybrid peptides led to
the formation of different varieties of supramolecular nanostructures
like vesicle, nanofiber, micelles, nanotubes and ribbons [20-22].
Therefore, these peptide-based supramolecular architectures find
promising applications in various fields like drug delivery, cancer
therapy and tissue engineering [23-29]. We envisioned the synthesis of
an epitope assembled from a nucleobase and amino acid resulting in
biomaterial with a unique self-assembling behaviour. Guanine, a purine
nucleobase, potentially forms G-quadruplex skeleton in the presence of
suitable monovalent alkali metal ions because of the presence of
multiple hydrogen bonding donor and acceptor sites. Several reports
demonstrate guanine based organo gels, however guanine linked amino
acid hydrogels are rare [30,31]. Herein, we have explored the ability of
guanine conjugated amino acid towards the formation of stable hydrogel
via synergy of their self-assembly properties. We have synthesized
nucleobase functionalized molecules using solution-phase synthetic
procedure. Phenylalanine has been chosen over other amino acids as it
shows greater tendency towards the formation of self-assembled
hydrogel [32]. Further, we have introduced a long carbon chain spacer
between guanine and L-phenylalanine to modulate the hydrophobicity
of the newly designed nucleobase functionalized compounds. Vitamin
B2, commonly known as riboflavin, is considered an essential vitamin
for animals and humans because it constantly supplies energy to the cells
and tissues. It also has an important role for the aerobic metabolism of
fatty acids and amino acids. A very recent study recommends the daily
uptake of vitamin B, for the male and female is 1.6 and 1.2 mg,

respectively [33-35]. Similarly, vitamin B> is also an essential vitamin
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of the human system. This vitamin has crucial roles in several biological
functions including the synthesis of DNA, prevention of the
accumulation of homocysteine, regeneration of methionine for
methylation and protein synthesis. The deficiency of vitamin B, may
cause some severe effects in the human body. The recommended daily
uptake of vitamin B12 is 2.4 pg. Sever deficiency of vitamin B, may
lead to anemia, neurological disorder, bone loss and inflammation.
Therefore, a steady and constant supply of vitamin B are required for
the normal functioning of the human body [36, 37]. We also explored
the potential application of nucleobase functionalized hydrogel as a drug
carrier. Two important vitamins B, and Bi> have been incorporated
inside the hydrogel matrices. Their spontaneous and sustained release
from the hydrogel matrices have been studied under three different pHs
at a temperature of 37 °C. The main objectives of the current work
include: (a) design and the synthesis of nucleobase functionalized
hydrogel and investigate their self-assembling behaviour; (b) thixotropic
and injectable nature of the nucleobase functionalized hydrogel; (c) use
of the nucleobase functionalized hydrogel as effective drug delivery
carrier; (d) evaluation of the proteolytic stability of the nucleobase
functionalized hydrogel, and (e) biocompatibility nature of the hydrogel.

2.2 Experimental Section

2.2.1 Materials and Methods

The used solvents and reagents were purchased from commercially
available sources like Alfa Aesar, Sigma Aldrich, Merck and
Spectrochem Pvt. Ltd. 2-Amino-6-chloropurine and potassium
carbonate (K2CO3) were obtained from Alfa Aesar. Ethyl chloroformate
was purchased from Spectrochem whereas diethyl ether was purchased
from Merck. N-methyl morpholine was obtained from SRL and 1-bromo
decanoic acid, 1-bromo hexanoic acid and 1-bromo butanoic acid were
obtained from TCI. L-Phenylalanine tert-butyl ester hydrochloride was
purchased from Sigma Aldrich. For moisture sensitive reactions, dry

solvent was used in the presence of N2 or Ar gas. After completion of

87



the reaction, the crude products were purified by column
chromatography method using silica as stationary phase and hexane,
ethyl acetate or chloroform, methanol as a mobile phase. All *H and 3C
NMR spectra were set down on Bruker Avance (500 MHz) instrument
at 25 °C. Mass spectra were set down on Bruker instrument by using
ESI positive mode. The NMR spectra of all intermediates and final
products were analyzed by using MestReNova software. Chemical shift
was expressed in the form of ppm () relative to surplus solvents protons
as internal standards (DMSO-ds: & = 2.50 for *H NMR; DMSO-ds: &
39.50 for 1*C NMR).

2.2.2 Synthesis of Compounds

HoN
: HoN TFA: H,0 H
\ﬁco oH ) °
n NMM, Ethyl chioroformate, B Ko co DMF “aen @JJ\N oH
CHCly, 0 °C-rit. 48h h N
o}
n_

1a:n=3 NP1:n=3
1b: n=5 5 NP2: n=5
1c:n=9 2c n=9 3 n=9 NP3: n=9

Scheme 2.1 Synthetic outline of nucleobase amino acid conjugates.

2.2.2.1 General Procedure for the Synthesis of 2a-c:

Under argon atmosphere, N-methyl morpholine was added in the
solution of bromo acids (1a-c) in dry chloroform at 0 °C. The solution
was left for stirring at this temperature. After 15 min, ethyl
chloroformate was added into the solution and stirred vigorously at this
temperature for additional 45 min before the addition of L-phenylalanine
tert-butyl ester. Then the reaction mixture was allowed to stir for 1 h at
0 °C and then at room temperature for 16 h. The progress of the reaction
was monitored by TLC. After the completion of the reaction, reaction
mixture was diluted with water and washed with 1(N) NaOH (3%x10) mL
and then with brine, 0.5 (N) HCI (3x10) mL and finally with brine. The
organic part was dried over Na;SO4 and concentrate under vacuum. The
product was used without further purification.

2.2.2.2 Synthesis of 2a

The compound 2a was synthesized as per the above-mentioned general
procedure. Yield: 90%. *H NMR (DMSO-dg, 500 MHz): § 1.33 (s, 9H),
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1.84-1.97 (m, 2H), 2.10-2.28 (m, 2H), 2.84-2.89 (m, 1H), 2.95-3.00 (m,
1H), 3.52-3.54 (t, 2H, J = 5, 5 Hz), 4.33-4.38 (m, 1H), 7.19-7.29 (m,
5H), 8.28-8.30 (d, 1H, J = 10 Hz). 3C NMR (DMSO-ds, 125 MHz): 6
24.74, 27.46, 28.01, 32.41, 35.22, 35.41, 37.43, 54.38, 80.94, 126.87,
128.58, 129.59, 137.87, 171.34, 172.42. (ESI-MS, m/z): [M+Na]*
calculated for C17H24BrNOsNa: 392.094; found 392.0776.
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Figure 2.1 *H NMR (500 MHz, DMSO-ds) spectrum of compound 2a.
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Figure 2.2 *C NMR (125 MHz, DMSO-dg) spectrum of compound
2a.
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Figure 2.3 ESI-MS spectrum of compound 2a.
2.2.2.3 Synthesis of 2b

The compound 2b was synthesized as per the above-mentioned general
procedure. Yield: 85%. *H NMR (DMSO-dg, 500 MHz): § 1.24-1.31 (m,
2H), 1.34 (s, 9H), 1.42-1.48 (m, 2H), 1.76-1.82 (m, 2H), 1.72-1.78 (m,
2H), 2.06-2.09 (m, 2H), 2.84-2.89 (m, 1H), 2.95-2.99 (m, 1H), 3.46-3.49
(t, 2H, J =5, 10 Hz), 4.35-4.40 (m, 1H), 7.20-7.30 (m, 5H), 8.16-8.17
(d, 1H, J = 5 Hz). *C NMR (DMSO-ds, 125 MHz): § 24.74, 27.46,
28.01, 32.41, 35.22, 35.41, 37.43, 54.38, 80.94, 126.87, 128.58, 129.59,
137.87, 172.34, 172.42. (ESI-MS, m/z): [M+Na]® calculated for
C19H26BrNO3Na 420.1253; found 420.1088.
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Figure 2.4 'H NMR (500 MHz, DMSO-ds) spectrum of compound 2b.
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Figure 2.5 3C NMR (125 MHz, DMSO-ds) spectrum of compound 2b.
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Figure 2.6 ESI-MS spectrum of compound 2b.
2.2.2.4 Synthesis of 2c

The compound 2c¢ was synthesized as per the above-mentioned general
procedure. Yield: 88%. 'H NMR (DMSO-ds, 500 MHz): ¢ 1.21-1.27
(m, 10H), 1.34 (s, 9H), 1.39-1.43 (m, 2H), 1.76-1.82 (m, 2H), 2.03-2.07
(m, 2H), 2.84-2.88 (m, 1H), 2.95-2.99 (m, 1H), 3.51-3.54 (t, 2H, J =5,
10 Hz), 4.34-4.38 (m, 1H), 7.19-7.29 (m, 5H), 8.12-8.14 (d, 1H, J = 10
Hz). C NMR (DMSO-ds, 125 MHz): 6 25.65, 28.00, 28.53, 28.87,
29.14, 29.22, 32.72, 35.46, 35.61, 37.39, 54.40, 55.37, 80.88, 126.84,
128.55, 129.57, 137.91, 171.36, 172.61. (ESI-MS, m/z): calculated for
C19H2sBrNO3Na 476.1879 [M+Na] *; found 476.1771.
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Figure 2.9 ESI-MS spectrum of compound 2c.
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2.2.2.5 General Procedure for the Synthesis of 3a-c:

2-Amino-6-chloropurine was added in the solution of dry DMF (10 mL)
under argon atmosphere. Then K.COz was added in the solution.
Finally, bromo acid was added dropwise into the solution and the
reaction was left for stirring for 24 h. The progress of the reaction was
monitored by TLC. After the completion of the reaction, the reaction
mixture was diluted with ethyl acetate and washed with water several
times, finally with brine and dried over Na,SQO4. After the evaporation
of the solvent under rotary evaporator, the reaction mixture was purified
by silica gel column chromatography. The major product was N9
alkylated purine product (eluent: CHCIlz: MeOH = 99:1) and the minor
product was N7 alkylated purine product (eluent: CHCI3: MeOH =
94:6).

2.2.2.6 Compound 3a:

The compound 3a was synthesized as per the above-mentioned general
procedure. Yield: 65%. *H NMR (DMSO-dg, 500 MHz): § 1.32 (s, 9H),
1.91-1.96 (m, 2H), 2.06-2.09 (m, 2H), 2.83-2.88 (m, 1H), 2.93-2.97 (m,
1H), 3.96-3.99 (t, 2H, J = 5, 10 Hz), 4.34-4.39 (m, 1H), 6.91 (s, 2H)
7.18-7.29 (m, 5H), 8.05 (s, 1H) 8.24-8.26 (d, 1H, J = 10 Hz). 1°C NMR
(DMSO-de, 125 MHz): 6 25.45, 27.99, 32.28, 37.41, 43.01, 54.44,
81.07, 123.86, 126.91, 128.61, 129.59, 137.75, 143.72, 149.78, 154.53,
160.22, 171.29, 171.58. (ESI-MS, m/z): (ESI-MS, m/z): [M+Na]*
calculated for C22H27CINsO3sNa 481.1833; found 481.1728.
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Figure 2.12 ESI-MS spectrum of compound 3a.

2.2.2.7 Compound 3b:

The compound 3b was synthesized as per the above-mentioned general
procedure. Yield: 62%. *H NMR (DMSO-ds, 500 MHz): 6 1.13-1.18 (m,
2H), 1.31 (s, 9H), 1.43-1.49 (m, 2H), 1.70-1.76 (m, 2H), 2.05-2.08 (m,
2H), 2.82-2.87 (m, 1H), 2.93-2.97 (m, 1H), 3.98-4.01 (dd, 2H, J =5, 10
Hz), 4.33-4.38 (m, 1H), 6.90 (s, 2H), 7.18-7.28 (m, 5H), 8.12 (s, 1H),
8.13-8.14 (d, 1H, J = 5 Hz), *3C NMR (DMSO-ds, 125 MHz): ¢ 25.03,
25.89, 27.99, 29.12, 35.19, 37.42, 43.31, 54.37, 80.95, 123.82, 126.88,
128.57,129.58, 137.83, 143.68, 149.76, 154.52, 160.21, 171.33, 172.45.
(ESI-MS, m/z): [M+Na]" calculated for C24H3:CINsO3sNa 509.2146;
found 509.2049.
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Figure 2.13 'H NMR (500 MHz, DMSO-dg) spectrum of compound
3b.
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Figure 2.15 ESI-MS spectrum of compound 3b.
2.2.2.8 Compound 3c:

The compound 3¢ was synthesized as per the above-mentioned general
procedure. Yield: 67%. *H NMR (DMSO-dg, 500 MHz): § 1.13-1.24 (m,
10H), 1.32 (s, 9H), 1.38-1.42 (m, 2H), 1.73-1.79 (m, 2H), 2.02-2.05 (m,
2H), 2.83-2.87 (m, 2H), 2.94-2.98 (m, 1H), 4.02-4.05 (t, J = 5, 10 Hz),
4.33-4.37 (m, 1H), 6.90 (s, 1H), 7.17-7.28 (m, 5H), 8.11-8.13 (d, 1H, J
=10 Hz), 8.14 (s, 1H). 3C NMR (DMSO-ds, 125 MHz): § 25.62, 26.47,
27.99, 28.85, 28.90, 29.12, 29.21, 29.40, 35.45, 37.37, 43.47, 54.39,
80.89, 123.82, 126.83, 128.55, 129.57, 137.90, 143.74, 149.76, 154.54,
160.21, 171.36, 172.61. (ESI-MS, m/z): [M+H] * calculated for
C28H40CINeO3 543.2772; found 543.2615.
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Figure 2.16 *H NMR (500 MHz, DMSO-ds) spectrum of compound 3c.
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Figure 2.17 *C NMR (125 MHz, DMSO-ds) spectrum of compound
3c.
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Figure 2.18 ESI-MS spectrum of compound 3c.
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2.2.2.9 General Procedure for the Synthesis of Compound NP1-3:

Compounds 3a-c were dissolved in 5 mL TFA: H2O (3:1) solution.
Then, the reaction was left for stirring for 48 h at room temperature. The
progress of the reaction was monitored by thin layer chromatography
(TLC). After the completion of the reaction, TFA was evaporated under
vacuum. The reaction was washed with diethyl ether to obtain the white

solid.
2.2.2.10 Compound NP1:

The compound NP1 was synthesized as per the above-mentioned
general procedure. Yield: 82%. *H NMR (DMSO-dgs, 500 MHz): 5 1.84-
1.90 (m, 2H), 2.03-2.09 (m, 2H), 2.81-2.86 (m, 1H), 3.04-3.08 (m, 1H),
3.85-3.87 (t, 2H, J =5, 5 Hz), 4.42-4.46 (m, 1H), 6.57 (s, 2H), 7.17-7.28
(m, 5H), 7.87 (s, 1H), 8.23-8.24 (d, 1H, J = 5 Hz), 10.72-10.73 (d, 1H,
J =5 Hz), 12.70 (s, 1H). *C NMR (DMSO-ds, 125 MHz): ¢ 25.72,
32.26, 37.16, 43.02, 53.79, 115.27, 126.86, 128.62, 129.51, 137.84,
138.14, 151.23, 154.36, 156.59, 171.62, 173.62. (ESI-MS, m/z):
calculated for [M+H]" C1gH21NsO4 385.1546; found 385.1719.
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Figure 2.19 'H NMR (500 MHz, DMSO-ds) spectrum of compound
NP1.

98



mmmmm

~173.62
~171.62
- 156.59
~154.36
~151.23

8

7

9

8

6

5
—53.79
~37.16
—32.26
/2572

Ll UL

T T T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
Chemical Shift (ppm)

Figure 2.20 *C NMR (125 MHz, DMSO-ds) spectrum of compound
NP1.
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Figure 2.21 ESI-MS spectrum of compound NP1.
2.2.2.11 Compound NP2:

The compound NP2 was synthesized as per the above-mentioned
general procedure. Yield: 85%. *H NMR (DMSO-ds, 500 MHz): 6 1.07-
1.17 (m, 2H), 1.40-1.46 (m, 2H), 1.68-1.74 (m, 2H), 2.01-2.09 (m, 2H),
2.80-2.85 (m, 1H), 3.04-3.07 (m, 1H), 3.94-3.97 (t, 2H, J = 5, 10 Hz),
4.41-4.45 (m, 1H), 6.86 (s, 2H), 7.18-7.28 (m, 5H), 8.12-8.13 (d, 1H, J
=5 Hz), 8.50 (s, 1H), 11.15 (s, 1H), 12.67 (s, 1H). **C NMR (DMSO-
de, 125 MHz): 24.95, 25.66, 28.99, 35.19, 37.22, 44.16, 53.72, 111.40,
126.81, 128.57,129.52, 137.58, 138.20, 150.68, 155.23, 159.08, 172.46,
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173.67. (ESI-MS, m/z): [M+H]" calculated for Cz0H23NeO4 413.1859;
found 413.2173.
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Figure 2.22 *H NMR (500 MHz, DMSO-dg) spectrum of compound
NP2.
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Figure 2.23 *C NMR (125 MHz, DMSO-dg) spectrum of compound
NP2.
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Figure 2.24 ESI-MS spectrum of compound NP2.
2.2.2.12 Compound NP3:

The compound NP3 was synthesized as per the above-mentioned
general procedure. Yield: 81%. *H NMR (DMSO-ds, 500 MHz): § 1.08-
1.23 (m, 10H), 1.34-1.40 (m, 2H), 1.73-1.78 (m, 2H), 2.01-2.04 (m, 2H),
2.81-2.85 (m, 2H), 3.03-3.07 (m, 1H), 3.96-3.99 (t, 2H, J =5, 10 Hz),
4.40-4.44 (m, 1H), 6.65 (s, 1H), 7.16-7.27 (m, 5H), 8.08-8.10 (d, 1H, J
=10 Hz), 8.17 (s, 1H) 10.85 (s,1H) 12.64 (s, 1H). '3*C NMR (DMSO-ds,
125 MHz): 25.60, 26.33, 28.84, 28.90, 29.14, 29.19, 29.43, 35.51,
37.20, 44.00, 53.70, 113.02, 126.78, 128.55, 129.51, 137.72, 138.25,
150.96, 154.81, 155.80, 172.63, 173.71. (ESI-MS, m/z): [M+H]*
calculated for C24H33NsO4 469.2485; found 469.2615.
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Figure 2.25 'H NMR (500 MHz, DMSO-ds) spectrum of compound
NP3.
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Figure 2.26 *C NMR (125 MHz, DMSO-ds) spectrum of compound
NP3.
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Figure 2.27 ESI-MS spectrum of compound NP3.
2.2.3 Preparation of Hydrogel

The synthesized nucleobase functionalized compounds (NP1, NP2 and
NP3) (30 mM) (see Sl for experimental procedure) powders were placed
inside a glass vial and solubilized by the addition of 50 puL of KOH (0.5
N) solution, respectively. The complete dissolution of the compounds
was achieved by 5 min ultrasonication followed by vortex to mix the
compounds appropriately, and the pH of the medium was 10. Dropwise
addition of 0.1 N HCI to the solution results in lowering of the pH.
Therefore, the clear solution became viscous gradually in 15 min and

turned into the hydrogel. The final pH of the hydrogel was 6.8. Among
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the synthesized nucleobase amino acid conjugates, only compound NP3

formed the hydrogel which was confirmed by inverting the vial.
2.2.4 Proteolytic Stability

The proteolytic stability of the synthesized nucleobase functionalized
hydrogel was carried out in the phosphate buffer at the physiological pH
7.4 and temperature 37 °C. The proteolytic stability was checked in the
presence of proteinase K and chymotrypsin. The synthesized gel was

incubated with enzymes to check the proteolytic stability.
2.2.5 Circular Dichroism Spectroscopy

The presence of the G-quadruplex structure inside the hydrogel was
analysed by circular dichroism (CD) spectrometer (Jasco J-815). The
NP3 hydrogel (30 mmol L) was diluted to 0.2 mM using double
distilled water and the spectra were recorded within the range from 190
to 320 nm. The bandwidth value was set at 1 nm with 0.1 data pitch and
scanning speed was set at 20 nm min~tand 4 s.

2.2.6 Fluorescence Spectroscopy

The presence of G-quadruplex structure inside the hydrogel was
analyzed by the fluorescence spectroscopy. For this experiment,
hydrogel was prepared in a quartz cuvette, and freshly prepared 100 pL
of 1 mm ThT solution was added in the hydrogel and kept it under
incubation for 4 h. The fluorescence spectra of the ThT incorporated
hydrogel were collected on Horiba Scientific spectrophotometer (model
no: FluoroMax-4) using a quartz cuvette at 25 °C. The width of the slit
was set at 2 nm for the emission spectra and the data pitch value was 1
nm. Emission spectra of the ThT containing hydrogel was recorded at

an excitation wavelength of 450 nm and the data range was 460-800 nm.
2.2.7 FT-IR Spectroscopy

The FT-IR spectrum was recorded for the synthesized nucleobase
functionalized amino acid conjugate (NP3) and the xerogel of the NP3.
FT-IR spectrum was recorded through a Bruker (Tensor 27)
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spectrophotometer using the KBr pellet. Scan range was between 400
and 4000 cm™ over 64 scans at a resolution of 4 cm™ and an interval of

1cm?
2.2.8 X-ray Diffraction (XRD) Measurement

X-ray diffraction (XRD) pattern of the synthesized nucleobase
functionalized amino acid (NP3) and its xerogel were measured using
Rigaku Smartlab automated multipurpose X-ray diffractometer with a
wavelength of 0.154 nm (Cu Ka,) at 25 °C. PXRD analysis of the xerogel
was performed by placing the sample on a glass plate.

2.2.9 Rheological Behaviour of the Hydrogel

Viscoelastic characterization of the hydrogel was carried out by
rheology. Anton Paar Physica rheometer (model no MCR 301) was used
for all rheological experiments. The linear viscoelastic region (LVR) of
the synthesized hydrogel was determined by the amplitude sweep
experiment at a constant frequency of 10 rad/s. Hydrogel was placed on
the rheometer disc by using a micropipette. A parallel plate of diameter
25 mm was used for this experiment. The TruGap was set at 0.5 mm.
The mechanical strengths of the hydrogels were determined by
frequency sweep experiment. In the frequency sweep experiment, the
storage modulus (G") and loss modulus (G") were plotted as a function
of frequency. The range of frequency was of 0.1-100 rad s™. The
thixotropic properties of the synthesized hydrogel were determined by
step-strain experiments. Throughout the experiment a constant

frequency of 10 rad/s was maintained.
2.2.10 Diffusion Ordered NMR Spectroscopy (DOSY)

Nucleobase amino acid conjugate solutions were prepared in D2O at 10
mM concentration of the synthesized NPs as a compromise between
solubility and NMR signal intensity. DOSY spectra were acquired at
500 MHz using a Bruker Avance 600 spectrometer using the Bruker

pulse program ledbpgp2s at 298 K.
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2.2.11 Morphological Study of the Hydrogel

Morphological characterization of the hydrogel was carried out using
various microscopic techniques such as SEM, AFM and TEM. SEM
images of the hydrogel were captured using Zeiss field emission
scanning electron microscope (model no Supra55 Zeiss). For the FE-
SEM experiment, 50 pL of the hydrogels was taken in an Eppendorf,
and diluted with 100 pL of water. Then it was crushed finely with a gel
crusher and finally, 10 pL of diluted hydrogel (10 mM) was placed on a
glass slide. The samples were dried under air and finally in a vacuum.
The samples were coated with gold for imaging. TEM images were
snapped with a JEOL microscope (model: JEM-2100). The operating
voltage was set at 200 kV and a field-emission gun transmission electron
microscope (model: Tecnai G2, F30) was operated at a voltage of 300
kV. Hydrogel (50 uL) was dissolved in 450 puL of water, and the dilute
solution of the hydrogels (3 mM) was dried on carbon-coated copper
grids (300 mesh) by slow evaporation in air and then allowed to dry
separately under reduced pressure at room temperature. The
nanostructural morphology of hydrogels was analyzed by TEM
experiments using 3% phosphotungstic acid as a negative stain. AFM
study was performed by drop casting of 20 pL of the hydrogel solution
over a mica and allowed it to dry in air at room temperature. The
hydrogel solution was prepared by dissolving 50 pL of the hydrogel (1.5
mM) in 950 pL of the water. AFM images were recorded in tapping
mode on a Park systems (NX 10) AFM instrument.

2.2.12 HPL.C Analysis

HPLC grade acetonitrile and water were used without further
purification. The dynamic reaction mixture was characterized by reverse
phase symmetry C18 column (250 x 4.6 cm, 5 um particle size). UV-
Vis absorbance was monitored at 254 nm. Separations were achieved by
running the column with acetonitrile-water as eluent at a flow rate of 1
ml min™ at 25 °C. The sample preparation involved mixing of 20 pL of
hydrogelator solution with acetonitrile. The samples were then filtered
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through a 0.45 pm syringe filter (Whatman, 150 units, 13 mm diameter,
2.7 mm pore size) prior to injection. A 20 pL of sample was injected
into a Dionex Acclaim ® 120 C 18 column of 250 mm length with an
internal diameter of 4.6 mm and 5 pm fused silica particles at a flow rate

of 1 mL min.
2.2.13 Drug Release Study

To study the diffusion mediated vitamin release from the G-quadruplex
hydrogels, the vitamin containing hydrogel was prepared in a5 mL clean
vial. Phosphate buffer solution (1 mL, 50 mM, pH = 7.4) was added to
the above hydrogel as a diffusion media. An aliquot (200 pL) of the
diffusion media were pulled out from the externally added upper
solution, initially at 15 min interval then 30 min and finally at 5 h
interval. The absorption of the collected aliquot was taken on a Jasco
V750 UV-vis spectrophotometer. An equal volume of fresh phosphate
buffer solution (200 pL, 50 mM, pH 7.4) was added to maintain the total
volume constant. The cumulative amount (M) of the entrapped vitamin,
releases from the hydrogel network at a specific time t, was estimated

according to the following equation,

M, =CV + Z Co_Vi

where C; denotes the release amount of vitamin molecules at a particular
time t, while V denotes the total volume including hydrogel as well as
diffusion media and Vs is the volume that pulled out at different time

intervals.

The cumulative percentages of the released vitamins were estimated

according to the following equation.

where My, denotes the percentage of vitamin release from the gel
matrix, M denotes the amount of released vitamins at time t, Mota is the

total amount of the loaded vitamin in the hydrogel matrix.
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2.2.14 Preparation of Vitamin Loaded Hydrogel

Vitamins B> and Bi» were encapsulated into the hydrogel matrix (30
mM, 1 mL), respectively. To formulate vitamin loaded hydrogel, first
the respective vitamins were dissolved in D.l. water (2 mg/mL) to
prepare the vitamin solutions. Then, small aliquots (150 pL) of the
above-mentioned vitamin solutions were mixed with the gelator solution
during the preparation of the hydrogel to formulate the vitamin loaded
hydrogel. During gelation, the final concentrations of the vitamins B>
and B2 were 0.3 mg/mL and 0.2 mg/mL, respectively.

2.2.15 Cell Viability

The in vitro cytotoxicity of the nucleobase amino acid conjugated
hydrogel was evaluated by MTT assay. The human embryonic kidney
293 (HEK 293) and breast cancer cell lines (MCF-7) were used for the
MTT assay.

2.2.16 Live and Dead Cell Imaging Biocompatibility of the NP3
hydrogel toward MCF-7 cell line was determined by the Live/Dead
assay. In the 24-well plate, ~250 cells/well were seeded. This plate was
incubated for 24 h. After that, the gel was placed within cells and
incubated at 37 °C for 24 h in the presence of 5% CO>. On the next day,
the hydrogel and the DMEM media were removed. Then, the cells were
stained with hoechest (5 pg/mL) and propidium iodide (PI, 3 pg/mL) at
37 °C for 30 min, respectively. Post incubation, the cells were washed
with phosphate-buffered saline (PBS) and Live/Dead images were
captured with Fluoview FV100 (OLYMPUS, Tokyo, Japan) confocal
microscope. For imaging, the 405 nm laser was used for hoechest, and

559 nm laser was used for PI.
2.2.17 Statistical Analyses

The biological data are shown as mean + standard error of the mean. *p
< 0.05; as compared to the control group. The data were analyzed by
one-way ANOVA (nonparametric), using a Graph Pad Prism
(GraphPad, San Diego, CA).

107



2.3 Results and Discussion

We have prepared three guanine functionalized molecules (NP1, NP2
and NP3) using a conventional solution-phase synthetic procedure (see
SI Scheme S1). The newly synthesized nucleobase amino acid
conjugates were found to be insoluble in water. Therefore, the
synthesized NP’s were dissolved in ultrapure water by basification of
the medium with the gradual addition of 0.5 M KOH to reach pH 10.
Next, the pH of the medium was reduced to 7 by the slow addition of
0.1 M HCI solution over a period of 15 min. During this process, it is
noteworthy that only NP3 formed self-supported hydrogel and was
assigned as NP3 hydrogel. The prepared NP3 hydrogel was stable upto
4weeks. The minimum gelation concentration (MGC) of the hydrogel is
30 mM. The final pH of the hydrogel was 6.8. In case of NP1 and NP2,
precipitation was observed instead of hydrogelation (Figure 22.8a) at a
concentration of 35 mM which was above the MGC. The overall
gelation studies clearly reveal that the size of long aliphatic carbon chain
had a direct impact in the formation of the hydrogel. The ClogP values
of NP1, NP2 and NP3 are calculated as -0.159, 0.324 and 2.44,
respectively [38,39]. Therefore, the introduction of the long fatty acid
chain increases the hydrophobicity of the synthesized nucleobase amino

acid conjugates.
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Figure 2.28 (a) The increasing hydrophobicity in the synthesized
nucleobase peptide conjugated molecule induces proper hydrophilic and
hydrophobic which in turn leads to the formation of the hydrogel. DOSY
NMR spectrum of 10 mM (b) NP1, (c) NP2 and, (d) NP3 in DO at
298K. Optical images of NP3 hydrogel formed in (e) LiOH and (f)
NaOH. (g) Precipitation was observed when prepared with KCI (100

mM) solution.

Therefore, NP1 and NP2 are more hydrophilic in comparison with NP3.
In NP3, the hydrophobicity and hydrophilicity are properly balanced
which resulted in the formation of the stable NP3 hydrogel. Clearly, the
C9 lipid chain positioned between nucleobase and amino acid appears
to be a crucial factor in driving the gelation of NP3. The diffusion
ordered NMR spectra (DOSY) were recorded for the synthesized NP’s
to get further insight into the supramolecular aggregation propensity
[40]. DOSY s used to estimate the diffusion coefficient of the
aggregates by the Stokes-Einstein equation. Diffusion coefficient (D, 10
10 m?s1) for the aromatic protons of the phenyl moieties of the NP1, NP2
and NP3 are 4.035, 3.635 and 0.01178, respectively. Thus, showing
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greater affinity of the NP3 towards aggregation (Figure 2.28b-d). It is
noteworthy to mention that guanine moiety often forms a self-assembled
G-quadruplex structure through the H-bonding and =-m stacking
interaction in the presence of suitable monovalent metal cations [41,42].
Therefore, the role of alkali metal cations in stabilizing the G-
quadruplex was also evaluated by preparing the hydrogel in presence of
NaOH or LiOH. It was observed that weak hydrogels were formed in
both solutions (Figure 2.28e-g) [44-46]. Perhaps the ionic radii of Li*
and Na* ions are too small to fit appropriately within the pocket of G-
quadruplex to furnish a strong gel. The formation of strong and stable
hydrogel with alkali metal cation K" supports the presence of the
Hoogsteen-like H-bonding interactions among the guanine base to
stabilize the G-quartet framework [47,48]. The n-x stacking interaction
among the monovalent alkali metal cation-based G-quartet motif and the
phenyl moieties results in columnar structure which in turn forms the
supramolecular nanofibrous stiffer G-quadruplex hydrogel (Scheme
2.2).

G-quadruplex Formation

Higher order
Self-assembly

Spontaneous Encapsulation of drugs Nanofibrils

release of drugs Molecule within hydrogel NP3 hydrogel

Scheme 2.2 Graphical illustration demonstrating the development of
NP3 hydrogel with the support of suitable monovalent alkali metal ion
and the utilization of hydrogel to study the release of vitamins from the

hydrogel matrices.

The formation of stronger hydrogel in the presence of monovalent alkali
metal ion K™ indicates the cation selective behavior of the NP3 hydrogel.
Additionally, the length of the hydrophobic carbon chain has a
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significant contribution in stabilizing the NP3 hydrogel [49,50]. These
factors jointly have an important role in the formation of stable

nanofibrous hydrogel.
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Figure 2.29 (a) Fluorescence spectra of ThT solution (black line), ThT
loaded NP3 without K* (blue line) and ThT loaded NP3 hydrogel (in
presence of K¥) (red line). (b) Optical photographs of ThT loaded NP3
hydrogel under daylight (left) and under 365 nm UV light (right). (c)
Plausible mechanism of enhancement of fluorescence intensity in
presence of ThT. (d) Wide angle powder X-ray diffraction pattern of the
NP3 xerogel. (e) Graphical presentation of the G-quadruplex showing
the distance between two consecutive stacked G-quartet and the width
of the quartet. (f) Wide angle PXRD spectrum of NP3.

The presence of the G-quadruplex structure within the hydrogel was
studied by using Thioflavin T binding assay. Thioflavin T, a cationic
dye is generally used to recognize the presence of the most important
secondary structure of DNA. The cationic fluorogenic dye, thioflavin T
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(ThT) intercalates in between the G-quartet planes, which subsequently
increases the fluorescence intensity [51,52]. Therefore, in our hydrogel
system, we incorporated ThT solution (0.1 mM) during the hydrogel
preparation and studied the corresponding emissive behavior of the
ThT-incorporated G-quadruplex NP3 hydrogel. The fluorescence
spectrum of ThT-loaded NP3 hydrogel exhibited an intense emission
maximum at 498 nm upon excitation at 450 nm. However, the bare ThT
solution displays a very weak fluorescence at 483 nm upon excitation at
450 nm (Figure 2.29a). We also recorded the fluorescence of ThT
incorporated NP3 solution (no metal ions). The fluorescence spectrum
of ThT incorporated NP3 solution (no metal ions) shows an emission
peak at 476 nm. The significant change of intensity and shift in emission
maxima in comparison to the bare ThT and ThT incorporated NP3 (no
metal ions) in fluorescence spectrum is attributed to the intercalation of
the ThT molecules within the stacked G-quartet layer formed by the
guanine moiety in the NP3 in the presence of K ions (Figure 2.29b).
Therefore, Thioflavin T binding experiment shows the significance of
K* ions in the formation of the G-quadruplex. The optical images of the
ThT incorporated hydrogel were captured under day light and under UV
light. This observation also demonstrated the enhancement of
fluorescence intensity under UV light after the addition of ThT (Figure
2.29c). Therefore, the ThT binding fluorescence assay revealed the
presence of G-quartet-like stacked assembly inside the NP3 hydrogel.
The wide-angle powder X-ray diffraction (PXRD) experiment also
favored the presence of G-quadruplex like assembly inside the hydrogel.
In this assay, the lyophilized NP3 hydrogel powder was used. The
PXRD of the NP3 hydrogel also supported G-quadruplex structure. The
PXRD spectra showed a sharp peak at 26 = 4.159° corresponding to the
distance (d = 21.27 A) of width of a G-quartet unit. Further, the Bragg
diffraction peak at 20 = 28.46° corresponds to the d value 3.14 A, which
refers to the n—m stacking distance among two consecutive stacked G-
quartets moieties (Figure 2.29d, e) [53,54]. We also performed wide
angle PXRD of the NP3 powder. However, no prominent peaks were

found in the above-mentioned region (Figure 2.29f). Therefore, the
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wide angle PXRD experiments confirmed the existence of the G-

quadruplex like structure inside the NP3 hydrogel state.
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Figure 2.30 (a) CD spectrum of the NP3 hydrogel (0.2 mM). Circular
dichroism spectra of the NP3 hydrogel prepared with (b) NaOH and (c)
LiOH. FT-IR spectra of (d) NP3 compound and (e) xerogel of NP3.

The CD spectrum for the NP3 hydrogel was taken in the range between
190-290 nm [55]. The spectrum for the NP3 hydrogel showed a positive
absorption peak at 260 nm in addition with a negative absorption peak
at 230 nm, indicating the parallel G-quartet topology inside the NP3
hydrogel (Figure 2.30a) [56]. The sequential positive and negative
peaks appeared because of n-n stacking interaction among the G-quartet
moiety. In addition, there was another peak at 208 nm indicating the n-
n* transition in the phenyl moiety [57,58]. Further, the role of
monovalent alkali metal cations in the formation of G-quartet hydrogel
were also confirmed by using the CD spectroscopy. The hydrogel was
prepared using NaOH and LiOH solutions and the CD spectra were
recorded in both the cases. The peak at 260 nm becomes flattened for
both ions (Figure 2.30b, c) [59]. Hence, Li* and Na* ions could not

stabilize the G-quartet framework which resulted in a weak hydrogel.
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Hence, the CD spectra confirmed the presence of K™ ion stabilized G-
quartet type framework inside the NP3 hydrogel. Fourier-transform
infrared spectroscopy (FTIR) experiment was carried out to characterize
nucleobase functionalized amino acid conjugated G-quadruplex
hydrogel. The -C=0 stretching frequency for the amide bond in guanine
moiety of the NP3 is observed at 1722 cm™. The amide N-H bending
and stretching peaks appear at 1561 cm™, 1537 cm™ and 3318 cm™, 3450
cm?, respectively (Figure 2.30d) [23,25]. However, in NP3 xerogel, the
-C=0 stretching frequency of the amide bond of the guanine moiety
appeared at 1699 cm™ indicating the presence of H-bonding interaction

with the metal ion in the quadruplex structure (Figure 2.30¢).

Figure 2.31 (a) TEM image shows the presence of nanofibrillar
morphology inside the NP3 hydrogel. (b) AFM image also reveals
nanofibrillar morphology in the hydrogel state. (¢) AFM 3D height
profile image of NP3 hydrogel. (d) SEM image of NP3 hydrogel.

The self-assembled morphology inside the nucleobase functionalized
amino acid conjugated NP3 hydrogel was investigated by several

microscopic techniques such as high-resolution transmission electron
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microscopy (HR-TEM), atomic force microscopy (AFM) and field
emission scanning electron microscopy (FESEM) [60]. The HR-TEM
images of the NP3 hydrogel confirm the existence of several thicker
fibers with an average width of 44 nm fibers along with the thinner fibers
of an average width of 18.57 nm (Figure 2.31a). Therefore, the HR-
TEM images demonstrated the co-existence of dense nanofibrillar
morphology inside the hydrogel matrices. The AFM images of the NP3
hydrogel also suggested the presence of nanofibrillar morphology inside
the NP3 hydrogel (Figure 2.31b and c). Further, the FE-SEM images
of the NP3 hydrogel support both the observation obtained from TEM
and AFM analysis. The SEM image also revealed the presence of
nanofibrillar morphology inside the hydrogel (Figure 2.31d). The SEM
image showed the average width of thick and thin nanofibers was 48 and
20 nm, respectively. Therefore, all the microscopic techniques SEM,
TEM and AFM display the presence of nanofibrillar networks inside the
gel which lead to the formation of NP3 hydrogel. Therefore, the
presence of dense twisted chains of nanofiber entrapped water
molecules to form a cage-like structure assisting in the formation of self-
assembled hydrogel. The rheological experiments were conducted to
analyze the viscoelastic nature of the NP3 hydrogel [61-63]. At first,
amplitude sweep test was executed to know the zone where deformation
occurs. In this experiment, the magnitude of the applied shear strain was
changed at a fixed frequency (10 rad s™). The variation of storage
modulus (G") and loss modulus (G”) values are constant at a lower strain
(<5%). Therefore, amplitude sweep experiment shows the unperturbed
nature of the hydrogel state at lower strain where hydrogel state was
retained. However, the storage modulus (G') gradually decreased with
increase in shear strain (>10%) indicating transformation of hydrogel
state to the sol state (Figure 2.32a). The frequency sweep test was
performed at a fixed strain of 1% over the frequency range of 100 to 0.1
rad s*. During the entire analysis, the G' values were consistently
greater than the values of G" suggesting the formation of solid-like
viscoelastic nature of the NP3 hydrogel (Figure 2.32b).
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Figure 2.32 Rheological experiments of NP3 hydrogel: (a) amplitude
strain-sweep experiment where frequency was fixed at 10 rad. s and
(b) the frequency sweep test at fixed strain of 1%. Rheological
experiments of NP3 hydrogel prepared in NaOH (c) Amplitude sweep
experiment. (d) Frequency sweep experiment at a constant strain of
0.5%. Rheological experiments of NP3 hydrogel prepared in LiOH. (e)
Amplitude sweep experiment. (f) Frequency sweep experiment at a

constant strain of 0.5%.

The amplitude sweeps and the frequency sweep experiments were also
conducted for the other hydrogels prepared with LiOH and NaOH. The
G' and G" values obtained from both experiments were lower when

compared to the hydrogel formed in presence of K* ions (Figure 2.32c,
d, e, f). Weaker hydrogels are formed when K™ ions are replaced with

Li* and Na® ions. Therefore, the ion selectivity character of the G-
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quadruplex nanofibrous hydrogel was also favoured from rheological

study.
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Figure 2.33 (a) Optical photographs demonstrate the Injectability nature
of the NP3 hydrogel. (b) Dynamic step-strain sweep profile of the NP3
hydrogel at a constant angular frequency of 10 rad.s. Rheological
experiment of vitamin B> loaded hydrogel: (c) Amplitude sweep
experiment. (d) Frequency sweep experiment. Rheological experiment
of vitamin B> loaded hydrogel: () Amplitude sweep experiment. (f)

Frequency sweep experiment.

The injectability nature of the NP3 hydrogel was also checked (Figure
2.33a). For this study, NP3 hydrogel (2 mL) was kept within the empty
glass syringe and was pulled out through a 24G needle. Hydrogel was
easily passed through the needle without blockage and the gel state was
quickly restored after extrusion. Now-a-days, biocompatible hydrogels

are widely used as injectable matrices for tissue engineering purposes
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because of their minimal invasiveness and stimuli responsive properties.
Besides, injectability also adds an extra advantage for the use of
hydrogel as a cargo in localized drug delivery application. Therefore,
the synthesis and formulation of the new class of injectable NP3
hydrogels may provide many applications in the biomedical field such
as drug delivery. The thixotropic property of the NP3 hydrogel was also
estimated by performing dynamic step-strain sweep experiment.
Thixotropicity is an important property of hydrogel which extends the
possibility of its use in the area such as drug release and stem cell
proliferation [64,65]. In this experiment, applied strain was varied
periodically (low-high-low). High strain was applied for a period of
100s to break the hydrogel and followed by its restoration at lower strain
which was also applied for 100s. This cycle was repeated 4 times to
validate the thixotropic character of the NP3 nanofibrous hydrogel
(Figure 2.33b). At the fixed lower applied strain, the higher G’ value
than G” attributed to the presence of the nanofibrous hydrogel.
However, G’ decreases and becomes lower than the G” with the sudden
increase of strain (100%) suggesting the deformation of the hydrogel
state and its transformation into sol condition. Interestingly, after
lowering the strain from 100 to 1%, the G’ value became higher again
indicating the restoration of the hydrogel state. Therefore, this
experiment revealed the thixotropic property of the NP3 hydrogel.
Further, the mechanical strength of the vitamins B, and B, loaded
hydrogels was also checked. The amplitude sweep experiment was
executed for both vitamins loaded hydrogels at a fixed frequency of 10
rad/s (Figure 2.33 ¢, d). Then, the frequency sweep experiment was also
performed for both hydrogels at a fixed strain of 1%. For the vitamin
loaded hydrogels, the G’ values remained higher than G" indicating the
existence of solid-like viscoelastic nature of the hydrogel throughout the
experiment. Therefore, from both the rheological experiments, it is
evident that the solid-like viscoelastic nature of the hydrogel was
properly maintained even after the encapsulation of the vitamins
(Figure2.33 ¢, f).
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Figure 2.34 Cumulative release (%) of vitamins: (a) release profiles of
vitamin B12 and (b) release profiles of vitamin B2 from the gel matrices
at pH = 4.0, 5.5, 7.4. Error bars represent SD, n = 3.

Biomolecules derived hydrogels are often used for slow release of
different drug molecules from the gel matrix due to their
biocompatibility and low cytotoxicity [66,67]. Hence, owing to the
importance of these vitamins, both the vitamins were encapsulated into
the dense and entangled nanofibrillar networks of the NP3 hydrogel.
Vitamins B, and Bi, were loaded in-situ separately at the time of
formation of the hydrogel and remain in a stable condition for 12 h. The
release study of the entrapped vitamins from the NP3 hydrogel was
examined at three different pHs (4.0, 5.5, 7.4). To observe the release of
vitamins from the hydrogel, phosphate buffer (1 mL; pH 7.4; 50 mM)
was added over the hydrogel (1 mL) and the whole system was kept
under incubation at 37 °C. For the release study, a small portion of
aliquots (200 pL) was withdrawn at different time interval from the
vitamin loaded hydrogel and its corresponding UV-Vis absorbance was
measured. The absorption maxima of vitamin B2 and vitamin B1> were
446 and 550 nm, respectively. The release of vitamins was observed up
to 30 h. After 30 h, 66% of entrapped vitamin B, and 35% of vitamin
B12 were released from the hydrogel at pH 7.4 (Figure 2.34a and 2.34b).
However, the release rate gradually decreases with lowering the pH
from 7.4 to 5.5 and 4.0. The dispersion of the hydrogel in the buffer is
slower at lower pH. The nanofibers disperse more rapidly in a higher pH
environment, allowing the encapsulated vitamin molecules to diffuse at

a faster rate at pH 7.4. The release of the vitamins B, and B after 30 h
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at pH 5.5 were 56% and 31% whereas at pH 4.0, the release was 49%
and 35%, respectively. The faster release of vitamin B> in contrast with
vitamin B1. is directly attributed to the lower molecular weight of
vitamin Bz as compared to vitamin Bi.. These vitamins loaded hydrogels
were stable in the buffer solution up to 30 h after that the slow
degradation of the hydrogel matrix was observed. The complete

dissolution of the hydrogel was observed after 36 h.
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Figure 2.35 Model fittings of vitamin B1. release profile with different
equations: (1) Zero-order release model at pH (a) 4.0, (b) 5.5 (¢) 7.4, (2)
first-order release model at pH (d) 4.0, (e) 5.5, (f) 7.4, (3) Higuchi
release model at pH (g) 4.0, (h) 5.5 (i) 7.4.

We have further studied the pH responsive release behavior of the
vitamins B2 and B1> from the hydrogel matrices at temperature (37 °C)
from the linear fitting of the three commonly used drug release model
(a) Zero-order release model, (b) second order release model and (c)

Higuchi release model.

Table 2.1 Kinetic parameters of vitamin release obtained by fitting in

three different release models
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Vitamin Zero-order First order Higuchi model

Release model model
(pH)

Ko R? Ki R? KH R?

B2 (7.4) | 0.00489 | 0.68165 | 0.00573 | 0.7011 | 0.03127 | 0.86365

B12 (7.4) | 0.00177 | 0.79554 | 0.00187 | 0.80821 | 0.01086 | 0.92026

B2 (5.5) | 0.00498 | 0.84878 | 0.0056 | 0.86328 | 0.03028 | 0.95732

B12 (5.5) | 0.00187 | 0.93379 | 0.00194 | 0.93704 | 0.01103 | 0.98413

B2 (4.0) | 0.00518 | 0.95405 | 0.00565 | 0.95893 | 0.03014 | 0.97155

B12 (4.0) | 0.00141 | 0.92461 | 0.00145 | 0.92697 | 0.00826 | 0.95933

The rate constant value in different release models indicated the stimuli
responsive behavior of the hydrogel. The larger value of the rate
constant indicated the faster release of the vitamins from the hydrogel
as well as greater stimuli responsiveness character of the matrices. The
R? value indicated the fitting of the equation with release model
equation. From the above data, the best fitting value was obtained with
the Higuchi model (Table 2.1).

(1) zero order release model (2) first order release model (3) Higuchi release model

000{
0024 %

oHedD &
0.06

In(1-Q)

0

10 . 15 20 10 15 20
Time (h) Time (h)

Qt
oo

pH=5.5

006 2

10 15 20 25 30 0 5 10 15 20
Time (h) Time (h)

pH=7.4

Qt

10 15 20 25 30 o 5 10 15 20
Time (h) Time (h)

Figure 2.36 Model fittings of vitamin B> release profile with different

equations: lease (1) Zero-order release model at pH (a) 4.0, (b) 5.5 (c)
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7.4, (2) first-order release model at pH (d) 4.0, (e) 5.5, (f) 7.4, (3)
Higuchi release model at pH (g) 4.0, (h) 5.5 (i) 7.4.

The rest of the models such as zero-order model, first order model did
not fit well to their corresponding equations (Figure 2.35 and 2.36).
Therefore, the release of the vitamins from the NP3 hydrogel networks

follows the Higuchi model [68,69].
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Figure 2.37 Time-dependent progress of digestion of hydrogelator NP3
by (a) proteinase K and (b) chymotrypsin. Time-dependent HPLC
Chromatograms of NP3 hydrogelator with (c) proteinase K and (d)
chymotrypsin.

Biostability is an important requirement for biomaterials. Thus, we
tested the stability of hydrogelator with potential protease enzymes
including proteinase K and chymotrypsin, which hydrolyse a wide range

of peptides by cleaving the amide bonds. The hydrogelator NP3 was
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incubated with proteolytic enzymes in phosphate buffer solution at pH
= 7.4 (50 mM, buffer concentration) under 37 °C for a period of 30 h.
The digestion course of the hydrogelator was monitored by performing
HPLC (high performance liquid chromatography) at the different time
intervals (Figure 2.37a and 2.37b). In the HPLC chromatogram, no new
peak was observed upon incubation with enzymes (Figure 2.37c and
2.37d). The NP3 hydrogelator show great resistance to enzymatic
digestion suggesting the excellent biostability of these nucleobases
amino acid conjugate [70]. Overall, the newly synthesized NP3
hydrogel shows excellent biostability, which makes it a promising

biomaterial for different biomedical applications.
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Figure 2.38 Concentration dependent (2-0.0078 mM) MTT cell
viability experiment of NP3 hydrogel against (a) HEK 293 and (b)
MCF-7 cells. Statistical analysis of data was carried out by one-way
ANOVA test. A collection of biological triplicates served as the basis
for all the findings. P values were calculated using GraphPad Prism
software version 9.0. P values < 0.05 were considered statistically
significant and represented by # increased, the remaining data points
show non-significant changes (N = 3).

Investigating the cytotoxicity of the hydrogel is important to determine
its suitability for future applications in biology. The in-vitro
biocompatibility of the synthesized NP3 hydrogel was evaluated using
two cell lines: epithelial human embryonic kidney cells (HEK 293) and
breast cancer cells (MCF-7). Different concentrations of the hydrogel
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(2-0.00778 mM) were tested in the cytotoxicity experiments. The results
of the MTT assay showed that the NP3 hydrogel had a cell viability of
over 96% in the concentration range of 0.5-0.00778 mM after 24 h of
incubation for HEK 293 cells (Figure 2.38a). However, at higher
concentrations (1 and 2 mM), the hydrogel showed some cytotoxicity.
Similarly, the NP3 hydrogel displayed nontoxic behaviour towards
MCEF-7 cell lines, with over 94% cell viability (Figure 2.38b).

DIC Hoechst Pl Merged

0.25 mM
hydrogel Control

0.031 mM
hydrogel

Figure 2.39 Biocompatibility assessment of NP3 hydrogels using the
MCEF-7 cell line. (a) Control, (b) 0.25 mM NP3 hydrogel, (c) 0.031 mM
NP3 hydrogel (Scale bar 20 um).

Therefore, the MTT assay was conducted on both HEK 293 and MCF-
7 cells to confirm that the hydrogel is biocompatible. The
biocompatibility of the synthesized NP3 hydrogel was further supported
by the live/dead cell imaging assay. Hoechst blue fluorescent dye was
used to stain live cells and propidium iodide was used to stain the dead
cells. The CLSM images clearly demonstrate that the NP3 hydrogel is
non-toxic to the MCF-7 cell line after a 24 h incubation period (Figure
2.39). In conclusion, both cytotoxicity experiments have confirmed that
the synthesized guanine functionalized hydrogel is nontoxic, making it

a potential candidate for further biological experiments.
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2.4 Conclusion

We have successfully synthesized guanine functionalized molecules
with variable carbon chain length. The NP3 formed stable G-quadruplex
nanofibrous hydrogel with the support of suitable monovalent alkali
metal ions. The Hoogsteen type H-bonding interaction among the
guanine moieties and m-m stacking were the driving force in the
formation G-quadruplex hydrogel. The presence of G-quadruplex inside
the hydrogel was demonstrated by circular dichroism spectroscopy,
wide angle powder X-ray diffraction study and cationic ThT dye binding
study. The effect of monovalent alkali metal ions on the stability of G-
quadruplex was also checked. The viscoelastic behaviors of the hydrogel
were also determined by the rheological experiments. Hydrogel was
thixotropic and found injectable in nature. The existence of thick and
thin nanofibrous morphology inside the hydrogel matrix was
characterized with the help of microscopic techniques such as SEM,
TEM and AFM. Hydrogel was further utilized for pH responsive
sustained delivery of the vitamins like vitamin B2 and Bi. The
synthesized NP3 showed excellent biostability towards hydrolytic
enzymes proteinase K and chymotrypsin suggesting the improved
biostability of this nucleobase amino acid conjugates. The MTT assay
clearly revealed that the hydrogel was non-cytoxic in nature. Therefore,
bioinspired newly synthesized NP3 hydrogel may be useful in the
biomedicine field because of its inherent biocompatible and injectable

nature.
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3.1 Introduction

Molecular self-assembly is the process of creating desirable
nanostructures by organizing designed molecular building blocks with
proper intra- and intermolecular interactions [1,2]. In the living system,
molecular assemblies are exploited to create necessary structures in
living organisms, including the cytoskeleton, chromatin, organelles, and
cell membrane. Moreover, molecular assembly processes are involved
in important biological functions such protein folding, RNA
transcription, and DNA replication [3-6]. Inspiring from the naturally
occurring self-assembly, scientists are trying to mimicking such
assemblies in the laboratory conditions. Different stimuli have been
employed to create molecular self-assemblies, including pH, enzyme,
light, ultrasound, temperature, electric field, magnetic field, and
chemical reactions [7-12]. Molecular self-assembly is facilitated by a
variety of noncovalent interactions, including coordination interactions,
hydrophobic effects, hydrogen bonding, ionic interactions and van der
Waals forces [13-16]. Materials built from molecular self-assemblies are
easily impacted by outside stimuli since noncovalent interactions are
often much weaker than the covalent ones. This is why, in addition to
synthetic chemistry, molecular self-assembly has gained importance as
a method for producing novel materials. These interactions help to
create a range of self-assembling functional materials, such as gels,
liquids, elastomers, and hard materials. Supramolecular hydrogels
generated by the self-assembly of small molecules have gained attention
because to their unique characteristics such as biocompatibility,
synthetic feasibility, low toxicity, and intrinsic biodegradability [17].
Therefore, peptides based functional materials are used in various fields
like tissue engineering, drug delivery, wound healing, biosensing, 3D
bioprinting [18-20]. Recently Gaharwar et al. developed a novel type of
light-responsive in situ gelation system that is based on the dynamic
interactions between thermoresponsive polymers functionalized with
thiols and MoS; nanoparticles. They have shown that the formation of

the mechanically cross-linked hydrogel via physical absorption and
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chemical conjugation upon exposing the precursors solution to the NIR
light [21]. In an another report, a peptide system's pH may be lowered
in a regulated way by the hydrolysis of glucono-d-lactone (GDL),
facilitating the subsequent creation of a self-supporting hydrogel [22].
Chemical reactions such as amide bond formation, ester hydrolysis have
been used to add covalent bonds and functionalities which enable the
molecules to form the order structures by the non-covalent interactions.
Roy et al. revealed that the hydrolysis of the ester by using subtilisin
leads to the formation of the hydrogel. They further studied the reaction
Kinetics by varying the concentration of the enzyme [23]. Rasale et al.
reported a new strategy to regulate the molecular self-assembly under
thermodynamic control using the protease thermolysin [24]. Ulijn group
utilized a protease enzyme, which is generally used to hydrolyze the
peptide bonds in the aqueous medium. They reported a fundamentally
innovative technique by employing thermolysin to achieve the reverse
reaction, which synthesize the peptide hydrogelators and undergo self-
assembly to form the nanofibrous structures [25]. Das et al. reported the
esterification of peptide bolaamphiphiles using lipase catalysis which
resulted in the formation of a hydrogel that self-assembled into
nanofibrous supramolecular structures [26].

Herein, the self-assembly of a nucleobase functionalized gelator (NP)
driven by chemical reaction has been reported. In general, methylation
of nucleobases of DNA is a significant metabolic process [27-31].
Nucleobases are methylated, when a methyl group is transferred to a
nucleobase by an internal or external methylating agent, modifying a
DNA segment's function without altering its sequence [32,33]. The
methylation of DNA by these agents can result in the change of its
heterocyclic bases or backbone in a number of ways. DNA methylation
is essential for the regular development of mammals and is involved in
a number of important biological processes, including ageing,
carcinogenesis, X-chromosome inactivation, genomic imprinting, and
the repression of transposable elements [34,35]. DNA methylation is an
epigenetic process which regulates the tissue differentiation and gene

expression. It has the ability to suppress transcription, thereby affecting
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gene expression. Additionally, the loss of methylation is linked with
gene activation [36,37]. In some circumstances, DNA methylation may
directly obstruct the binding of transcription factors. Therefore,
methylation is an important biological process [38,39]. Given the
importance of the methylation, guanine is methylated to introduce the
supramolecular order in the synthesized guanine functionalized
molecules. Here in this report, the use of the dimethyl sulphate as
methylating agent is addressed to drive the self-assembly. The chemical
reactions directed self-assembly are rarely reported in the literature.
Therefore, the objectives of this study are (a) to achieve the chemical
reaction driven self-assembly of a nucleobase-functionalized (NP)
hydrogelator, (b) to use the dimethyl sulphate in the formation of
methylated products, (c) to study the change in morphology over time

after the addition of the dimethyl sulphate.

3.2 Experimental Section

3.2.1 Materials and Methods

The used solvents and reagents were purchased from commercially
available sources like Alfa Aesar, Sigma Aldrich, Merck, and
Spectrochem Pvt. Ltd. 2-Amino-6-chloropurine and potassium
carbonate (K2CO3) were obtained from Alfa Aesar. Ethyl chloroformate
was purchased from Spectrochem whereas diethyl ether was purchased
from Merck. N-Methylmorpholine was obtained from SRL and 10-
Bromodecanoic acid was obtained from TCI. L-phenylalanine tert-butyl
ester hydrochloride and L-leucine tert-butyl ester hydrochloride were
purchased from Sigma Aldrich. Dimethyl sulfoxide-de, chloroform-d,
deuterium oxide was purchased from Sigma Aldrich. Dimethyl sulphate
was purchased from Spectrochem. For moisture sensitive reactions, dry
solvent was used in the presence of N or Ar gas. After completion of
the reaction, the crude products were purified by column
chromatography method using silica as stationary phase and hexane,
ethyl acetate or chloroform, methanol as a mobile phase. Thin-layer
chromatography (TLC) was performed on aluminium backed silica
plates (silica gel 60, 20x20 cm, UV 254) and visualized under UV light
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(L =254 nm or 365 nm). All *H and *C NMR spectra were set down on
Bruker Avance (500 MHz) instrument at 25 °C. Mass spectra were set
down on Bruker instrument by using ESI positive mode. The NMR
spectra of all intermediates and final products were analysed by using
Mestrenova software. Chemical shift was expressed in the form of ppm
(o) relative to surplus solvents protons as internal standards (DMSO-de:
6 =2.50, CDClz at 7.26 ppm for *H NMR; DMSO-ds: 6 39.50, CDCl; at
77.16 ppm for °C NMR).

3.2.2 Synthesis of NP3 and NP4
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Scheme 3.1. Synthesis of NP3 and NP4.

3.2.3 General procedure for the synthesis of 2c, 4b:

Under argon atmosphere, 4-methylmorpholine was added in the solution
of 10-bromodecanoic acid in dry chloroform at 0 °C. The solution was
left for stirring at this temperature. After 15 min, ethyl chloroformate
was added into the solution and stirred vigorously at this temperature for
additional 45 min before the addition of tert-butyl ester was added. Then
the reaction mixture was allowed to stir for 1 h at 0 °C and then at room
temperature for 16 h. The progress of the reaction was monitored by
TLC. Rf=0.32 for 2c and 0.37 for 4b (hexane/EtOAc 70:30). After the
completion of the reaction, reaction mixture was diluted with water and
washed with 1(N) NaOH (3x10) mL and then with brine, 0.5 (N) HCI
(3x10) mL and finally with brine. The organic part was dried over
Na>SO4 and concentrate under vacuum. The product was used without

further purification.
3.2.4 Synthesis of 2c:

The compound 2c¢ was synthesized as per the above-mentioned general
procedure. Yield: 85%. *H NMR (CDCls, 400 MHz): § 1.29 (m, 10H),
1.43 (s, 10H), 1.62 (m, 2H), 1.86 (m, 2H), 2.18 (t, 3H, J =8, 8 Hz), 2.30
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(t, 1H, J =8, 8 Hz), 2.46 (m, 1H), 3.42 (t, 2H, J = 8, 8 Hz), 4.78 (m, 1H),
593 (d, 1H, J = 4 Hz), 7.23 (m, 5H). (ESI-MS, m/z): [M+Na] *
Ca3HasBrNOsNa 478.1753; found 478.1753.
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Figure 3.1 'H NMR (500 MHz, DMSO-ds) spectrum of compound 2c.
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Figure 3.2 ESI-MS spectrum of compound 2c.
3.2.5 Synthesis of 4b:

The compound 4b was synthesized as per the above-mentioned general
procedure. Yield: 82%. *H NMR (DMSO-dg, 500 MHz): 6 0.82 (d, 3H,
J=5Hz),0.88 (d, 3H, J = 10 Hz), 1.25 (s, 10H), 1.38 (s, 9H), 1.47 (m,
4H), 1.63 (m, 1H), 1.78 (m, 2H), 2.09 (t, 2H, J = 5, 10 Hz), 3.51 (t, 2H,
J =5, 10 Hz), 4.14 (m, 1H), 8.02 (d, 1H, J = 10 Hz). (ESI-MS, m/z):
[M+Na] * calculated for C2oH3sBrNOsz: 442.2035; found 442.1919.
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Figure 3.3 'H NMR (500 MHz, DMSO-ds) spectrum of compound 4b.
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Figure 3.4 ESI-MS spectrum of compound 4b.

3.2.6 General procedure for the synthesis of 3c, 5b:

2-Amino-6-chloropurine was added in the solution of dry DMF (10 mL)
under argon atmosphere. Then K.COz was added in the solution.
Finally, bromo acid coupled ester protected amino acid was added
dropwise into the solution and the reaction was left for stirring for 24 h.
The progress of the reaction was monitored by TLC. Rf = 0.35 for 3c
and 0.41 for 5b (CHCIl:/MeOH 95:5) After the completion of the
reaction, the reaction mixture was diluted with ethyl acetate and washed
with water several times, finally with brine and dried over Na>SOs. After
the evaporation of the solvent under rotary evaporator, the reaction
mixture was purified by silica gel (mesh 100-200) column

chromatography. The major product was N9 alkylated purine product
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(eluent: CHCl3z: MeOH = 99:1) and the minor product was N7 alkylated
purine product (eluent: CHClz: MeOH = 94:6).
3.2.7 Compound 3c:

The compound 3c was synthesized as per the above-mentioned general
procedure. Yield: 62%. 'H NMR (DMSO-ds, 400 MHz): § 1.23 (m,
10H), 1.32 (s, 9H), 1.40 (m, 3H), 1.76 (m, 2H), 2.04 (t, 2H, J = 4, 8 Hz),
2.85 (m, 1H), 2.97 (m, 1H), 4.03 (t, 3H, J = 4, 8 Hz), 4.36 (m, 1H), 6.91
(s, 2H), 7.22 (m, 5H), 8.15 (s, 1H). 3C NMR (DMSO-ds, 100 MHz): 6
25.63, 26.47, 27.99, 28.84, 28.90, 29.12, 29.21, 29.40, 35.45, 37.37,
43.47, 54.40, 80.89, 123.82, 126.84, 128.56, 129.57, 137.90, 143.75,

149.76, 154.54, 160.21, 171.36, 172.61. (ESI-MS, m/2): calculated for
[M+Na]* C2sHasCINsO3Na 565.2664; found 565.2672.
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Figure 3.5 'H NMR (500 MHz, DMSO-ds) spectrum of compound 3c.
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Figure 3.6 *C NMR (125 MHz, DMSO-dg) spectrum of compound 3c.
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Figure 3.7 ESI-MS spectrum of compound 3c.

3.2.8 Compound 5b:

The compound 5b was synthesized as per the above-mentioned general
procedure. Yield: 65%. *H NMR (DMSO-dg, 500 MHz): ¢ 0.74 (d, 3H,
J=5Hz), 0.80 (d, 3H, J =5 Hz), 1.14 (s, 10H), 1.30 (s, 9H), 1.39 (m,
4H), 1.53 (m, 1H), 1.69 (m, 2H), 2.01 (t, 2H, J = 5, 10 Hz), 3.96 (t, 2H,
J=5,5Hz),4.05 (m, 1H), 6.81 (s, 1H), 7.94 (d, 1H, J =5 Hz), 8.06 (s,
1H). *C NMR (DMSO-ds, 125 MHz): § 21.7, 23.1, 24.7, 25.7, 26.4,
28.0, 28.8, 29.0, 29.2, 29.3, 35.4, 40.5, 43.4, 51.3, 80.6, 123.8, 143.7,
149.7,154.5,160.1, 172.4,172.8. (ESI-MS, m/z): [M+H]" calculated for
C25H41CIN6O3 509.2929; found 509.2953.
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Figure 3.8 'H NMR (500 MHz, DMSO-ds) spectrum of compound 5b.
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Figure 3.9 °C NMR (125 MHz, DMSO-ds) spectrum of compound 5b.
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Figure 3.10 ESI-MS spectrum of compound 5b.
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3.2.9 General procedure for the synthesis of compound NP3, NP4:
Compounds NP3 and NP4 were dissolved in 5 mL TFA: H20 (3:1)
solution. Then, the reaction was left for stirring for 48 h at room
temperature. The progress of the reaction was monitored by High
performance liquid chromatography (HPLC). After the completion of
the reaction, TFA was evaporated under vacuum. The reaction was
washed with diethyl ether to obtain the white solid.

3.2.10 Compound NP3:

The compound NP3 was synthesized as per the above-mentioned
general procedure. Yield: 87%. *H NMR (DMSO-dg, 400 MHz): 6 1.17
(m, 10H), 1.39 (m, 2H), 1.74 (m, 2H), 2.02 (t, 2H, J = 4, 8 HZz), 2.83 (m,
1H), 3.06 (m, 1H), 3.98 (t, 2H, J = 8, 8 Hz), 4.42 (m, 1H), 6.70 (s, 1H),
7.21 (m, 5H), 8.09 (d, 1H, J = 8 Hz), 8.24 (s, 1H), 10.93 (s, 1H), 12.66
(s, 1H). 3C NMR (DMSO-ds, 100 MHz): ¢ 25.60, 26.36, 28.84, 28.91,
29.14,29.21, 29.51, 35.51, 37.19, 43.84, 53.70, 119.94, 126.78, 128.55,
129.51, 137.77, 138.24, 151.08, 154.64, 156.07, 172.62, 173.71. (ESI-
MS, m/z): calculated for [M+H]* Ca2sH33NeOs 469.2558; found
469.2555.
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Figure 3.11 'H NMR (500 MHz, DMSO-dg) spectrum of compound
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Figure 3.12 3°C NMR (125 MHz, DMSO-ds) spectrum of compound
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Figure 3.13 ESI-MS spectrum of compound NP3.

3.2.11 Compound NP4:

The compound NP4 was synthesized as per the above-mentioned
general procedure. Yield: 82%. *H NMR (DMSO-ds, 500 MHz): 6 0.76
(d, 3H, J = 5 Hz), 0.80 (d, 3H, J = 5 Hz), 1.16 (s, 10H), 1.42 (m, 4H),
1.54 (m, 1H), 1.69 (m, 2H), 2.03 (m, 2H), 3.92 (t, 2H, J = 5, 10 Hz),
4.14 (m, 1H), 6.90 (s, 2H), 7.93 (d, 1H, J =5 Hz), 8.25 (s, 1H), 10.95
(d, 1H, J = 5 Hz), 12.34 (s, 1H). **C NMR (DMSO-ds, 125 MHz): §
21.6,23.3,24.7, 25.6, 26.2, 28.8, 28.9, 29.1, 29.2, 29.2, 35.4, 44.2, 50.4,
111.7, 137.6, 150.7, 155.1, 155.3, 172.7, 174.7. (ESI-MS, m/z):
calculated for [M+H]" C21H3aNsO4 435.2642; found 435.2800.
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Figure 3.15 *C NMR (125 MHz, DMSO-ds) spectrum of compound
NP4,

Intens.
X105

[M+H]*
1.5 0 435.2717

1.0 )

0.5

0.0 ‘ i 457.2516 473.2183
X ; b L L 1
410 420 430 440 450 460 470 m/z

Figure 3.16 ESI-MS spectrum of compound NP4.
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3.2.12 HPL.C Analysis

The progress of the reaction was monitored by HPLC (model no Dionex
ultimate 3000). It was consisted with pump, autosampler and detector.
The sample was passed through C18 column (model no- Dionex
Acclaim ® 120 C18, length of the column was 250 mm and internal
diameter was 4.6 mm, particle size was 5 pum). A 42 min programme
was set with a flow rate of 1 ml/min. The mobile phase was consisting
of 0.1% TFA/Water (A) and 0.1% TFA/ACN (B). The programme was
set as follow: 0-4 min 20% of B and 80% of A, 4-35 min 80% of B and
20% of A, 35-40 min 80% of B and 20% of A, 40-42 min 20% of B and
80% of A. The sample for the HPLC was prepared by dissolving 10 pl
of reaction mixture in 1:1 mixture of ACN and water. The sample was
filtered through a syringe filter (diameter 0.45 um). The chromatograms
were recorded at 254 nm.

3.2.13 pH

The pH of the medium was recorded by using METTLER TOLEDO
benchtop pH meter. HANNA Glass electrode (model no: HI1330) was
used to record the pH of the medium. The 4.6 mg of the compound was
taken in a clean and oven dry vial. Then, 50 pL of the 0.5 (N) KOH
solution was added to completely dissolve the compound and 450 pL of
the DI water was added. Finally, 5 uL of DMS was added. Then the pH
of the medium was recorded at different time interval.

3.2.14 Circular Dichroism Spectroscopy

The formation of the secondary structures of DNA inside the hydrogel
was assessed by performing circular dichroism (CD) spectroscopy.
Jasco J-815 Spectrometer was used to record data. CD spectra were
recorded at different time interval after the addition of the DMS. The
bandwidth value was set at 1 nm, with 0.1 data pitch and scanning speed
was set at 20 nm min~t and 4 s. The hydrogel was diluted to at different
time interval to prepare 250 UM solution.

3.2.15FT-IR

FT-IR spectra of the hydrogel and the compounds were recorded

through Bruker spectrometer by using KBr pallet. The spectra were
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recorded within the range between 400-4000 cm™ with 64 scans at a
resolution of 4 cm™ and interval of 1 cm™.

3.2.16 UV-Vis Spectroscopy

The UV-Vis spectra of the DMS induce hydrogel were recorded by
Jasco V 750 in a quartz cell (path length 1 mm) within the range 700-
200 nm with a data pitch of 0.1 nm. The bandwidth was set at 1 nm, the
scanning speed was 20 nm min?, and the response time was 1 s.

3.2.17 Fluorescence Spectroscopy

The fluorescence spectra were collected on Horiba Scientific
spectrophotometer (model no- FluoroMax-4) using a quartz cuvette at
25 °C to account the progress of the self-assembly after the addition of
the dimethyl sulphate. The width of the slit was set at 2 nm for the
emission spectra and the data pitch value was 1 nm. Emission spectra of

the was recorded at Aex Of 280 nm and the data range was 262-490 nm.

3.2.18 Rheological Behavior of the Hydrogel

Rheological studies were conducted to assess the mechanical strength of
the hydrogel. Rheological studies were conducted at a temperature of 25
°C using an Anton Paar rheometer (model no: Physica MCR 301). The
time dependent change in the viscosity was measured. To perform this
experiment, 20 mM of the compound was dissolved in the 50 uL of the
0.5 (N) KOH solution and then 450 pL of water was added into the
solution. The DMS was added prior to the experiment. The viscoelastic
characteristics of the hydrogel were assessed by the quantification of the
storage modulus (G') and loss modulus (G"). Small aliquot (I mL) of
the hydrogel was placed onto a rheometer plate using a micro spatula
and maintained in a hydrated state with the aid of a solvent trap. In this
study, a parallel plate made of stainless steel with a diameter of 25 mm
was used to enclose a hydrogel sample using TruGap, which had a
thickness of 0.5 mm. The purpose of doing the amplitude sweep
experiment was to ascertain the specific range of deformation inside the
hydrogel where linear viscoelastic behaviour may be reliably observed.
The specific strain (0.5%) for the hydrogel was established by analysis

of its linear viscoelastic (LVE) behaviour at a constant frequency of 10
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rad s. The mechanical properties of the hydrogel were assessed by a
frequency sweep experiment, employing the strain percentage
previously measured in an amplitude sweep experiment. The frequency
range included in this study was 0.05-100 rad sX. The purpose of the
study was to assess the thixotropic and self-healing properties of the
hydrogel using a step strain experiment. The experiment included
applying a sequence of low-high-low strains every 100 seconds, while
maintaining a constant frequency of 10 rad/s.

3.2.19 Morphological Study of the Hydrogel

Morphological characterization of the hydrogel was carried out by
various microscopic techniques such confocal laser scanning
microscope (CLSM), Scanning electron microscope (SEM),
Transmission electron microscope (TEM). CLSM images were acquired
using OLYMPUS microscope (model no- FV1200MPE, 1X-83) by 100x
objective. The video was capture using Zeiss Axio Imager.A2. An
excitation beam of 405 nm was used. For the CLSM experiment 50 uL
of the NP3 hydrogel was taken in an Eppendorf, then 450 pL of miliQ
water was added into it. Then, hydrogel was mixed with water by vortex.
Finally, 5 pL of the solution was taken out from the mixture and placed
on confocal glass slide for imaging. Zeiss made scanning electron
microscope (model no: Zeiss supra-55) was used for SEM experiment.
The acerating voltage for SEM images was set at 5 kv. The SEM images
were captured in SE2 mode. The sample for SEM imaging was prepared
in a similar manner. TEM images were captured by a JEOL made
microscope (model no Tecnai G2, F30) with an accelerating voltage of
300 kV. For the TEM experiment the NP3 hydrogel 50 puL was taken in
an eppendrof, then 950 pL of miliQ water was added into it. Vortex was
performed to mix the hydrogel properly with the water. Then a small
portion of it was kept on the carbon coated copper grid and dried. The
drop casted solution was dried by slow evaporation and finally at
reduced pressure before taking the images. Phosphotungstic acid (2%,
w/v) was utilized as a negative staining. The hydrogel solution (20 mM)
was diluted to 1 mM to record the video. 10 pL from the diluted solution

was placed on the glass slide. The video was captured through 100x
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objective and ZEN 2011 software was used to record the video of the

fiber formation.

3.2.20 Synthesis of Nucleobase Functionalized Amino Acid
Conjugates (NPs):

The nucleobase functionalized amino acid conjugates was synthesized
following conventional solution phase synthetic procedure. The detail

synthetic procedure is mentioned in the supporting information.
3.2.21 Preparation of Chemical Reaction Driven Hydrogel

To develop the chemical reaction driven hydrogel, first 20 mM of
synthesized compounds were taken in a vial. Then 50 ul of 0.5 (N) KOH
was added into the vial. Then, the hydrogelator was dissolved by
prolonged ultrasonication. 450 pl of miliQ water was added into the
solution. Finally, dimethyl sulphate (DMS) was added into the solution
to produce NP3 hydrogel. The hydrogel was formed after 30 min from
the addition of the DMS.

3.3 Results and Discussion

Nucleobase-functionalized molecules (NP3 and NP4) was synthesized
using solution phase synthetic procedure [40]. The synthesized guanine-
functionalized molecules were fully characterized using NMR

spectroscopy and mass spectrometry.
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Scheme 3.2. Graphical representation demonstrates the activation of the

non-assembling building blocks by the addition of dimethyl sulphate.
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Dimethyl sulphate (DMS), which is a methylating agent, is commonly
used for methylation purposes [41,42]. DMS hydrolyzes in water to
produce methanol and sulphuric acid. Therefore, the production of
sulphuric acid in the solution decreases the pH, which may aid in the
formation of a self-supporting hydrogel. In this study, DMS is utilized
as the methylating agent. The synthesized guanine-functionalized
molecules contain multiple sites that can be methylated. The product
that may results from methylating N7 of purine ring has been named as
PDT1, the product that may results from methylating the carboxylate
(methyl ester derivative) has been named PDT2, and the product that
may results from the N7 and the carboxylate group has been named
PDTS3, the product that may results from -NH2 methylation has been
named PDT4 and the product that may results from methylation of O6
of the purine ring has been named PDT5. It was observed that the major
product obtained after adding DMS was PDT1, while the minor products
were PDT2 and PDTS3, respectively (Scheme 3.2). The NPs were
dissolved in a small amount of 0.5 (N) KOH. The addition of KOH
resulted in the formation of carboxylate anion in the solution due to the
strong electrostatic repulsion. The addition of 5 equivalent DMS was to
the solution resulted in the formation of the activated building block for
self-assembly. In case of NP3 system, a self-supporting hydrogel was
formed within 30 min with a 40% conversion.

@) (b)

I POT3

NP3

ERF R
(%)

Conyers/o”

° N
&

—=—2eq DMS
104 —e— 5eq DMS

0 10 20 30 40 50 0O 20 40 60 80 100 120 140
Time (h) Time (h)

154



Figure 3.17. Conversion plot of (a) NP3 after the addition of DMS,
show the formation methylated products. Formation of the hydrogel
after the addition of dimethyl sulphate. (b) Formation of the hydrogel
after the addition of dimethyl sulphate. The change of the pH of the
medium of (c) NP3 and (d) NP3 after the addition of 2 and 5 equivalent
of DMS.

The maximum conversion of 70% was achieved after 48 h from the
addition of the DMS (Figure 3.17a). The optical photographs also
indicate the formation of the hydrogel from NP3 after 30 min of adding
the DMS (Figure 3.17b). The progress of the reaction was monitored
using HPLC. The change in pH after addition of DMS was also
recorded. The abrupt changes in pH were noticed, but after 2 h of the
reaction, the pH value became constant (Figure 3.17c and 3.17d). The
HPLC study demonstrates the production of a library of methylating

compounds.
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Figure 3.18. Conversion plot of (a) NP4. No significant change is observed
for NP4 after 4 h. (b) Precipitate formed after the addition of the DMS in
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NP4. (c) The conversion of NP3 after the addition of 2 equiv DMS (d)
The conversion of NP4 after the addition of 2 equiv DMS.

The minor products were achieved with negligible conversion. For NP4,
a maximum 40% conversion was observed for the major product
(Figure 3.18a). However, no hydrogel formation is observed for NP4,
precipitate is formed after the addition of DMS (Figure 3.18b). The
lower conversion of the desired product may be the main factors for this
precipitation formation. The conversion was also checked varying
amounts of DMS for both of the systems. Two different concentrations
(2 and 5 equiv.) of DMS were added to the precursor solution to activate
them for self-assembly. In the case of the NP3 system, the conversion
was higher when 5 equivalents of the DMS were added compared to 2
equivalents (Figure 3.18c and 3.18d). The hydrogelation was observed
when 5 equivalents of the DMS was added to the reaction medium. The
conversion was also studied for the NP4 system. In all cases, the
conversion was negligible compared to the NP3 system, and no
hydrogelation was observed at any concentration of DMS.
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Figure 3.19. (a) ESI-MS spectrum after the formation of the NP3
hydrogel. (b) ESI-MS spectrum of the precipitate of NP4.
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The formation of the activated assembling building block was confirmed
using electronspray ionization mass spectrometry (ESI-MS) (Figure
3.19a and 3.19Db).

An FT-IR experiment was carried out to assess the presence of H-
bonding and the secondary structure in the NP3 hydrogel and NP3. The
FT-IR spectra of the compound NP3 and its corresponding hydrogel
indicate that the presence of hydrogen bonding is significant in the

formation of the hydrogel.
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Figure 3.20. FT-IR spectra of (a) the NP3 hydrogel and the gelator
precursor NP3. (b) Wide angle powder XRD spectrum of NP3 hydrogel
and NP3. (c) Fluorescence spectra of NP3, ThT and ThT incorporated
in NP3 hydrogel.

There is a change in the -OH stretching frequency in the hydrogel state
in comparison with the compound. The -OH stretching frequency of the
carboxylic acid of NP3 hydrogel is 3303 cm™, whereas in the compound
(NP3), the frequency is 3324 cm™™. This shift is believed to be caused by
the involvement of the hydroxyl moiety in the hydrogen bonding
interaction [43]. The change was also observed in the amide | and amide
Il regions [43]. In the NP3 hydrogel, the carbonyl stretching frequency
is 1711 cm? and 1639 cm™, respectively whereas the stretching
frequency of the carbonyl in NP3 is 1716 cm™ and 1642 cm™. The N-H
bending peaks at 1544 cm™ and 1541 cm™ in the amide Il region
appeared for NP3 hydrogel and NP3 respectively (Figure 3.20a)
[43,44]. The shift in the stretching frequencies to lower wavenumber
suggests the presence of order structures which lead to the formation of
the hydrogel [45,46]. Further, wide-angle powder X-ray diffraction
experiments were performed on both NP3 and NP3 hydrogels to
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investigate the formation of stacked structures in the self-assembled
state. In the NP3 hydrogel spectrum, the peaks at 20 = 12.7, 14.1, 16.9
correspond to the d value of 7.1 A, 6.2 A, 5.2 A. These peaks are
appeared due the presence of the secondary structures in the hydrogel
[47,48]. The appearance of the new peaks was observed in NP3
hydrogel spectrum in comparison to NP3. This experiment confirms the
presence of the secondary structure of the nucleic acid inside the
hydrogel matrices, which contribute to the formation of a self-supported
hydrogel (Figure 3.20b). The presence of the secondary structure of the
nucleic acid inside the hydrogel was studied using a thioflavin T (ThT)
binding assay [49]. ThT is a cationic dye commonly used to detect the
secondary structure of DNA. In an aqueous medium, ThT shows a very
weak emission at 483 nm when excited at 450 nm. However, an increase
in fluorescence intensity is observed when ThT binds with the NP3
hydrogel. Therefore, this experiment shows an increased fluorescence
intensity at 488 nm when excited at 450 nm. Consequently, the
enhancement of ThT fluorescence indicates the presence of secondary

structure of the nucleic acid within the hydrogel (Figure 3.20c) [50].
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Figure 3.21. Confocal laser scanning microscopy images (DIC,
Fluorescence) of (a) NP3 hydrogel and (b) ThT loaded NP3 hydrogel

(scale bar = 5 um). The images were taken after the formation of the
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NP3 hydrogel at day 1. Rheological experiments (c) amplitude sweeps
experiment (d) frequency sweep experiment. Dynamic step-strain sweep

profile of NP3 hydrogel at a constant angular frequency of 10 rad s

The existence of secondary structures drives the formation of the
hydrogel. The confocal laser scanning microscopy images also
demonstrate that the fluorescence intensity of the hydrogel increases
after the incorporation of ThT (Figure 3.21a and 3.21b) [51]. Further,
these images clearly demonstrate the presence of fibers inside the
hydrogel which contribute to its formation. The mechanical properties
of the NP3 hydrogel were studied by performing rheological
experiments. The rheological experiments were carried out to
understand the viscoelastic nature of the hydrogel formed by self-
assembly of NP3 with the addition of DMS [52]. The amplitude sweep
experiment was carried out to determine the linear viscoelastic region at
a constant frequency of 10 rad/s. The difference between storage
modulus (G') and loss modulus (G") remains constant at lower strain.
This indicates that the microstructure inside the hydrogel remains
undisturbed. Although, the NP3 hydrogel gradually converts into a sol
as the strain increases. This occurs when the storage modulus intersects
with the loss modulus, resulting to the disruption of the hydrogel
networks [53]. The frequency sweep experiment was carried in the range
of 0.1 to 100 rad/s, with a constant strain of 1%. During the experiment,
the G' and G" values remained parallel to each other, suggesting the
viscoelastic nature of the NP3 hydrogel (Figure 3.21c and 3.21d). The
thixotropic nature of the hydrogel was investigated through a cyclic
dynamic strain sweep experiment. In this experiment, the applied strain
was gradually increased from 1% to 100% over a period of 100 s, and
then decreased back to 1% at the end of each cycle. This cycle was
repeated 8 times to check the thixotropic nature of the NP3 hydrogel. At
lower strain levels, the storage modulus (G") values are higher than the
loss modulus (G") values which indicates the presence of a stable
hydrogel network. However, the storage modulus values decrease when

the strain suddenly increases to 100%, and they become lower than the
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loss modulus values. This indicates a transformation from the gel state
to the sol state [54]. Once again, when the strain decreases suddenly to
1%, the storage modulus values gradually increase, suggesting the
restoration of the gel state. The self-recovery of the hydrogel was 80%
compared to the first cycle. This experiment reveals that the hydrogel
has thixotropic properties (Figure 3.21e). Further, the progress of the
self-assembly was investigated by performing time dependent changes
in viscosity, fluorescence, turbidity of the reaction medium, and change
in CD spectra over time [55-57]. These experiments were performed
after the addition of DMS to NP3.
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Figure 3.22. (a) The increase of viscosity with the time demonstrates
the formation of the hydrogel after the addition of the DMS. (b) UV
turbidity experiment. (c) Time dependent fluorescence spectra (d) time
dependent CD spectra of the NP3 hydrogel after the addition of the
DMS.

The time dependent change in the viscosity of the system was evaluated
by performing rheological experiment after the addition of DMS. As
shown in Figure 3.22a, the addition of DMS causes an increase in
viscosity of the reaction medium over time, as the energy is gradually

stored in the system. The increase in viscosity suggests that the self-
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assembly in the NP3/DMS system progresses over time [58,59]. The
UV-vis turbidity experiment was carried out to observe the influence of
DMS on the conversion of NP3 to its corresponding methylated
products. The results of this experiment show that the solution turns into
turbid rapidly after adding DMS. The turbidity (%) reaches a constant
value after 42 min. Therefore, this experiment provides evidence for the
formation of higher order self-assembly through the addition of DMS
(Figure 3.22b). Fluorescence has the potential to investigate the process
of self-assembly due to its high sensitivity and selectivity. Luminogens,
which have aggregation-induced characteristics, exhibit weak emission
in solution but exhibit strong emission when they aggregate [60,61]. The
self-assembly of NP3 after adding DMS was further monitored using
fluorescence and CD spectroscopy. The fluorescence spectra of NP3
were recorded after adding DMS, upon excitation at 280 nm. Initially,
there was no fluorescence before the addition of DMS. However, upon
addition of DMS, the fluorescence intensity gradually increased due to
aggregation induced emission phenomena. Therefore, the fluorescence
experiment suggests that the self-assembly of NP3 started after adding
the methylating agent DMS (Figure 3.22c). The formation of the
supramolecular order structure after the addition of DMS was studied.
Circular dichroism (CD), an important spectroscopic technique, was
used to study the secondary structure of the nucleic acid and
biomolecules [62]. Therefore, CD spectroscopy was used to determine
the progress of the self-assembly and presence of secondary structure of
the nucleobase-functionalized molecule after adding DMS. In this study,
a 200 pum solution of NP3 was prepared from an aliquot and the
corresponding spectra were recorded at different time intervals. The CD
spectrum of the DMS driven self-assembled hydrogel shows a positive
peak at 280 nm and a negative peak at 248 nm (Figure 3.22d). The
appearance of bisignate peaks indicates that the presence of nucleic acid
secondary structures which helped to form the stable NP3 hydrogel [63].
It is also important to note that no prominent peaks were observed before
the addition of the DMS. The peaks only appear after the addition of the

DMS. Additionally, the intensity of the peaks increases over time.
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Figure 3.23. Time dependent NMR spectra depicting the formation of
active molecules after the addition of dimethyl sulphate. From, the NMR
spectrum, it is evident that the addition of DMS activate the precursor
molecule which undergo higher order self-assembly to form the

hydrogel. The control spectra are taken without DMS.

The formation of the activated building blocks after the addition of the
DMS is studied by recording the H spectra at different time interval
[64]. The time dependent *H-NMR spectra also reveal the formation of
active building blocks after the addition of dimethyl sulphate. The NMR
spectrum was recorded in D20 solvent. First, 5 mg of NP3 was taken in
a2 mL eppendorf and 50 pL of 0.5 N KOH was added (prepared in D-O)
to dissolve the compound. Finally, 450 puL D.O was added and then, the
whole solution was then transferred into the NMR tube, and 5
equivalents of dimethyl sulphate were added into the same NMR tube.
The spectra of NP3 were recorded at 5 min intervals after the addition
of the DMS. The NMR spectra clearly reveal the gradual formation of
methylated product over time after the addition of the DMS. The peak
at 0 = 3.67 ppm represents the protons of the methyl group formed at N7
of the purine ring of NP3. However, the peak at 6 = 3.96 ppm represents
the proton in the dimethyl sulphate (Figure 3.23). Therefore, the DMS
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activates NP3, which undergo higher order self-assembly to formed self-

supporting hydrogel.

Figure 3.24. (a) CLSM image captured after the addition of the DMS (0
min) (b) CLSM images taken after 15 min from the addition of the DMS
at the same region. Morphological assessment: (¢) TEM (d) SEM
images of the DMS-driven NP3 hydrogel demonstrate the presence of
fiber. The images were taken after the formation of the NP3 hydrogel at
day 1.

The presence of fibrous morphology was further characterized by
electron microscopic techniques such as confocal laser scanning
microscope (CLSM), FESEM and TEM [65]. The formation of the
dense fiber after the addition of the DMS was observed by CLSM.
(Figure 3.24a and 3.24b). SEM images suggest the presence of the
nanofiber morphology inside the hydrogel (Figure 3.24c and 3.24d).
The nanofiber inside helped to form the hydrogel [66]. The average
width of the nanofiber is 45 nm. This observation, supported by a TEM
image, was initially obtained from an SEM experiment. The average
width of the nanofiber is 41 nm. It is conclusively shown by CLSM,
FESEM and TEM that the fiber forms after the addition of DMS.
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3.4 Conclusion

In conclusion, the formation of hydrogel by methylation of the
synthesized nucleobase amino acid conjugates using the dimethyl
sulphate was demonstrated. The dimethyl sulphate activated the gelator
precursor to form the hydrogel by higher order self-organization. The
formation of the activated gelator molecule was monitored by HPLC.
Time dependent 'H NMR spectroscopy indicated the formation of
activated self-assemble building block of NP3. Time dependent
fluorescence, UV-turbidity experiment, time dependent CD and time
dependent rheology depicted the progress of the self-assembly with
time. ThT dye binding assay, wide angle powder XRD experiment and
CD experiment revealed the nucleic acid secondary structure inside the
hydrogel. This study is anticipated to pave a new way to mimic the
biological processes using methylation with the guanine-based nucleic

acids.
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4.1 Introduction

The skin, being the largest organ and the body's first line of defense, is
crucial for shielding the body from germs and environmental damage.
However, the skin is easily damaged, and once it has significant flaws,
it takes a long time to heal [1]. Millions of people experience agony,
suffering, and in extreme instances, disability due to wounds from burns,
trauma, surgery, and chronic diseases. The global demand for wound
dressing material is on the rise. Consequently, the financial burden of
medical treatment is also increasing [2]. As a result, basic and efficient
wound care remains a challenging issue that presents significant
obstacles for the healthcare system. Wound healing is a crucial aspect of
healthcare, aiming to restore normal cells and tissues function to protect
against external threats, chemical and mechanical damage, and regulate
body temperature [3-5]. However, wound repair encounters numerous
obstacles, including bacterial infections and the immune and
inflammatory processes involved in the restoration of healthy cells and
tissues [6-10]. The skin is recognized as the biggest and most rapidly
developing organ in an animal’s body, functioning as a regenerative and
self-restoring barrier between the body and extrinsic surroundings.
Therefore, a potential hydrogel for wound healing should possess
antimicrobial properties, facilitate gas exchange, and maintain a moist
environment to support cell proliferation and cell migration. Wound
healing is a complex process that involves several stages, including (a)
inflammation, (b) coagulation, (c) mesenchymal cell proliferation,
differentiation and migration, (d) re-epithelization and (e) angiogenesis
[11,12]. The initial and preliminary stages of the wound healing process
involve coagulation or hemostasis, which is achieved through fibrin
formation, platelet aggregation, and vascular constriction to staunch the
haemorrhage. The wound tissues and hemostatic clot secrete pro
adhesive molecules, proinflammatory cytokines as well as several
growth factors like platelet-based growth factor, epidermal, and
fibroblast [13]. The proinflammatory cytokines initiate inflammation by

sequentially attracting inflammatory cells, such as neutrophils,
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macrophages and lymphocytes at the injury site. Inflammatory cells are
liable for removing invading microorganisms, cellular debris and
apoptotic cells from the wound site [13,14]. However, if inflammation
IS excessive and prolonged, it can trigger a cycle of pro-inflammatory
signals that delay wound healing [15]. Therefore, controlling these
proinflammatory signals is also important for the wound heling process.
It is widely recognized that moist environments play a key role in
accelerating wound healing, while dry surroundings can cause cell
death, resulting in delayed healing [16]. However, excessive moisture
near the wound can lead to microbial infection, resulting the wound to
become a non-healing inflammatory condition [17]. Intrinsic
antibacterial hydrogels, which eliminate bio-contaminants and maintain
a moist environment, are an alternate kind of biomaterial for the wound
healing process [18]. Furthermore, it is crucial that the optimal
biomaterials for wound healing do not elicit any unwanted inflammatory
or allergic reactions [19]. Recently, peptide-based soft materials have
become significant [20,21]. As peptides have a unique biological role,
activity, and specificity and are broadly distributed in the human body,
both naturally occurring and chemically synthesized peptide molecules
display a wide spectrum of biological effects [22-26]. Interestingly,
peptides can form supramolecular architectures through various non-
covalent week interactions such as H-bonding and =-r stacking [27-30].
Numerous reports in the literature report self-assembling peptide-based
biomaterials that are efficient in repairing wound tissue [31-34]. These
well-organized peptides possess a wide range of properties, including
stimulating cellular and humoral immunity, mimicking extracellular
matrix, and delivering drug molecules. The presence of nanofiber in the
self-assembled peptide nanostructure resembles with the composition
and structure of fibrin in the extracellular matrix, which aids in the
healing of injured tissues and facilitates in the recovery of their cellular
activities  [35-37].  Moreover, low-molecular-weight  peptide
functionalized hydrogelators have better biocompatibility and

biodegradability. Therefore, these peptide functionalized hydrogelators

177



are suitable for most tissue engineering applications [38]. Additionally,
self-assembling peptide functionalized molecules can adapt to changes
in complex wound healing processes and have shown significant
promise for multimodal therapy [39]. Consequently, Hydrogels based
on self-assembling peptides have several uses in biomedicine and
nanotechnology, such as topical medications, immunological adjuvant
therapy, tumor treatment, 3D tissue cell culture, tissue healing, and
tissue regeneration [40-42]. Despite the progress in peptide based self-
assembling materials, they still lack certain properties such as anti-
inflammation. Nucleoside analogs are known to have anti-inflammatory
effects [43,44]. In this study, we functionalized self-assembling peptide
with the nucleobase guanine to form a nucleopeptide hydrogel. Guanine,
having a number of H-bonding donor acceptor sides, can formed self-
assemble structures. Hence, this study focuses on the development and
production of nucleopeptide based bioactive biomaterials, which have
the ability to heal wounds. The key objectives of this project include: (a)
designing and the synthesizing guanine functionalized peptide
molecules, (b) formation of self-assembling biomaterials from the newly
synthesized nucleopeptides, (c) testing the self-assembly propensity
through molecular dynamic simulation, (d) conducting in vitro
cytotoxicity assays, (e) performing in vitro would healing assays, (f)
assessing the hemolytic activity of the synthesized hydrogel, (g)
evaluating anti-inflammatory activity of the NP5 hydrogel and (h)
testing the antibacterial activity of the NP5 hydrogel.

4.2 Experimental Section

4.2.1 Materials and Methods

The used solvents and reagents were purchased from commercially
available sources like Alfa Aesar, Sigma Aldrich, Merck and
Spectrochem Pvt. Ltd. India. 2-Amino-6-chloropurine and potassium
carbonate (K2CO3) were obtained from Alfa Aesar. Ethyl chloroformate
was purchased from Spectrochem whereas diethyl ether was purchased
from Merck. 4-Methylmorpholine was obtained from SRL and 6-

Bromohexanoic acid were obtained from TCI. L-Phenylalanine, L-
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tyrosine were purchased from SRL. Fetal bovine serum, MTT (3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide,
Dulbecco's Modified Eagle Medium (DMEM) and Streptomycin were
obtained from Himedia. FDA, DCFDA and propidium iodide were
obtained from Invitrogen. For moisture sensitive reactions, dry solvent
was used in the presence of N or Ar gas. After completion of the
reaction, the crude products were purified by column chromatography
method using silica as stationary phase and hexane, ethyl acetate or
chloroform, methanol as a mobile phase. All *H and *3C NMR spectra
were set down on Bruker Avance (500 MHz) instrument at 25 °C. Mass
spectra were set down on Bruker instrument by using ESI positive mode.
The NMR spectra of all intermediates and final products were analyzed
by using MestReNova software. Chemical shift was expressed in the
form of ppm (0) relative to surplus solvents protons as internal standards
(DMSO-ds: 6 = 2.50 for *H NMR; DMSO-ds: & 39.50 for 13C NMR).

4.2.2 Synthesis of NPs
Cl
Ri y O P
H,N N%o/ )\ >
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dry DCM, 0 °C-rit a-c ’
cl o
I \> o Ry TFA: H,O 48h o R
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6a, 7a, NP5: R, v Ry [ I 6b, 7b, NP6: R, , Rzr l 6c, 7c, NP7: Ry ( I , Rzr '

Scheme 4.1 Synthesis of Nucleobase functionalized peptide derivatives
(NPs)

4.2.3 General procedure for the synthesis of 6a-c:

Under argon atmosphere 4-methylmorpholine was added in the solution
of 6-bromohexanoic acid in dry chloroform at 0 °C. The solution was
left for stirring at this temperature. After 15 min, ethyl chloroformate
was added into the solution and stirred vigorously at this temperature for
additional 45 min before the addition of acid protected dipeptide and 4-
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methylmorpholine. Then the reaction mixture was allowed to stir for 1

h at 0 °C and then at room temperature for 16 h. The progress of the

reaction was monitored by TLC. After the completion of the reaction,

reaction mixture was diluted with chloroform and washed with 1(N)
NaOH (3%x10 mL) and then with brine, 1 (N) HCI (3x10 mL) and finally

with brine. The organic part was dried over Na,SO4 and concentrate

under vacuum.

4.2.4 Synthesis of 6a:

'H NMR (DMSO-ds, 400 MHz): 1.19-1.28 (m, 2H), 1.35-1.46 (m, 2H),
1.72-1.79 (m, 2H), 2.04-2.07 (t, 2H, J = 4, 8 Hz), 2.71-2.77 (m, 1H),
2.99-3.04 (m, 1H), 3.08-3.13 (m, 1H), 3.48-3.51 (t, 2H, J = 4, 8 Hz),
3.65 (s, 1H), 4.53-4.58 (m, 1H), 4.60-4.65 (m, 1H), 7.24-7.36 (m, 10H),
8.02-8.04 (d, 1H, J = 4 Hz), 8.47-8.49 (d, 1H, J = 4 Hz). (ESI-MS, m/2);
[M+Na]" calculated for C2sH31BrN2OsNa 525.1359; found 525.1152
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Figure 4.1. *H NMR (500 MHz, DMSO-ds) spectrum of 6a.
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Figure 4.2 ESI-MS spectrum of 6a.
4.2.5 Synthesis of 6b:

'H NMR (DMSO-dg, 500 MHz): 1.14-1.20 (m, 2H), 1.31-1.40 (m, 2H),
1.58-1.73 (m, 2H), 2.66-2.71 (m, 1H), 2.82-2.99 (m, 4H), 3.43-3.45 (t,
1H, J =5, 5 Hz), 3.53-3.55 (t, 1H, J = 5, 5 Hz) 3.58 (s, 3H), 4.38-4.43
(m, 1H), 4.55-4.60 (m, 1H), 6.65-6.67 (d, 2H, J = 10 Hz), 6.99-7.00 (d,
2H, J = 5 Hz), 7.16-7.27 (m, 5H) 7.97-7.99 (d, 1H, J = 10 Hz), 8.33-
8.34 (d, 1H, J =5 Hz), 9.23 (s,1H). (ESI-MS, m/z): [M+Na]" calculated
for CosH31BrN2OsNa 541.1416; found 541.1010.
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Figure 4.3. 'H NMR (500 MHz, DMSO-ds) spectrum of 6b.
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Figure 4.4 ESI-MS spectrum of 6b.
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4.2.6 Synthesis of 6c¢:

IH NMR (DMSO-ds, 400 MHz): 1.19-1.24 (m, 2H), 1.36-1.39 (m, 2H),
1.61-1.75 (M, 2H), 1.99-2.03 (t, H, J = 8, 8 Hz), 2.80-2.93 (M, 4H), 3.44-
3.47 (t, 2H, J = 4, 8 Hz), 3.57 (s, 1H), 4.36-4.41 (m, 1H), 4.44-4.47 (m,
1H), 6.62-6.66 (t, 4H, J = 8, 8 Hz), 6.97-7.02 (t, 4H, J = 8, 12 Hz), 7.88-
7.90 (d, 1H, J = 8 Hz) 8.26-8.28 (d, 1H, J = 8 Hz), 9.13 (s, 1H), 9.22 (s,
1H). (ESI-MS, m/z): [M+Na]* calculated for C2sH31BrN2OsNa
557.1365; found 557.1105.
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Figure 4.5. *H NMR (500 MHz, DMSO-ds) spectrum of 6c.
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Figure 4.6 ESI-MS spectrum of 6c¢.
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4.2.7 General procedure for the synthesis of 7a-c:

Here the compounds were synthesized following previously reported
synthetic procedure. 2-Amino-6-chloropurine was added in the solution
of dry DMF (10 mL) under argon atmosphere. Then K.CO3 was added
in the solution. Finally, 6-bromohexanoic acid was added dropwise into
the solution and the reaction was left for stirring for 24 h. The progress
of the reaction was monitored by TLC. After the completion of the
reaction, the reaction mixture was diluted with ethyl acetate and washed
with water several times, finally with brine and dried over NaxSOa. After
the evaporation of the solvent under rotary evaporator, the reaction
mixture was purified by silica gel column chromatography. The major
product was N9 alkylated product (eluent: CHClz: MeOH = 99:1) and
the minor product was N7 alkylated product (eluent: CHCIs: MeOH =
94:6).

4.2.8 Synthesis of 7a:

'H NMR (DMSO-ds, 500 MHz): 1.01-1.07 (m, 2H), 1.36-1.40 (m, 2H),
1.62-1.70 (m, 2H), 1.97-2.00 (t, 2H, J = 5, 10 Hz), 2.64-2.69 (m, 2H),
2.93-2.98 (m, 2H), 3.02-3.06 (m, 1H), 3.58 (s, 3H), 3.93-3.96 (t, 2H, J
=5, 10 Hz), 4.47-4.51 (m, 1H), 4.53-4.58 (m, 1H), 6.90 (s, 2H), 7.14-
7.29 (m, 5H) 7.94-7.96 (d, 1H, J = 10 Hz), 8.10 (s, 1H), 8.42-8.44 (d,
1H, J = 10 Hz), 9.23 (s, 1H). (ESI-MS, m/z): [M+Na]* calculated for
C3oH34CIN7O4Na 614.2361; found 614.2266.
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Figure 4.7. *H NMR (500 MHz, DMSO-ds) spectrum of 7a.
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Figure 4.8 ESI-MS spectrum of 7a.
4.2.9 Synthesis of 7b:

'H NMR (DMSO-ds, 500 MHz): 0.99-1.05 (m, 2H), 1.32-1.40 (m, 2H),
1.62-1.68 (m, 2H), 1.96-1.99 (d, 2H, J = 5, 10 Hz), 2.62-2.67 (m, 1H),
2.79-2.84 (m, 1H), 2.87-2.96 (m, 2H), 3.56 (s, 1H), 3.92-3.94 (t, 1H, J
=5, 10 Hz), 4.36-4.40 (m, 1H), 4.51-4.56 (m, 1H), 6.63-6.64 (d, 2H, J
=5 Hz), 6.87 (s, 2H), 6.97-6.98 (d, 2H, J = 5 Hz), 7.12-7.21 (m, 5H),
7.93-7.95 (d, 2H, J = 10 Hz) 8.07 (s, 1H), 8.32-8.33 (d, 1H, J = 5 Hz),
9.27 (s, 1H). (ESI-MS, m/z): [M+H]" calculated for CzoH3sCIN7Os
608.2310; found 608.2286.
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Figure 4.9. *H NMR (500 MHz, DMSO-ds) spectrum of 7b.
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Figure 4.10 ESI-MS spectrum of 7b.
4.2.10 Synthesis of 7c:

'H NMR (DMSO-ds, 500 MHz): 1.04-1.11 (m, 2H), 1.36-1.42 (m, 2H),
1.66-1.71 (m, 2H), 1.99-2.02 (d, 2H, J =5, 10 Hz), 2.81-2.92 (m, 4H),
3.57 (s, 3H), 3.94-3.97 (t, 1H, J = 5, 10 Hz), 4.37-4.41 (m, 1H), 4.45-
4.49 (m, 1H), 6.62-6.66 (m, 4H), 6.91 (s, 2H), 6.98-7.02 (m, 4H), 7.88-
7.89 (d, 2H, J =5 Hz), 8.10 (s, 1H), 8.29-8.30 (d, 1H, J =5 Hz), 9.15 (s,
1H), 9.23 (s, 1H). (ESI-MS, m/z): [M+H]" calculated for C39H3sCIN7Os
624.2259; found 624.2375.
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Figure 4.11. *H NMR (500 MHz, DMSO-ds) spectrum of 7c.
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Figure 4.12 ESI-MS spectrum of 7c.
4.2.11 General procedure for the synthesis of compound NP5-7:

These compounds were synthesized based on the previously reported
synthetic procedure. These compounds were dissolved in the TFA: H.O
(3:1) 5 mL. Then, the reaction was left for stirring for a period of 48 h
at room temperature. The progress of the reaction was monitored by
HPLC. After the compilation of the oxidation reaction, TFA was
evaporated under vacuums. Then the residue was dissolved in MeOH,
dropwise 1(N) NaOH was added to get the completely hydrolysed
product. The progress of the hydrolysis was also monitored by HPLC.
After the completion of the hydrolysis, MeOH was evaporated under
vacuum, and then it was dissolved in water, and also washed with diethyl

ether. Then, after washing the pH of the solution was slowly decreased
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to obtain the white precipitate. Then it was recrystallized in MeOH to

obtain the pure product.
4.2.12 Synthesis of NP5:

'H NMR (DMSO-dg, 500 MHz): 0.93-1.00 (m, 2H), 1.26-1.32 (m, 2H),
1.51-1.59 (m, 2H), 1.89-1.96 (m, 2H), 2.54-2.63 (m, 1H), 2.83-2.93 (m,
2H), 3.00-3.03 (m, 1H), 3.74-3.77 (t, 2H, J = 5, 10 Hz), , 4.30-4.35 (m,
1H), 4.40-4.46 (m, 1H), 6.45 (s, 1H), 7.09-7.20 (m, 10H), 7.57 (s, 1H),
7.92-7.93 (d, 1H, J = 5 Hz) 8.04-8.05 (d, 1H, J =5 Hz), 10.57 (s, 1H).
13C NMR (DMSO-ds, 125 MHz): § 25.06, 25.84, 29.64, 35.42, 37.35,
37.82, 42.91, 54.58, 54.84, 116.97, 126.48, 128.41, 129.93, 137.76,
138.73,151.54, 154.32, 157.41, 171.32, 172.34, 173.39. (ESI-MS, m/z):
[M+Na]" calculated for C2gH33N7OsNa 582.2435; found 582.2407.
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Figure 4.13. *H NMR (500 MHz, DMSO-ds) spectrum of NP5.
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Figure 4.14 *C NMR (125 MHz, DMSO-ds) spectrum of NP5.
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Figure 4.15 ESI-MS spectrum of NP5.

4.2.13 Synthesis of NP6:

IH NMR (DMSO-ds, 500 MHz): 0.98-1.07 (m, 2H), 1.32-1.38 (m, 2H),
1.58-1.64 (m, 2H), 1.97-2.00 (m, 2H), 2.65-2.70 (m, 1H), 2.80-2.84 (m,
1H), 2.93-3.01 (m, 2H), 3.81-3.84 (t, 1H, J = 5, 10 Hz), 4.34-4.38 (m,
1H), 4.52-4.57 (m, 1H), 6.47 (s, 2H), 6.65-6.66 (d, 2H, J = 5 Hz), 7.01-
7.02 (d, 2H, J = 5 Hz), 7.15-7.23 (m, 5H) 7.68 (s, 1H) 7.95-7.97 (d, 1H,
J=10Hz), 8.13-8.14 (d, 1H, J =5 Hz), 9.23 (s, 1H), 10.56 (s, 1H) 12.70
(s, 1H). 3C NMR (DMSO-ds, 125 MHz): 6 25.05, 25.84, 29.62, 35.39,
36.34, 37.92, 42.99, 53.86, 54.24, 115.45, 116.82, 126.62, 127.79,
128.39, 129.64, 130.55, 137.83, 138.46, 151.52, 153.98, 156.42, 157.20,
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171.92, 172.25, 173.32. (ESI-MS, m/z): [M+Na]® calculated for

C29H33N70sNa 598.2385; found 598.2380.
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Figure 4.18 ESI-MS spectrum of NP6.

4.2.14 Synthesis of NP7:

'H NMR (DMSO-ds, 500 MHz): 1.03-1.10 (m, 2H), 1.36-1.39 (m, 2H),
1.59-1.63 (m, 2H), 1.98-2.01 (m, 2H), 2.81-2.98 (m, 4H), 3.82-3.84 (t,
2H, J = 5, 5 Hz), 4.19-4.21 (m, 1H), 4.35-4.38 (m, 1H), 6.61-6.64 (m,
4H), 6.66 (s, 2H), 6.96-7.02 (m, 4H), 7.64 (s, 1H) 7.80-7.81 (d, 1H, J =
5 Hz), 7.98-8.00 (d, 1H, J = 10 Hz), 9.21 (s, 2H), 10.89 (s, 1H). 3C NMR
(DMSO-ds, 125 MHz): 6 25.12, 25.93, 29.76, 35.47, 36.42, 37.10,
42.98, 54.83, 54.85, 115.24, 117.00, 130.48, 130.73, 137.82, 151.55,
154.16, 156.14, 156.21, 157.42,171.53, 172.32, 173.56. (ESI-MS, m/z):
[M+H]" calculated for C29H34N707 592.2514; found 592.2536.
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Figure 4.19 'H NMR (500 MHz, DMSO-ds) spectrum of NP7.
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Figure 4.20 *C NMR (125 MHz, DMSO-ds) spectrum of NP7.
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Figure 4.21 ESI-MS spectrum of NP7.
4.2.15 Molecular Dynamics (MD) Simulation

MD simulation was performed using Amber22. Geometry optimization
was carried out before the simulation. AMBERTff14SB force field was
utilized to apply atom types. AM1-BCC charge set was used. Packmol
was used the build the initial system of the simulation. The systems were
built 120 molecules. These molecules were arranged randomly in the
simulation box. TIP3P water model was used. General amber force field
(GAFF) was used to take care any missing parameters. Periodic
boundary conditions were implemented in each run. Berendsen barostat
and Langevin thermostat maintained the constant pressure and
temperature. The computational studies were carried using the following
conditions. Initially two minimizations were carried out with 1000

cycles of steepest descent algorithm and 500 cycles of conjugate

191



gradient algorithm. The temperature of the system was increased to
300K. Then, equilibration was carried out. The Final simulation runs
were performed upto 100 ns. The solvent accessible surface area was
analyzed by CPPTRAJ.

4.2.16 HPLC Analysis

The progress of biocatalyst driven reactions was monitored using a
Dionex reverse-phase HPLC system, which was connected with a
photodiode array detector (Ultimate 3000). A volume of 30 microliters
of the sample was injected into a C-18 column with dimensions of 4.6 x
250 mm, which contained fused silica particles measuring 5
micrometres in diameter. The injection was performed at a flow rate of
1 millilitre per minute. The material was eluted using a gradient of water
(A) and acetonitrile (B) over a period of 42 minutes (0-4 min %A 80,
%B: 20; 4-35 min %A: 20, %B: 80; 35-40 min %A: 20, %B: 80, 40-42
min %A: 80, %B: 20). The preparation of the sample included
dissolving the necessary amount of peptide in a 1 mL solution of

acetonitrile and water in a 1:1 ratio.

4.2.17 CD Spectroscopy

A Jasco J-1500 CD spectrophotometer (Easton, MD, USA) was used to
quantify the CD of each peptide hydrogel. CD spectra were recorded
with quartz cuvette with a 0.1 mm path length and a maximum chamber
capacity of 800 pL. Spectra for of the NP5 hydrogel was acquired in the
190-300 nm region. The programme JASCO spectra manager was used

to analyze the acquired spectra.
4.2.18 FTIR Spectroscopy

The hydrogel was dried by lyophilizer to obtained powder. ATR-FTIR
spectra of the dried hydrogel and the corresponding gelator precursor
was acquired using bruker make Vertex 70 instrument. The spectra were

recorded from 400 cm™ to 4000 cm™ at a resolution of 2 cm™, and the
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data was processed using OPUS 6.5 software. We used background

subtraction to get rid of the atmospheric interference.
4.2.19 ThT Dye Binding Assay

The method used to conduct the ThT binding test was the same as that
which was disclosed in our prior research. The resulting NP5 hydrogel
was diluted and exposed to a 0.5 mM thioflavin-T solution for 15
minutes. To investigate the existence of secondary structures in the co-
assembled gels, the samples were stimulated at a wavelength of 450 nm,

and the emission spectra were recorded using Horiba spectrometer.
4.2.20 Rheological Experiment

The hydrogels' mechanical rigidity was achieved by using a method
similar to that reported in our previous studies. Just before measurement,
the hydrogels were quickly demolded in the bottom plate of the
rheometer. An Anton Parr MCR301 rheometer was used to measure the
mechanical properties of the hydrogels using a parallel plate geometry
with a 25 mm diameter (PP25). For the sake of repeatability, the
measurements were carried out three times, and the average result is

shown.
4.2.21 Scanning Electron Microscopy

Microscopic methods were used to characterize self-assembled nano
structural morphology in the synthesized NP5 hydrogel. The nano
structural morphology inside the hydrogel was visualized by Field-
emission scanning electron microscope (FE-SEM model Zeiss
Supra55). The NP5 hydrogel was diluted before taking images. 50 pL
of NP5 hydrogel (20 mM) was diluted with 150 pL of the deionized
water. 20 pL of the diluted hydrogel solution was placed on a glass slide.
The NP5 hydrogel on a glass slide was dried twice: once in the air and
once under vacuum before being gold-coated.
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4222 TEM

Transmission electron microscopy images (TEM) were taken using a
field-emission gun TEM (model: Tecnai G2, F30). TEM was operated
at a voltage of 200 kV. The NP5 hydrogel was dilute before taking
images. The diluted solution of the NP5 hydrogel was placed on carbon-
coated copper grids. The mesh size of the copper grid was 300. Hydrogel
solution on the copper grid was dried at room temperature. NP5
hydrogel (50 pL) was dissolved in 450 pL of water. TEM investigations
were used to examine the nanostructural shape of hydrogels using 3%

phosphotungstic acid as a negative stain.
4.2.23 Wound Healing Assay

The cells were seeded into a 6-well plate and continuously cultured to
reach the confluency level of 100% to form a monolayer. A single line
wound was formed by scratching the cell through a 1000 pl pipette tip
and then washed with PBS. Then, the cells were treated with hydrogel.
Only PBS was used as control. Thereafter, images were captured
through a light microscope (DM21, Leica microsystems, Germany) after
an incubation period of 0, 12, 24, 36 and 48 h, and then the wound area

was quantified using ImageJ software.

4.2.24 Antibacterial Experiment
4.2.24.1 Bacterial Culture

The microorganisms Bacillus subtilis (MTCC 619) and Escherichia coli
(MTCC 739) were purchased from the Institute of Microbial
Technology Chandigarh, India, as a lyophilized powder. Fresh
inoculums of the Gram-positive bacteria B. subtilis as well as the Gram-
negative bacteria E. coli were made prior to the tests. A single colony
was taken out and afterwards injected into nutrient broth medium that
had been autoclaved to promote bacterial growth. Overnight, the

bacterial inoculums were incubated at 37 °C in an incubator. Fresh
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overnight bacterial suspensions were diluted to a workable
concentration of 1-2x108 colony-forming units (cfu mL™?) by diluting
them with 0.5 McFarland standards. All cultures had their optical
densities evaluated at 625 nm under aseptic circumstances both before

and after incubation. Reading was taken using Mutiskan FC plate reader.
4.2.24.2 Culture Media

The liquid medium used for bacterial culture was called nutrient broth
medium, and it was made by combining peptone (10 g), yeast extracts
(3 g), and sodium chloride (5 g, NaCl) with 1000 mL of sterile distilled
water. Agar-agar powder (15 g) was added to 1000 mL of nutrient broth
medium to create the nutrient agar medium. Using NaOH (0.1 N)
solution, the pH of the nutrient broth and nutrient agar media was
brought to 7.0. In a 25 mL Erlenmeyer flask, the nutrient broth and
nutrient agar media were sterilised for 30 minutes at 121 °C and 15 Ibs
of pressure.

4.2.25 Gelation Method

The newly developed nucleopeptide molecules 30 mM were placed in a
clean 5 mL vial. Then, freshly prepared phosphate buffer (100 mM, pH
= 7.4) was added in the vial. Then the resulting solution was vortex for
5 min to homogeneously mix the solution. Finally, the solution was
sonicated for 10 min and kept inside the incubator. After 30 min NP5
formed the hydrogel and the rest of the synthesized NPs (NP6 and NP7)

formed the precipitate.
4.2.26 Isolation of Blood

A vacuum tube with the anticoagulant, sodium citrate solution (3.0
w/v%) was used to collect the blood sample. Notably, the blood sample
was provided by one of the ambulance drivers as part of a standard
physical examination at a medical facility. Blood plasma was then

extracted, and the residual cells were used for tests.
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4.2.27 Separation of WBCs and Erythrocytes

By centrifuging blood at 2000 rpm for five minutes under room
temperature, erythrocytes were separated out from the blood. With the
use of a sterile syringe, WBCs were removed from the buffy coat, and
the remaining cells were then washed with 10 mM Phosphate Buffered
Saline of pH 7.4 (PBS).

4.2.28 Hemolytic Activity

A 1% erythrocytes suspension in PBS was employed to assess hemolytic
activity. To evaluate the NP5 hydrogel for hemolysis, the erythrocytes
were immediately mixed with different concentration of the hydrogel
and left to incubate for 1 hour. PBS was utilized as a negative control
and 1% (w/v) Triton X was used as positive control. After that, the
mixtures were incubated for 1 hour at 37 °C. After the compilation of
the incubation period, centrifugation was carried out at 2000 rpm for 10
min at 4 °C.

4.2.29 Antibacterial Properties of the Hydrogel

The effectiveness of the NP5 hydrogel against B. subtilis and E. coli
bacteria was examined in vitro. The optical density (OD625) technique
was used to examine the hydrogels' antibacterial properties. The NP5
hydrogel with varied concentrations (2 to 0.031 mM) was used for
antibacterial study. The control was a bacterial solution in nutrient broth
devoid of hydrogels. The absorbances of the test solution and control
were estimated at 625 nm.

4.2.30 Animal Cell Culture

Mouse fibroblast cells (McCoy) and human lung epithelial cells (A549)
were procured from NCCS Pune and cultured as per standard protocol.
Briefly, the cells were grown in Dulbecco's Modified Eagle Medium
(Himedia, Mumbai, India) with standard amount of FBS (Gibco, New
York, USA) and penicillin/streptomycin (Himedia, Mumbai, India). The
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culture was maintained in a CO. incubator (Forma, Steri-cycle 1160,
Thermo Scientific, Waltham, USA).

4.2.31 Cytotoxicity of the Hydrogel

The cytotoxicity determination was done by MTT assay. For these, an
approximate 10° cells were placed in each well of 96 well plate. The
plate was incubated for 24 h. Treatment of hydrogel was given for 24 h
with concentrations ranging from 2mM to 0.03 mM. After completion
of the incubation period the media was aspirated and 50ul of 0.5mg/ml
MTT solution was added to each well of the 96 well plate, followed by
incubation at 37°C for 3 h. Post incubation the solution was aspirated
and DMSO was added to dissolve the formazan and kept on orbital
shaker for 1.5 h. The reading was taken in microplate reader (Biotek
Synergy H1) at 570 and 590 nm wave length. The IC50 of the hydrogel
could not be determined due to minimal toxicity of the hydrogel. For all
further experiments involving animal cell 0.1mM concentration of

hydrogel was used.
4.2.32 ROS Estimation by DCFDA Assay

To understand the ROS scavenging activity of the hydrogel. Cells were
seeded in 12 well cell culture plate and kept under incubation for
overnight. Then, the cells were treated with 100 uM of H2O> for 1 h
followed by treatment of hydrogel for 12 h after completion of the
treatment period. The DCFDA staining, imaging and data analysis was

done as described earlier [45].
4.2.33 RNA Isolation and qRT PCR

To determine the transcript level of inflammatory markers, 1 million
cells were seeded in 60 mm disk and allowed to settle, further treated
with 100 ng/uL of lipopolysaccharides (Cat# L8880 ANJ Biologicals,
NJ, USA) for 12 hrs followed by treatment of hydrogel for 12 h. For
positive control equivalent amount of LPS was treated and untreated

cells were also kept as negative control. After completion of the
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incubation period cells were harvested by scraping and centrifuged at
2500 rpm for 5 min. The pellets were washed with PBS and RNA
extraction reagent (Himedia, Mumbai, India) was added and RNA was
isolated as mentioned previously [46]. The isolated RNA was quantified
by nanodrop and cDNA was prepared from 2 pg of RNA by using cDNA
synthesis kit. QRT PCR of IL6, TNFa and NFxB was done using gene
specific primers. For McCoy cell mouse specific primers were used.

4.2.34 \Western Blot

To understand the expression of specific markers at protein levels
western blotting was performed as mentioned in our earlier work [47].
Briefly post completion of treatment time (LPS + hydrogel treatment)
cells were harvested and protein was isolated by RIPA buffer and equal
amount of protein was loaded in each well for running gel. The separated
proteins were then transferred to 0.45 uM pore size nitrocellulose
membrane and after blocking, incubated with primary antibody
followed by incubation with secondary antibody and visualization.
Analysis and quantification of blots were done using Image J software
(National Institutes of Health, USA). Antibodies for NF-kB p65 (#8242,
1:1000) was from Cell Signaling Technology, Danvers, USA. GAPDH
(#MA5-15738, 1:2000) was from Invitrogen, Waltham, USA.

4.2.35 Wound Healing Assay

The cells were seeded into a 6-well plate and continuously cultured to
reach the confluency level of 100% to form a monolayer. A single line
wound was formed by scratching the cell through a 1000 pl pipette tip
and then washed with PBS. Then, the cells were treated with hydrogel.
Only PBS was used as control. Thereafter, images were captured
through a light microscope (DM21, Leica microsystems, Germany) after
an incubation period of 0, 12, 24, 36 and 48 h, and then the wound area

was quantified using ImageJ software.
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4.3 Results and Discussion

The nucleobase, guanine was conjugated with a peptide moiety to
synthesize a new class of nucleopeptide (NP) moiety. The nucleopeptide
was synthesized using a solution phase synthetic procedure. In a
previous report, we enhanced the gelation property of the synthesized
NPs by increasing their hydrophobicity by introducing a long fatty acid
chain [48]. In this report, we aim to demonstrate the gelation property in
the synthesized nucleopeptide by increasing its hydrophobicity though
the introduction of an aromatic amino acid into the synthesized

nucleopeptide.
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Figure 4.22 The formation of the hydrogel by NP5. The formation of
the precipitate in presence of the phosphate buffer pH = 7.4 by NP6 and
NP7 respectively.

We have designed three different nucleopeptides (NP5, NP6, NP7) and
synthesized them according to the reported solution phase synthetic
procedure [49,50]. To form a self-assembled hydrogel, 30 mM of the
synthesized NP5 was taken in a vial, then 500 pl of phosphate buffer
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with a pH of 7.4 was added. After the buffer was added, the solution was
ultrasonicated vigorously for 10 min. The solution was then left at room
temperature for 15 min. The formation of the hydrogel was verified by
inverting the vial. The minimum gelation concentration was 30 mM. In
a similar manner, we attempted to prepare the hydrogel with the other
two synthesized NPs. A viscous solution was appeared for the remaining
two NP (Figure 4.22).
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Scheme 4.2 Schematic illustration demonstrates the formation of the
NP5 hydrogel, which effectively decreases the inflammation, is efficient
against bacterial infection and exhibits excellent activity for the invitro

wound healing.

Therefore, only NP5 formed a stable, self-supported NP5 hydrogel in
phosphate buffer (Scheme 4.2). The formation of a stable hydrogel by
NP5 can be attributed to the proper balance of hydrophobicity and
hydrophilicity. In a previous report, we demonstrated that increasing
hydrophobicity through the introduction of variable chain lengths of the
fatty acid led to the gelation property in the synthesized nucleopeptides
[48]. In this instance, the increase in hydrophobicity due to the aromatic

amino acid plays a crucial role in inducing gelation in the synthesized
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NPs. The CLogP values for the synthesized NP5, NP6 and NP7 are
1.488, 0.821, 0.154, respectively. These values clearly indicate that the
increased hydrophobicity, brought about by the introduction of aromatic
amino acid in the synthesized NPs, significantly contributes to the
induction of the gelation property. The difference in the aggregation
behavior of the synthesized NPs is attributed to the variation in the
CLogP value. Further, the aggregation behavior of the synthesized
nucleopeptides is determined by simulation studies. All the synthesized
NPs were subjected to simulation studies using Amber22. The
simulation was conducted over a time period of 100 ns. Over time, the
synthesized NPs begin to aggregate. The rate of aggregation increases
with the duration of the simulation. Among the NPs, NP5 shows a higher
rate of aggregation compared to NP6 and NP7 (Figure. 4.19a). The
solvent accessible surface area (SASA) analysis is used to determine the
supramolecular aggregation propensity [51]. A decrease in the SASA
implies the aggregation behavior of the NPs. It has been observed that
the decrease in SASA is more significant for NP5 as compared to NP6
and NP7 (Figure 4.23b). Consequently, the increased aggregation in
NP5 leads to a higher order of self-assembly, which helps in the
formation of the hydrogel [52,53]. The simulation results support the

experimental observation (Figure 4.24a-c).
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Figure 4.23 (a) Self-aggregation of the synthesized NPs at 0 ns, 50 ns
and 100 ns. (b) The decrease of the solvent accessible surface area
(SASA) with time.

To further support the aggregation observation from the simulation
studies, we conducted Diffusion Ordered NMR Spectroscopy (DOSY)
of the synthesized NPs. The size of the aggregates, formed by the NPs,
was determined through the DOSY NMR experiment. This experiment
helps in determining the diffusion co-efficient of the supramolecular
aggregates. The diffusion constant (m?s) for the C8 proton of the
synthesized NP5, NP6 and NP7 are 2.03x103, 1.91x107°, 3.15x101°,
respectively. Among the synthesized NPs, NP5 has the lowest diffusion
constant compared to the other NPs, indicating a higher tendency to

form aggregates.
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Figure 4.25 (a) Circular dichroism spectrum of the NP5 hydrogel. (b)
Fluorescence spectrum of the ThT solution (blue line), NP5 hydrogel
(red line) and NP5 hydrogel with ThT, the excitation wavelength was
450 nm. (c) CLSM images show non fluorescent supramolecular
assemblies (Lex = 488 nm) in the NP5 hydrogel, upon binding with the

ThT, it becomes fluorescent (Scale bar in all images are 5 um).

Guanine, which has several H-bonding donor and acceptor site, can
participate in H-bonding interactions among themselves to form the
secondary structure of DNA. This helps in the formation of hydrogel
[54]. Circular dichroism spectroscopy (CD) is an important technique
used to determine the presence of secondary structures and the folding
of proteins and other biomacromolecules. Therefore, CD spectroscopy

was used to investigate whether a secondary structure is present or not.
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The NP5 hydrogel (30 mM) was diluted to 400 uM using water. The
spectra were recorded and showed a positive peak at 277 nm and a
negative peak at 233 nm. These peaks indicate the presence of the DNA
secondary structure within the hydrogel [55]. A peak at 222 nm is due
to the n- m* transition for the phenyl moieties in the synthesized NP5
(Figure 4.25a) [56]. Therefore, the CD spectrum suggests that the DNA

secondary structure is present within the hydrogel components.

Thioflavin T (ThT) is a benzothiazole-derived fluorophore, typically
used to identify the secondary structure of nucleic acids. Although ThT
is not fluorescent in water by itself, it displays strong fluorescent
emission maxima when it binds with macromolecules like DNA and
RNA. ThT is composed of a benzothiazole ring and benzyl amine, which
are connected by a C-C bond. Theoretical studies suggest that the free
rotation around this C-C single bond results in fluorescence quenching
in the solution. When ThT molecules are added to biomolecules, they
attach and restrict free rotation, resulting in strong fluorescence [57].
The ThT solution was added to the NP5 hydrogel during its formation.
The fluorescence spectrum was recorded for the ThT incorporated
hydrogel, the blank hydrogel, and the blank ThT. The excitation
wavelength was set at 450 nm. No prominent peak was observed for the
NP5 hydrogel and the blank ThT solution. However, a strong
fluorescence maximum at 494 nm clearly suggests the presence of
secondary structures of nucleic acid which facilitate the formation of
NP5 hydrogel (Figure 4.25b). A microscopic evaluation was carried out
to corroborate the spectroscopic result. In this process, the hydrogel was
incubated with a ThT solution [58]. The dye bounded strongly with the
supramolecular nano-architecture within the hydrogel, displaying
fluorescence that was clearly visible under a confocal laser scanning
microscope (CLSM) (Figure 4.25c).
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Figure 4.26 PXRD spectrum of (a) NP5 hydrogel and (b) the
synthesized gelator precursor NP5. (c) FT-IR spectra of the NP5 (red
line) and NP5 hydrogel (blue line). (d) Amplitude sweep experiment of
the NP5 hydrogel. (e) Frequency sweep experiment of the NP5
hydrogel. (f) SEM and (g) TEM images show the presence of the nano-
fibrillar morphology in the NP5 hydrogel.

The wide-angle powder X-ray diffraction experiment (PXRD) was
conducted to examine the self-assembly in the NP5 hydrogel. PXRD
spectra were recorded for the xerogel (made from the NP5 hydrogel)
and the synthesized NP5. A peak was observed at 26=28.36 which
corresponds to a distance of 3.15 A. This is attributed to the -7 stacking
distance (Figure 4.26a) [59]. The spectra were also recorded for NP5,
and its crystalline nature was observed (Figure 4.26b). Therefore, the
PXRD experiment was also revealed the presence of supramolecular
stacking within the NP5 hydrogel which helps in forming a stable, self-
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assembled NP5 hydrogel. To gain more detailed information about the
molecular interactions in the self-assembled stable NP5 hydrogel, we
performed FT-IR spectroscopy. The spectra for both the NP5 hydrogel
and the synthesized NP5 were recorded. We used FT-IR spectroscopy
to investigate the existence of amide | and amide Il bands. Amide I
represent the stretching frequencies of the C=0 bond, while amide 1l
represents the stretching frequencies of N-H bond [60]. The peaks at
1681 cm™ and 1633 cm™ correspond to the -C=0 stretching frequencies.
Other peaks at 1570 cm™ and 3300 cm™ represent the N-H bending and
O-H stretching (Figure 4.26¢). In the spectrum, the shift of the -C=0
stretching frequency in amide | region and the change of N-H bending
in the amide 11 region of the hydrogel from its corresponding gelator
precursor may be attributed to the participation of the carbonyl group in
the hydrogen bonding interactions. The increase in intensity and shift of
the O-H stretching indicate that the O-H of the carboxylic acid is
involved in the H-bonding interaction. Therefore, the FTIR spectra
clearly indicate that the H-bonding interaction in NP5 contributes to the
formation of the supramolecular aggregate, which in turn facilitate the
formation of NP5 hydrogel. The mechanical properties of the newly
developed NP5 hydrogel were estimated with the help of rheological
studies [61]. The area of deformation was investigated using an
amplitude sweep experiment, keeping a constant value of frequency of
10 rad/s throughout the entire experiment. The vales of the storage
modulus (G') and loss modulus (G") was constant at lower strain levels.
However, the storage modulus values gradually decreased from 4133 Pa
as the strain increased (Figure 4.26d). This experiment reveals that the
microstructure deforms at higher strain, resulting in the transformation
of the hydrogel into a solution. Subsequently, a frequency sweep
experiment was conducted at a constant strain of 0.5%. This experiment
also demonstrated that the storage modulus values consistently exceed
the loss modulus values across all frequency ranges (Figure 4.26e).
Therefore, the rheological experiment reveals the formation of a stable
and stiff NP5 hydrogel. The morphological characterization of the

synthesized NP5 hydrogel was carried out using various electron
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microscopy techniques [62,63]. The SEM images showed the presence
of densely entangled nanofiber structures within the NP5 hydrogel
(Figure 4.26f). The average width of these nanofiber is 29 nm.
Additionally, a transmission electron microscopy experiment was also
performed. The TEM images also suggest the presence of nanofiber
within the hydrogel (Figure 4.26g). The nanofiber within the hydrogel
has an average width of 25 nm. Therefore, microscopic images also
indicate the existence of dense nanofibers within the hydrogel.
Consequently, the nanofiber within the NP5 hydrogel contributes to the
development of a stable NP5 hydrogel.
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Figure 4.27 The MTT assay to check cell viability of NP5 hydrogel on
(a) fibroblasts McCoy cell line and (b) epithelial A549 cell line.
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Unpaired t-tests were conducted for the statistical analysis of the data
using graphpad prism trial version. p-values of <0.05, <0.001 and
<0.0001 were represented with *, ** and *** respectively as compared
to the control. (c) Live-dead cell imaging shows excellent viability of
the NP5 hydrogel towards epithelial A549 cell line. Fluorescein
Diacetate (FdA) was used to detect the presence of the live cells after
the incubation with different concentration of the NP5 hydrogel and
Propidium iodide (PI) was used for the visualization of the dead cells

(scale bar 20 pm).

Recent studies have shown that peptide based nanofibrous hydrogels are
used in fields such as tissue engineering, stem cell proliferation and drug
delivery. This is because they are biocompatible and can hold a large
amount of water molecules. Therefore, biocompatibility is a primary
requirement for using this soft functional material in biomedicine [64].
The colorimetric MTT experiment was conducted using the synthesized
stiff, nanofibrous, NP5 hydrogel to evaluate its impact on cells. The cells
were incubated with the hydrogel for a duration of 24 h. We selected
two different cell lines to determine the number of metabolically active
cells after the incubation period. The cancerous cell line A549 and the
fibroblast cell line (McCoy) were used to evaluate biocompatibility. The
cells were treated with varying concentrations of the synthesized
nanofibrous NP5 hydrogel. For the A549 cell, the synthesized NP5
hydrogel demonstrated minimal toxicity when higher concentrations (2
mM, 1 mM) were applied to the cells, compared to the control
experiment (Figure 4.27a). The control experiment was carried out
using only the media (the composition of the media is mentioned in the
experimental section). For the McCoy cell, the hydrogel showed no
toxicity. Instead, proliferation was observed with the McCoy cell line
(Figure 4.27b). Previous studies have also reported minimal
cytotoxicity of hydrogels [65]. Based on the MTT data, we used a 0.1

mM concentration in our subsequent cell-based experiments.
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Figure 4.28 Live-dead cell imaging on the fibroblast McCoy cell by the
newly developed NP5 hydrogel. The scale bar in all the images is 20

gm.

To further confirm the findings from the MTT assay, we performed live-
dead cell imaging. This imaging was conducted using the NP5 hydrogel
on the McCoy fibroblast cell line and the A549 epithelial cell line.
Different concentrations of the hydrogel (0.125 mM and 0.03125 mM)
were used for the live-dead cell imaging experiment. The hydrogel was
left to incubate in the cells for a period of 24 h. After the incubation
period ended, the cells were stained with fluorescein diacetate (FdA).
The bipolar side chains in FdA can helps to permeate through the cell
membrane. FdA is non-fluorescent dye. The esterases, which are
enzymes that catalyze the hydrolysis of ester bonds, transform the
nonfluorescent FAA into fluorescein by non-specific cleavage of the
acetate groups present in the FdA. Those cells which are metabolically
active and have undamaged cell membranes could be observed under
laser light. Dead cells were visualized by staining them with propidium

iodide [66]. In both cell lines, no red fluorescence was observed (Figure
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4.27c and Figure 4.28). This clearly indicated, the biocompatible nature
of the hydrogel. As a result, this biocompatible hydrogel could
potentially be used for wound healing. The results of this experiment are
also consistent with our MTT data, which shows minimal cell death due

to cytotoxicity.
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Figure 4.29 (a) Quantitative measurement of the hemolysis by the NP5
hydrogel (b) optical image shows the hemolytic activity of the NP5
hydrogel. Unpaired t-tests were conducted for the statistical analysis of
the data using graphpad prism trial version. p-values of <0.05, <0.001
and <0.0001 were represented with *, ** and *** respectively for
significant upregulation and #, ##, and ### for significant

downregulation with respect to the control.

Inflammation, proliferation, and reorganization of tissue layers are all
components of the complex and dynamic process of wound healing.
This process involves step-by-step, time-consuming restoration of
damaged cellular structures [67]. Hemolysis occurs when the hydrogel
comes into contact with blood cells. This happens when the blood cell
membrane ruptures, releasing hemoglobin and other internal
components into the surrounding fluid. The presence of a pink to
crimson red color in the serum can be used to visually identify it. This
color change can be caused by a variety of medical issues, including
microbial infections, autoimmune and genetic diseases, and low solute
concentration. The term ‘hemolytic potential’ refers to the ability of a
substance to cause hemolysis, or the breakdown of red blood cells, to a
certain extent when it comes into contact with blood. The hemolysis

experiment demonstrated that the nanofibrous supramolecular
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nucleopeptide hydrogels were nonhemolytic. Figure 4.29a displays the
hemolysis of blood cells when exposed to different hydrogel samples for
an hour at 37 °C. TritonX was used as a positive control, while only a
buffer was used as a negative control. An optical image shows the
hemolytic activity of the NP5 hydrogel (Figure 4.29b). All tested
concentrations of the hydrogel were found to be nonhemolytic, with
hemolysis levels below the acceptable standard. These findings
demonstrate the high compatibility of the supramolecular nucleopeptide

hydrogels with blood.
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Figure 4.30 HPLC chromatograms depicts the degradation of the NP5
hydrogel in the presence of the proteolytic enzymes (a) a-chymotrypsin
(b) proteinase-K. The (%) of the compound remained after the
degradation by the proteolytic enzymes (a) a-chymotrypsin (b)
proteinase-K.
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Nucleopeptide gelator consisting of amino acids tends to undergo
hydrolysis when exposed to proteolytic enzymes, which is associated
with a significant rise in proteolytic enzymes in chronic wounds.
Therefore, the stability of the nucleopeptide hydrogel was tested in the
presence of the proteolytic enzymes. The biostability was tested in the
presence of the proteolytic enzymes a-chymotrypsin and proteinase K
[68]. The breakdown of the peptide by enzymes was evaluated at
different time intervals using RP-HPLC analysis (Figure 4.30a and
4.30b). The proportion of the nucleopeptide that remained
undecomposed was estimated by measuring the area under the curve.
The nucleopeptide hydrogel showed a degradation of 30-35% at 30 h
(Figure 4.30c and 4.30d).
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Figure 4.31 The invitro wound healing experiment on the (a) A549 cell
'and' (b) fibroblasts McCoy cell. The quantification of the wound closure
by the (c) A549 cell (d) McCoy cell at 0 h, 12 h, 24 h, 36 h, and 48 h.
Unpaired t-tests were conducted for the statistical analysis of the data

using graphpad prism trial version. p-values of <0.05, <0.001 and
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<0.0001 were represented with *, ** and *** respectively as compared

to the respective 0 h of each group.

In addition, we examined the impact of NP5 hydrogel on cell migration
by performing a scratch wound test, as cell proliferation and migration
are crucial factors in the wound healing process. After making a small
scratch on the cell layer, we then incubated them with NP5 hydrogel.
The concentration dependent effect of the hydrogel was studied. Images
of the scratch were captured at different times, revealing that the cells
treated with a higher concentration of hydrogel showed improved
migration, effectively closing the gap within 48 hours (Figure 4.31a
and 4.31b). When a higher concentration of the hydrogel was applied,
about 70-75% of the wounds closed in the A549 cell line, while 95-98%
of the scratch wound healed in the McCoy cell line (Figure 4.31c and
4.31d). The percentage wound closure was used to represent the amount
of wound closure in response to our hydrogel. In this method, the width
of the wound at 0 h was considered to be 100%, and as time increases
and the wound area decreased, the percentage of the wound area also
decreased from 100%. The wound area at respective time points were
calculated with respect to 0 h of the respective group. The higher
migration in the keratinocytes (McCoy) shows NP5’s superior wound
healing capability in a natural set up. A previous study by Sparks et al
also reported the enhanced wound healing potential of peptide hydrogels
[69].
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Figure 4.32 DCFDA assay of the NP5 hydrogel on the (a) epithelial
A549 cell line 'and' (b) fibroblasts McCoy cell line. H.O2 was used to
create inflammation in the cell. The scale bar in all images is 50 um. The
quantification of the inflammation by the (c) A549 'and' (d) McCoy cell
with respect to the control was measured with the ImageJ software. Y-
axis was broken at 10. Unpaired t-tests were conducted for the statistical
analysis of the data using graphpad prism trial version. p-values of
<0.05, <0.001 and <0.0001 were represented with *, ** and ***

respectively as compared to the control.

The main barrier to tissue healing in area of a scratch wound is the
elevated levels of reactive oxygen species (ROS) [70]. In a study, H>O>
was used to stimulate the production of ROS and induce oxidative stress
in McCoy fibroblasts and A549 epithelial cell lines. The objective was
to evaluate the effect of the NP5 hydrogel on the ROS levels in these
cell lines when they are under stress from H2O». The hydrogel was used
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to protect against cellular damage by inhibiting the formation of ROS.
The nonfluorescent compound DCFH-DA transforms into the
fluorescent compound DCF when it comes into contact with ROS. This
transformation was employed as an indirect method to measure the
production of ROS within cells. For qualitative analysis, McCoy
fibroblasts and A549 epithelial cell lines were examined using a
fluorescent microscope to investigate the intracellular location of ROS.
The image demonstrates that cells treated with H20. exhibited a
significant amount of green fluorescence, indicating a rise in
intracellular ROS levels (Figure 4.32a and 4.32b). In contrast, the
control and the NP5 hydrogel alone showed much less green
fluorescence in both cell lines. This data suggests that the gel has a
significant effectiveness as a free radical scavenger. The measurement
of fluorescence intensity also demonstrated a significant increase in
intracellular ROS levels after H20> treatment. However, the use of NP5
hydrogel effectively mitigated the formation of ROS generated by H»O..
The fluorescence intensity of cells decreased by about 50% after being
exposed to hydrogel, compared to cells that were treated with H.O>
(Figure 4.32c and 4.32d). These results further validated the
exceptional ability of the hydrogel to scavenge reactive oxygen species
(ROS). After comparing the ROS scavenging capacity of the NP5
hydrogel with literature, we conclude that our findings are consistent
with previously published results. Several groups in previous studies
have also demonstrated the ROS scavenging property of various
hydrogels, including peptide hydrogels [71]. It is noteworthy to
mentioned that guanine moiety in the NP5 play a significant role to
scavenge free radical. Among the nucleobases, guanine has the lowest
reduction potential (1.29 V). Therefore, it is the best electron donor and
is preferentially oxidized. Hence, hydroxyl and super oxide radical

reacts with guanine that results in decrease in ROS [72].

In addition to the ROS scavenging, wound filling and antibacterial are
crucial properties of the gel, it is important to investigate its anti-

inflammatory property. This is because the formation of a wound

216



triggers an inflammatory response. To investigate the anti-inflammatory
property of the NP5 hydrogel, we determined the transcript (IL6, TNFa
and NF«B) and protein (NFkB) levels of inflammatory markers using
gRT-PCR and western blot methods, respectively (Figure 4.33).
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Figure 4.33 Treatment of hydrogel dampens the inflammatory
response in lung and fibroblast cells. McCoy and A549 cells were
treated with bacterial lipopolysaccharide (LPS) for 12 h to induce
inflammation followed by treatment of NP5 hydrogel for another 12 h
(LPS+ NP5 hydrogel group). Only LPS and gel group cells were treated
with LPS and NP5 hydrogel for 12 and 24 h respectively. After
completion of the treatment period cells were harvested and transcript
and protein level of inflammatory markers were evaluated. Relative
transcript level of inflammatory markers (IL6, TNFa and NF«B) in (a)
McCoy 'and' (b) A549 cells. (c) Representative western blot image of
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NF«B in McCoy (left panel) 'and' A549 (right panel) cells. Relative
NF«B protein level in (d) McCoy 'and' (e) A549 cells. The experiment
was performed in triplicates, and the results are shown as the mean + SD
of three data points. Statistical significance was determined by Unpaired
t-tests with 95% confidence interval. */#, **/## and ***/### denotes p-
values of <0.05, <0.001 and <0.0001 respectively as compared to the

control for significant up/down regulation.

Our results indicate that treating cells exposed to LPS with NP5
hydrogel significantly (p<0.05) reduces the transcript levels of IL6,
TNFa and NFxB in the LPS+Gel group compared to the LPS treated
group in both fibroblast and lung epithelial cells (Figure 4.33a and
4.33b). Furthermore, the gel by itself does not exhibit any inflammatory
properties, as evident by the levels of these markers in the gel treatment
group (Figure 4.33a and 4.33b). We have also evaluated the protein
level of NF«B, the primary regulator of inflammation. In the McCoy
cell, compared to the LPS treatment group, LPS+Gel group showed a
diminished expression of NFxB (p<0.0001). However, in the A549 cell,
the decrease is comparatively less compared to the McCoy (p<0.05)
(Figure 4.33c-e). The results from the anti-inflammatory study suggest
that the NP5 hydrogel possesses anti-inflammatory properties in
addition to the other properties mentioned. Previous studies by Chen et
al have also demonstrated the reduction of IL6 and TNFa in mice treated
with hydrogel [73]. Additionally, another study involving a peptide-
ibuprofen amphiphile based hydrogel was able to reduce inflammation
induced by LPS, as indicated by reduction of IL6, TNFa and NF«B [74].
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Figure 4.34 The antibacterial activity of the synthesized NP5 hydrogel
was investigated against (a) Gram-negative E. coli (b) Gram-positive B.
subtilis. All the results were derived from technical triplicate (N = 3).
All the data were statistically analyzed by unpaired t-test using graphpad
prism trial version. *p< 0.05, **p< 0.01 as compared to the control. FE-
SEM images of the E.coli bacteria (c) control (without NP5 hydrogel)
(d) in the presence of the NP5 hydrogel.

Microbial infections and the growth of biofilms on biomaterial surfaces
pose significant worldwide challenges and health concerns.
Antibacterial hydrogels have inherent properties that effectively hinder
bacterial contaminations, making them a viable option in combating
drug-resistant pathogens. The bacterial infections in the place of wounds
area can lead to chronic conditions and the healing process becomes
slow [75]. The effective wound healable biomaterials should effectively
eradicate biological contaminations without causing undesirable allergic
responses. The inherent propensity of nucleopeptide-based materials to
self-assemble confers significant benefits in treating bacterial infections.
The intrinsic antibacterial activities of the NP5 hydrogel were estimated

by measuring the optical density at 625 nm against harmful Gram-
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positive (B. subtilis) and Gram-negative (E. coli) bacteria. The results of
antibacterial tests indicate that the NP5 hydrogel effectively suppresses
the proliferation of Gram-positive and Gram-negative bacteria. The
higher concentration of the NP5 hydrogel was found to be more
effective against the bacteria (Figure 4.34a and 4.34b). The FE-SEM
images were captured after a 24 h incubation period of the NP5 hydrogel
with the Gram-negative bacteria E. coli. The images clearly show the
breakdown of the bacterial cell membrane when the hydrogel is applied
(Figure 4.34c and 4.34d). Therefore, the NP5 hydrogel potentially be

used for wound dressing purposes.
4.4 Conclusion

The nucleopeptide derivatives (NPs) were synthesized and the ability of
these synthesized NPs to form hydrogels were tested. The aggregation
behavior of these NPs was analyzed using a molecular dynamics
simulation study. The DOSY NMR experiment confirmed the higher
level of aggregation of the NP5. Furthermore, NP5 hydrogel was
characterized using CD, PXRD, ThT-dye binding experiments. SEM,
TEM experiments revealed the existence of nanofibers within the NP5
hydrogel. The NP5 hydrogel exhibited minimal cytotoxicity, as
demonstrated by MTT and cell death studies. The NP5 hydrogel was
also found to be biostable against the proteolytic enzyme proteinase K
and a-chymotrypsin. Furthermore, the NP5 hydrogel showed the
efficacy against B. subtilis and E. Coli bacteria. It also demonstrated
properties of ROS scavenging, antibacterial and anti-inflammatory
activity in epithelial cells and keratinocytes. Notably, the hydrogel
showed enhanced activity in keratinocytes compared to epithelial cells.
In conclusion, the NP5 hydrogel could be an efficient candidate for
wound healing applications. In addition to our findings, the molecular
mechanism underlaying the wound healing induced by the hydrogel

could be studied in more detail.
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Chapter 5

Enzyme Fueled Dissipative Self-assembly of
Guanine Functionalized Molecules and Their

Cellular Behaviour
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5.1 Introduction

Nucleobases and their analogs play a significant role in the fields of
biology as well as chemistry due to their diverse biological function and
increasing use as antiviral drugs [1]. The specific hydrogen bonding of
nucleobases is involved in important biological processes such as
transcription, translation, and replication, which are directly linked with
complex biological evolution [2,3]. Amino acid-based supramolecular
nanomaterials have gained considerable attention in recent years
because of their potential utilization in tissue engineering, drug delivery,
enzyme testing, and protein separations as they exhibit notable
biological activity and biodegradability [4-7]. Therefore, the
development of functional materials by bio-conjugation of nucleobase
and peptide offers novel avenues for their assembly. Lipases have a
significant impact on biocatalysis due to their wide range of substrate
specificity, often strong regio- and enantioselectivity, and capability to
operate in both aqueous and organic reaction environments, which make
them very adaptable for the polymerization of esters, kinetic resolution,
and derivatization. Broadly, an esterase lipase exhibits substrate-specific
hydrolysis activity towards esters in agueous medium. Ester hydrolysis
is preferred over esterification in an aqueous environment [8-10]. Here,
we plan to harness the equilibrium shifts toward the reverse direction.
The formation of the self-assembled building-blocks lowers the

activation energy to drive the reaction.

Dissipative self-assembly (DSA) is a ubiquitous process in nature, that
occurs far from equilibrium [11]. An example of DSA is the assembly
and disassembly of the actin filament, which is driven by the hydrolysis
of ATP [12-15]. DSA occurs when non-assembling precursors are
activated and transformed into assembling precursors through a
continuous supply of energy [16-20]. This is different from molecular
self-assembly processes that occur through the thermodynamic
equilibrium, where the building-blocks can be exchanged with the
surrounding environment. In DSA, the exchange of the building-blocks

is balanced and there is no observed involvement or release of energy
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[21-25]. This non-equilibrium behavior distinguishes DSA from
conventional molecular self-assembly. Therefore, DSA operates far
from equilibrium at the expense of energy. The disassembly of
molecular building-blocks occurs when the stored energy in the
activated building-block dissipates. Thus, two chemical reactions

control the assembly and disassembly events that occur in DSA [26-33].

In a chemical fuel driven dissipative self-assembly, a non-assembling
building-block dibenzoyl-(L)-cystine (DBC) was activated for self-
assembly by the influence of a chemical fuel. The carboxylate groups in
the DBC were esterified using methyl iodide. The ester hydrolysis was
labile, so when it occurred, it dissipated the energy and caused the
activated building-block to disassemble [34]. In living systems, the
assembly and disassembly processes driven by fuel are regulated by
enzymes [35]. The creation of life on Earth is a mystery to humans.
Therefore, researchers have coined the term ‘protocell’, which refers to
the primitive or first cell [36]. The term protocell is used to describe cell-
like structures that contain self-organized spherical ordered structures.
In recent years, research on protocells has mainly focused on designing
and developing supramolecular assemblies that contain all the essential
ingredients present in cells [37]. Various protocell models are being
utilized to explore this mystery, including vesicles [38], colloidosomes
[39], microcapsules [40], coacervates [41], water-in-oil emulsions [42],
and proteinosomes [43,44]. The main purpose of these models is to
compartmentalize molecules and reactions. A lipid-based giant vesicle
was used to study the amplification and self-proliferation of DNA [45].
A vesicle made from fatty acids was utilized to study RNA catalysis
[46]. In this article, we explore the formation of spheres caused by the
biocatalytic inclusion of p-hydroxybenzyl alcohol in the synthesized
nucleobase functionalized molecules. These spheres could be used as a
model for protocells. Cellular organelles are important for maintaining
a balanced state in a living cell. Therefore, being able to see the cellular
organelles helps us to determine the cell’s health [47]. In recent years,

there has been continuous effort to develop fluorophores for visualizing
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cellular organelles. Recently, self-assembling biocompatible fluorescent
nano architectures have been used to visualize organelles in cells [48].
Herein, the newly developed biocatalytically formed hydrogel has been
used to mimic and visualize the organelles. Our main objectives are: (a)
to induce dissipative self-assembly of newly design non-assembling
building-block called NP10 using a biocatalyst; (b) to study the self-
assembly driven shift of the equilibrium in the reverse direction; (c) to
study the morphology inside the biocatalytically formed NP10 hydrogel;
(d) to assess the biocompatibility of a hydrogel derived from NP10; (e)
to perform live and dead cell imaging and (f) to explore the use of the

hydrogel in cell migration.
5.2 Experimental Section

5.2.1 Materials and Methods

The used solvents and reagents were purchased from commercially
available sources like Alfa Aesar, Sigma Aldrich, Merck and
Spectrochem Pvt. Ltd. 2-Amino-6-chloropurine and potassium
carbonate (K2COs3) were obtained from Alfa Aesar. Ethyl chloroformate
was purchased from Spectrochem whereas diethyl ether was purchased
from Merck. 4-Methylmorpholine was obtained from SRL and 10-
Bromodecanoic acid, acid was obtained from TCI. L-Phenylalanine, L-
valine, L-Leucine, L-Tyrosine, L-Tryptophan were purchased from
SRL. Fetal bovine serum, MTT (3-(4,5-Dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide, Dulbecco’'s Modified Eagle Medium
(DMEM) and Streptomycin were obtained from himedia. MitoTracker
Green, Hoechst 33342 and Propidium lodide were obtained from
Invitrogen. For moisture sensitive reactions, dry solvent was used in the
presence of N2 or Ar gas. After completion of the reaction, the crude
products were purified by column chromatography method using silica
as stationary phase and hexane, ethyl acetate or chloroform, methanol as
a mobile phase. All *H and *3C NMR spectra were set down on Bruker
Avance (500 MHz) instrument at 25 °C. ESI-MS spectra were set down
on Bruker instrument by using ESI positive mode. The NMR spectra of

all intermediates and final products were analyzed by using
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MestReNova software. The chemical shift was expressed in the form of
ppm (o) relative to surplus solvents protons as internal standards
(DMSO-dg: 6 = 2.50 for *H NMR; DMSO-ds: 6 39.50 for 3C NMR,
CDCls: 6 = 7.26 for 'H NMR; CDClz: ¢ 77.50 for 3°C NMR).

5.2.2 Synthesis of NPs
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Scheme 5.1 Synthesis of guanine functionalized amino acid derivatives.

5.2.3 General procedure for the synthesis of 8a-e:

Under argon atmosphere, 4-methylmorpholine was added in the solution
of 10-Bromodecanoic acid in dry chloroform at 0 °C. The solution was
left for stirring at this temperature. After 15 minutes, ethyl
chloroformate was added into the solution and stirred vigorously at this
temperature for additional 45 minutes before the addition of L-amino
acids and 4-methylmorpholine. Then the reaction mixture was allowed
to stir for 1h at 0 °C and then at room temperature for 16 h. The progress
of the reaction was monitored by TLC. After the completion of the
reaction, reaction mixture was diluted with water and washed with 1(N)
NaOH (3x10) mL and then with brine, 0.5 (N) HCI (3x10) mL and
finally with brine. The organic part was dried over Na;SO4 and
concentrate under vacuum. The product was used without further
purification.

5.2.4 Synthesis of 8a:

The compound 8a was synthesized as per the above-mentioned general
procedure. Yield: 87%.'H NMR (CDCls, 500 MHz): 6 0.90-0.91 (d, 3H,
J =5Hz), 0.93-0.94 (d, 3H, J =5 Hz), 1.30 (m, 8H), 1.40-1.42 (m, 2H),
1.63-1.64 (m, 2H), 1.82-1.88 (m, 2H), 2.12-2.19 (m, 1H), 3.39-3.42 (t,
2H,J =5, 10 Hz), 3.74 (s, 1H), 4.58-4.60 (m, 1H), 6.00-6.02 (d, 2H, J
= 5 Hz). 8C NMR (CDCls, 125 MHz): & 17.83, 18.93, 24.69, 25.65,
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28.12, 28.68, 29.19, 31.33, 32.79, 34.00, 36.67, 52.17, 56.81, 173.17,
178.77. (ESI-MS, m/z): [M+Na]® m/z calcd for CicH3zoBrNOsNa:
386.1301; found: 386.1297
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Figure 5.2 13C NMR (125 MHz, CDCls) spectrum of 8a.
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5.2.5 Synthesis of 8b:
The compound 8b was synthesized as per the above-mentioned general
procedure. Yield: 88%. *H NMR (DMSO-ds, 500 MHz): ¢ 0.76-0.77 (d,
3H, J =5 Hz), 0.81-0.83 (d, 3H, J =5 Hz), 1.18 (s, 8H), 1.27-1.33 (m,
2H), 1.36-1.46 (m, 4H), 1.52-1.57 (m, 1H), 1.69-1.74 (m, 2H), 2.01-2.05
(m, 1H), 3.26 (s, 3H), 3.44-3.46 (t, 2H, J =5, 10 Hz), 4.18-4.23 (m, 1H),
8.06-8.08 (d, 1H, J = 5 Hz). *C NMR (CDCls, 125 MHz): § 21.93,
22.79, 24.85, 25.52, 28.09, 28.65, 29.11, 29.22, 32.77, 33.98, 36.45,
41.66,50.49,52.21,172.92, 173.78. (ESI-MS, m/z): [M+Na]* calculated
for C17H32BrNOsNa 400.1458; found 400.1459
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Figure 5.4 'H NMR (500 MHz, CDClIs) spectrum of 8b.
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Figure 5.6 ESI-MS spectrum of 8b.

5.2.6 Synthesis of 8c:

The compound 8c was synthesized as per the above-mentioned general
procedure. Yield: 90%. *H NMR (DMSO-dg, 400 MHz): § 1.19-1.27 (m,
8H), 1.44-1.46 (d, 4H), 1.84-1.86 (m, 2H), 2.06-2.11 (m, 2H), 2.91-2.97
(m, 1H), 3.08-3.11 (m, 1H), 3.58-3.60 (t, 2H, J = 4, 8 Hz), 3.67 (s, 3H),
4.53 (s, 1H), 7.28-7.34 (m, 5H), 8.30-8.32 (d, 1H, J = 8 Hz). ®C NMR
(CDCls, 125 MHz): ¢ 25.49, 28.13, 28.69, 29.12, 29.19, 29.22, 32.80,
34.03, 36.53, 37.93, 52.33, 52.89, 127.13, 128.57, 129.27, 135.89,
172,20, 172.60. (ESI-MS, m/z): [M+Na]® calculated for
C20H30BrNO3Na 434.1301; found 434.1325.

240



oN o T Mo m N o OMN = WO WO OT
ma anaq N 9@l SAOHOO RO TN
© © NSNS <« Mmm o N AN NN
[ONGAS I N e g e e
[
/
f
\ (l
i { [
[ (r |
) [ . /
J | / I/ J) T
(o]
B"\/\/\/\/\)L
N

-
5.164 }-4

1.004
1103
94
81
A
1 2.51
2114
41
s

T T T
45 40 35 3.0 25 20 15 1.0 05 0.0

T T T T T T T T T T T T T T
115 10.5 95 90 85 80 75 70 65 6.0 55 5.0
Chemical Shift (ppm)

Figure 5.7 *H NMR (500 MHz, CDCls) spectrum of 8c.

oo NN ™M
88 NG enmmooNaNane
INEN 1 o) 0N RMAN SO AON A O AT
NS M AN~ NANNOTANDO OO
SIS HR8R HEGSINESRRSY
& NP O
o
B~~~ O
H

210 200 190 180 170 160 150 140 130 120 110 100 90 8 70 60 50 40 30
Chemical Shift (ppm)
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5.2.7 Synthesis of 8d:

The compound 8d was synthesized as per the above-mentioned general
procedure. Yield: 81%. 'H NMR (CDCls, 500 MHz): ¢ 1.27 (8H), 1.38-
1.42 (m, 2H), 1.57-1.62 (m, 2H), 1.73-1.87 (m, 2H), 2.16-2.19 (t, 2H),
2.97-3.01 (m, 1H), 3.07-3.11 (m, 1H), 3.51-3.54 (t, 2H), 3.74 (s, 3H),
4.86-4.90 (m, 1H), 5.89-5.91 (d, 2H, J =5 Hz), 6.72-6.74 (d, 2H, J =5
Hz), 6.94-6.95 (d, 2H J = 5 Hz). 3C NMR (DMSO-ds, 125 MHz): ¢
25.50, 26.83, 28.11, 28.79, 29.09, 29.23, 32.60, 34.08, 36.55, 37.24,
45.21,53.07, 115.50, 127.45, 130.33, 155.13, 172.38, 172.95. (ESI-MS,
m/z): [M+Na]" calculated for C20H30BrNOsNa 450.1250; found
450.1251.

wwwwwwwwwwwwwwwwwwwwwwwwwwwwwww
G @ 00 0B DB Nhinlh HHOO HH—=©OOEONNNNOONL T TN

6.95
6.94
6.74
6.72
5.93
5.91
5.89

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

L
.
/
\
[
t
/3
L
X
L
\

( . I
) J/ TRV

7 2.007 Sm——
1,999 Fmm——

S 11221 TL—
il 1.0+ pe=

5% &% & BEET
™ o 3 ~ NN Ao
5

T T T
2.5 2.0 1.

o
w ]
°

T T T T
8.0 7.5 7.0 6.5 5.5 5.0

T
4.5 4.0 3
Chemical Shift (ppm)

Figure 5.10 'H NMR (500 MHz, CDCl3) spectrum of 8d.
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5.2.8 Synthesis of 8e:

The compound 8e was synthesized as per the above-mentioned general
procedure. Yield: 85%. *H NMR (DMSO-ds, 500 MHz): 6 1.09-1.24 (m,
8H), 1.31-1.42 (m, 4H), 1.73-1.79 (m, 2H), 2.03-2.06 (m, 2H), 2.98-3.02
(m, 1H), 3.10-3.14 (m, 1H), 3.48-3.51 (t, 2H, J =5, 10 Hz), 3.56 (s, 3H),
4.46-4.50 (m, 1H), 6.95-6.98 (t, 1H, J =5, 10 Hz), 7.04-7.07(t, 1H, J =
5,10 Hz), 7.12 (s, 1H) 7.31-7.33 (d, 1H, J =5 Hz) 7.46-7.48 (d, 1H, J =
5 Hz), 8.20-8.21 (d, 1H, J = 5 Hz), 10.83 (s, 1H). 3C NMR (DMSO-ds,
125 MHz): ¢ 25.57, 25.91, 27.48, 27.93, 28.48, 28.92, 29.18, 29.34,
29.39, 32.93, 35.42, 52.23, 61.20, 110.02, 111.89, 118.43, 121.44,
124.06, 127.49, 136.54, 172.98, 173.05. (ESI-MS, m/z): [M+Na]*
calculated for C22H31BrN2OsNa 475.1393; found 475.1364.
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Figure 5.15 ESI-MS spectrum of 8e.
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5.2.9 General procedure for the synthesis of 9a-e:

Here the compounds were synthesized following previously reported
synthetic procedure. 2-amino-6 chloro purine was added in the solution
of dry DMF (10 ml) under an argon atmosphere. Then K>COz was added
to the solution. Finally, bromoacid was added dropwise into the solution
and the reaction was left to stir for 24h. The progress of the reaction was
monitored by TLC. After the completion of the reaction, the reaction
mixture was diluted with ethyl acetate and washed with water several
times, finally with brine and dried over Na,SQO4. After the evaporation
of the solvent under rota evaporation, the reaction mixture was purified
by silica gel column chromatography. The major product was the N9
alkylated product (eluent: CHClz: MeOH = 99:1) and the minor product
was the N7 alkylated product (eluent: CHCIs: MeOH = 94:6).

5.2.10 Compound 9a:

The compound 9a was synthesized as per the above-mentioned general
procedure. Yield: 65%. *H NMR (DMSO-ds, 500 MHz): 6 0.90-0.93 (t,
6H), 1.27 (s, 10H), 1.48-1.56 (m, 2H), 1.79-1.84 (m, 2H), 2.02-2.09 (m,
1H), 2.15-2.25 (m, 2H), 3.67 (s, 3H), 4.07-4.10 (t, 2H, J = 5, 10 Hz),
4.19-4.22 (m, 1H), 6.95 (s, 2H), 8.10-8.12 (d, 1H, J = 5 Hz), 8.19 (s,
1H). 3C NMR (DMSO-ds, 125 MHz): ¢ 18.75, 19.45, 25.73, 26.44,
28.88, 28.95, 29.08, 29.25, 29.38, 30.23, 35.29, 43.47, 52.03, 57.77,
123.81, 143.76, 149.75, 154.53, 160.20, 172.76, 173.14. (ESI-MS, m/z):
[M+Na]" calculated for C21H33CINsOsNa 475.2195; found 475.2202.
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Figure 5.17 13C NMR (125 MHz, CDCls) spectrum of 9a.
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Figure 5.18 ESI-MS spectrum of 9a.

5.2.11 Compound 9b:

The compound 9b was synthesized as per the above-mentioned general
procedure. Yield: 61%. *H NMR (DMSO-ds, 500 MHz): ¢ 0.87-0.88 (d,
3H, J =5 Hz), 0.92-0.94 (d, 3H, J = 10 Hz), 1.27 (s, 8H), 1.48-1.60 (m,
4H), 1.61-1.70 (m, 1H), 1.80-1.85 (m, 2H), 2.10-2.19 (m, 2H), 3.66 (s,
3H), 4.07-4.10 (t, 2H, J = 5, 10 Hz), 4.30-4.34 (m, 1H), 6.95 (s, 2H),
8.18 (s, 1H), 8.20 (s, 1H). ¥C NMR (DMSO-ds, 125 MHz): ¢ 21.62,
23.22, 24.71, 25.64, 26.46, 28.89, 29.08, 29.27, 29.40, 35.38, 43.47,
50.53, 52.19, 123.81, 143.74, 149.75, 154.54, 160.21, 172.87, 173.70.
(ESI-MS, m/z): [M+Na]" calculated for C22H3sCINsOsNa 489.2351;
found 489.2358.
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Figure 5.19 *H NMR (500 MHz, DMSO-ds) spectrum of 9b.
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Figure 5.21 ESI-MS spectrum of 9b.

5.2.12 Compound 9c:

The compound 9c¢ was synthesized as per the above-mentioned general
procedure. Yield: 67%. *H NMR (DMSO-dg, 500 MHz): § 1.09-1.23 (m,
10H), 1.34-1.40 (m, 2H), 1.75-1.79 (s, 2H), 2.01-2.04 (t, 2H, J = 5, 10
Hz), 2.84-2.87 (m, 1H), 3.00-3.04 (m, 1H), 3.59 (s, 3H), 4.02-4.05 (t,
2H J =5, 10 Hz), 4.44-4.49 (m, 1H), 6.90 (s, 2H), 7.16-7.27 (m, 8H),
8.14 (s, 1H), 8.23-8.24 (d, 1H, J = 5 Hz). 3C NMR (DMSO-ds, 125
MHz): ¢ 25.56, 26.46, 28.81, 28.90, 29.11, 29.21, 29.39, 35.41, 37.11,
43.48, 52.25, 53.82, 123.81, 126.91, 128.62, 128.69, 129.48, 129.52,
137.81, 143.75, 149.75, 154.54, 160.21, 172.72, 172.74. (ESI-MS, m/z):
[M+Na]" calculated for C2sH33CINgO3Na 523.2195; found 523.2193.
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Figure 5.24. ESI-MS spectrum of 9c.

5.2.13 Compound 9d:

The compound 9d was synthesized as per the above-mentioned general
procedure. Yield: 62%. *H NMR (DMSO-ds, 500 MHz): 6 1.18-1.30 (m,
10H), 1.42-1.47 (m, 2H), 1.79-1.85 (m, 2H), 2.08-2.11 (t, 2H), 2.78-2.82
(m, 1H), 2.92-2.95 (m, 1H), 3.63 (s, 3H), 4.07-4.10 (t, 2H), 4.40-4.44
(m, 1H), 6.69-6.71 (d, 2H, J = 10 Hz), 6.95 (s, 1H), 7.03-7.05 (d, 2H, J
=10 Hz), 8.20 (s, 1H), 8.22-8.23 (d, 1H, J = 10 Hz), 9.27 (s, 1H). 3C
NMR (DMSO-ds, 125 MHz): 6 25.58, 26.45, 28.87, 28.91, 29.13, 29.21,
29.39, 35.41, 36.44, 43.48, 52.16, 54.23, 115.43, 123.81, 127.75,
130.40, 143.74, 149.75, 154.54, 156.41, 160.21, 172.74, 172.86. (ESI-
MS, m/z): [M+Na]" calculated for C2sH33CINsOsNa 539.2144; found
539.2124.
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Figure 5.25 *H NMR (500 MHz, DMSO-ds) spectrum of 9d.
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Figure 5.26 13C NMR (125 MHz, CDCls) spectrum of 9d.
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