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Abstract

This study reports the design and synthesis of peptide gels using an oxo-ester-
mediated native chemical ligation (NCL) strategy. The approach involves
chemo-selective coupling of N-terminal cysteine-containing peptides with C-
terminal fluorophenyl esters—specifically, 4-(trifluoromethyl)phenol and
2,3,4,5,6-pentafluorophenol which were successfully incorporated into
peptide segments. The ligation reactions proceeded efficiently in aqueous

conditions, without requiring external thiol catalysts or protecting groups.

Confocal laser scanning microscopy (CLSM) revealed that the resulting
ligated peptides formed entangled nanofibrous networks, creating continuous
gel matrices stabilized by covalent and non-covalent interactions such as
hydrogen bonding and hydrophobic effects. Rheological analysis confirmed
desirable viscoelastic properties, including shear-thinning and thixotropic
behavior, with excellent recovery under cyclic stress—highlighting their

suitability for injectable and dynamic biomedical applications.

Spectroscopic analyses provided further insight into the assembly process—
FTIR and circular dichroism (CD) confirmed B-sheet-rich hydrogen-bonded
structures, fluorescence spectroscopy demonstrated the importance of
hydrophobic interactions, and NMR verified the chemical integrity of the
ligated peptides.

Overall, this work establishes oxo-ester-mediated NCL as a versatile platform
for constructing peptide-based nanomaterials. The combination of synthetic
control, spontaneous self-assembly, and tunable mechanical properties offer
significant potential for the development of next-generation biomaterials for

therapeutic, regenerative, and diagnostic applications.
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CHAPTER 1

1.1 Introduction:

Amino acids, the fundamental building blocks of proteins, consist of three core
components: an amino group, a carboxyl group, and a unique side chain (R-
group) that determines their specific chemical and physical properties. The 20
naturally occurring amino acids exhibit diverse characteristics, such as
hydrophobicity, hydrophilicity, or charge, which enable them to form complex

three-dimensional structures when linked together in peptides or proteins.

Peptides, as short chains of amino acids, represent a fundamental class of
biomolecules that are critical in regulating and executing diverse biological
functions. Each amino acid contains an amino group, a carboxyl group, and a
unique side chain that determines its physicochemical properties. When linked
through amide bonds, they give rise to peptides and proteins, the core
molecular machinery of living systems. Beyond their biological roles,
synthetic peptides have emerged as versatile tools in chemistry, biology, and
materials science due to their inherent biocompatibility, molecular recognition
capabilities, and chemical tunability. Their modularity allows researchers to
incorporate functional groups or modifications, facilitating a wide range of

biomedical and nanotechnological applications -3,

Seleno-ester mediated Native Chemical Ligation (NCL):

HS
(o}

(0] (0]
R trans- R Intamolecular
1%5& + HoN | 1%» R4SH

Ry 0o thioesterification R, NH, rearrangement

Oxo-ester Mediated Native Chemical Ligation:

o o o SH
trans- intamolecular
R R
%OR5 + szﬁf WRS - 1%”% 3 N R50H
R, * NH, R, o)

th|oesterlflcatlon rearrangement

Figure 1. Seleno-ester mediated native chemical ligation and oxo-ester
mediated native chemical ligation.



One of the primary challenges in peptide-based self-assembly is achieving
control over the size, shape, stability, and functional responsiveness of the
assembled structures. To address this, various stimuli-responsive designs have
been proposed, including pH, temperature-, redox-, and enzyme-sensitive
systems 81, Among the synthetic techniques used to create such systems,
Native Chemical Ligation (NCL) has gained prominence as a highly
chemoselective method for peptide bond formation under mild aqueous
conditions. First introduced by Kent and colleagues, NCL is a reaction where
a peptide bearing a C-terminal thioester reacts with another peptide containing
an N-terminal cysteine, leading to the formation of a native peptide (amide)
bond. This strategy allows the joining of unprotected peptide segments and has
been extensively applied in protein synthesis, semisynthesis, and the
construction of post-translationally modified peptides [>!%. The selenoester

mediated native chemical ligation is shown in Figure 1.

Recent innovations have sought to expand the utility of NCL by replacing the
traditional thioesters with alternative activated esters, such as oxo-esters. Oxo-
ester-mediated ligation (shown in Figure 1) enables broader chemical
versatility and potentially eliminates the need for thiol additives, which can
complicate purification or interfere with downstream reactions. Moreover,
using oxo-esters with strong electron-withdrawing groups at the para position
of the phenolic leaving group can significantly enhance the reactivity and
efficiency of the ligation reaction. These modifications are especially
beneficial in the synthesis of peptide-based materials where post-ligation self-

assembly is a key step U121,

Peptide self-assembly following NCL provides a seamless route to construct
hierarchical nanostructures. The ligated peptides, when appropriately
designed, can undergo spontaneous organization into gels or fibrils under
physiological conditions. This property is particularly advantageous for
creating injectable hydrogels, scaffolds for cell culture, or drug-loaded
matrices that respond to environmental triggers. The use of NCL in

conjunction with self-assembling sequences thus presents a powerful approach



to designing multifunctional materials that bridge synthetic chemistry and
biology ['*13). To fully characterize and validate such systems, a combination
of analytical and spectroscopic techniques is employed. Confocal Laser
Scanning Microscopy (CLSM) provides direct visualization of the
nanostructures, revealing insights into fiberlike morphology and spatial
organization. Rheological studies assess the mechanical properties and
response to shear, which are crucial for determining the suitability of these gels
for biomedical applications. Spectroscopic analyses such as FTIR and Circular
Dichroism (CD) confirm the presence of secondary structural motifs like beta-
sheets, often linked to fibrous peptide assemblies. Furthermore, Nuclear
Magnetic Resonance (NMR) spectroscopy is essential for understanding the
chemical integrity of the ligated peptides and monitoring post-ligation

modifications.

Among the fascinating applications of peptides is their ability to self-assemble
into well-defined supramolecular structures, such as nanofibers, nanotubes,
ribbons, and hydrogels. This process of self-assembly, governed by non-
covalent interactions including hydrogen bonding, hydrophobic effects, van
der Waals forces, and m—m stacking, enables the formation of complex
architectures from simple peptide sequences. These nanostructures have been
explored for applications in drug delivery, tissue engineering, biosensing, and
the development of responsive materials. The ability to engineer such
materials at the molecular level offers the potential for precision medicine and
smart therapeutic platforms 61,

Desulfurization reactions offer an additional layer of control over the material
properties of self-assembled peptides. By selectively converting cysteine and
related residues to alanine or valine, one can tailor the hydrophobicity,
structural rigidity, and functional behavior of the peptide gels post-assembly
20221 "This strategy allows researchers to study the role of individual amino
acid residues in self-assembly and modulate the material properties without
disrupting the primary sequence or backbone structure. Such chemical

flexibility is critical in designing next-generation soft materials that can be



adapted for specific functions in drug delivery, wound healing, or cellular

engineering (1719,

In this context, the integration of oxo-ester-mediated NCL (shown in Figure
1) with self-assembling peptide chemistry represents a promising avenue for
the development of dynamic and responsive biomaterials. This approach
leverages precise chemical synthesis with supramolecular assembly to
construct systems that are not only structurally robust but also functionally
rich. As research progresses, the understanding of structure—function
relationships in peptide-based materials will deepen, paving the way for

innovations in therapeutic design, diagnostics, and regenerative medicine **
24]

The following chapters present a detailed account of the strategies employed,
the ligation reactions optimized, and the comprehensive characterization of the
resulting peptide-based soft materials. By combining principles from organic
synthesis, biochemistry, and materials science, this study aims to contribute to
the expanding field of peptide-based nanotechnology with a focus on

modularity, functionality, and translational potential

CHAPTER 2

2.1 Literature Survey:

NCL has become a cornerstone technique in peptide and protein synthesis due
to its ability to form native amide bonds under mild conditions. Since
introduced by Kent et al. in the early 1990s, NCL has provided researchers
with an efficient way to synthesize peptides without the need for extensive
protection groups. This methodology has proven particularly useful for

generating large peptides and enabling self-assembly studies.

Recently Xinhao Fan and his co-workers [ (2024) introduced an innovative
approach to achieve epimerization-free NCL through B-lactone-mediated

ligation [shown in Figure 2]. The B-lactone structure provides a constrained



environment that facilitates rapid peptide ligation while preventing detectable
epimerization.

1) EtzN, pH=10

H R (o] OH (o]
—a N o rt., 0.5~6 h : H
lo) NH, H =

2) tBuSH, VA-044
37°C, 1h o =

<+ mild conditions
«+» chemoselective
«+ up to 87% yield
“* no epimerization

AA = Cys, Thr, Leu

Figure 2. B-Lactone-mediated native chemical ligation.”!

This approach demonstrates wide side-chain compatibility and has been
effectively utilized to synthesize cyclic peptides and polypeptidyl thioesters,

which are challenging to produce using conventional techniques.

Redox-active peptides were synthesized by Rasale and Das 'l via selenoester-
mediated native chemical ligation (NCL), leading to diverse nanostructures

like nanotubes and nanofibrils for soft materials as shown in Figure 3.

COLARD ¥
O Ns =25} qemr

o

o RI H oy, -
\_,ﬁ)\“r\j e
Se—-—Si HaN N~ ToH
o n
-8 Con=0/CGn=1

R'= H, S¢Ph, (Nm-FC, n =)

Figure 3. Selenoester-mediated native chemical ligation and its exploration in

molecular self-assembly.[!!]

Shugo Tsuda and his co-workers *! did a study that demonstrates a method for
synthesizing peptides which are cystine rich through thiol-additive free NCL
[Figure 4]. It employs tris(2-carboxyethyl)phosphine (TCEP) as a reductant,
enabling producive ligation even at difficult sites like Thr-Cys and Ile-Cys.
This direct synthesis combines NCL and oxidative folding, producing high-

purity peptides essential for biological studies. The researchers successfully



synthesized protoxin I (ProTx-I), highlighting the method's potential for

therapeutic applications.

SH SH 0 SH SH SH
| | )J\ [ |
Peptide1 SR Cys- Peptide2

Thiol-Additive Free NCL

?H ?H ?H ?H ?H

Peptidel _Cys- Peptide2

Figure 4. Thiol-additive free NCL [*!

The use of NCL mediated by oxo-ester for self-assembly was highlighted by
Rasale and Das ! (2013), who demonstrated that p-NP (p-nitrophenyl) esters

could act as effective acyl donors for self-assembly via NCL.

Peptide self-assembly is predominantly driven by non-covalent interactions,
including m-n stacking, hydrogen bonding, and hydrophobic effects. Recent
research has focused on fine-tuning these interactions to achieve desired
material properties. For instance, studies on antimicrobial peptides by Cao et
al. " revealed that aromatic side chains could enhance self-assembly, creating

stable nanostructures with applications in drug delivery

Additionally, Xiang et al. '8! developed peptide-based hydrogels activated by
light, showcasing how external stimuli can regulate peptide assembly and
disassembly, a feature of significant relevance for biomedical applications.
These advancements in stimuli-responsive systems underscore the versatility

of peptides in self-assembly.

2.2 Motivation and Objectives:

The study of peptide self-assembly offers significant potential for creating
functional nanomaterials with applications in tissue engineering, drug
delivery, and biomaterials. NCL (native chemical ligation) is a commonly

employed method for peptide synthesis, often utilizing acyl donors such as



thioesters or p-nitrophenyl (p-NP) esters. Now the target is to evolve a simple
and systematic method by utilizing native chemical ligation (NCL) mediated
by oxo-ester for peptide coupling, followed by self-assembled peptide gel
formations. While previous research has focused on using p-nitrophenyl (p-
NP) esters [ as acyl donors, the potential of alternative leaving groups in
promoting peptide self-assembly via NCL remains unexplored. In this work,
we aim to investigate the use of 4-(trifluoromethyl)phenol, 2,3.4,5,6-
pentafluorophenol as novel acyl donors, hypothesizing that these fluorinated

phenols could enhance ligation efficiency compared to p-NP esters.

I plan to synthesize amino acids protected by Nmoc and peptides with C-
terminal fluorinated phenol esters and study their potential for facilitated self-
assembly through native chemical ligation (NCL) utilizing N-terminal
cysteine residues. By exploring these modified ligation precursors, I aim to
improve peptide coupling efficiency and investigate the construction of
organized nanostructures. This research intends to shed light on the
effectiveness of these new leaving groups in peptide self-assembly and their

potential applications in designing novel biomaterials.



CHAPTER -3

3.1 Experimental section
Materials required:

The solvents and reagents were purchased from commercially available
sources. Alfa Aesar, Sigma Aldrich India, Merck, Spectrochem, and TCI are

some available sources.

L-Phenylalanine, L-Valine, diethyl ether, EDC.HCI, HOBT, Et3N, and lithium
hydroxide pellets were purchased from the Sisco Research Laboratory.
Thionyl chloride and Phosgene was purchased from Spectrochem. DMF and
methanol were purchased from Merck, ethyl acetate was purchased from
FINAR limited, and petroleum ether was purchased from Advent. After
completion of the reaction, silica (230-400 mesh) was used in the flash column
to purify the compound with ethyl acetate and petroleum ether as mobile

phase. For moisture-sensitive reactions, the dry solvents were used in N> gas.
General Procedure:

TLC monitored the course of reactions. NMR spectra were recorded on Bruker
Avance (500 MHz) instrument at 25 °C. Mass spectra were set down on the
Bruker instrument by using ESI-positive mode. The NMR spectra of all
substrates were analyzed using MestReNova software. The NMR samples

were prepared in CD;0D and CDCIl;3 solvent.



CHAPTER -4

4.1 Reaction Scheme:

HZ’\E/

- rt, dry DMF

‘OH cocl, “ﬂ )k NH? OH EDC.HCI, Host
THF, 24h 14 dioxane, Na2003 o)
0°C-

1 0°C-rt, 2

0 ( ‘ o ("
H LG o HoQ
1N LiOH —_—
i oy N\AOH oA N A
MeOH, THF H : DMAP/EDC, DMF H H

o AL
s 0°C-tt, 12h 6ac
F 1 F FJ
FX@ NC1: 6a
F OH OH
F
6a 6b

NC2: 6b

Scheme 1. Synthetic pathway of NCs.

4.2 Synthesis of Compounds:

4.2.1. Naphthalene-2-methyloxy chloroformate [1] synthesis:

“/\OH cocl, o)km
_— >
THF, 24h
0°C-rt,
1 2

o b
O)LN N
oo AL

4

At first 0.5 g of 3.16 mmol 2-naphthalene methanol was dissolved in 14.3 mL

of dry THF then stirred at ice-cold condition. After 3-5 mins 3.92 mL of 7.9

mmol phosgene was added to the mixture. Then left to stir for 48 hours. The

completion of the reaction was tracked by TLC. Upon completion, excess

amount of phosgene was eliminated by trapping with NaOH under low

vacuum. Then it was further concentrated under rota and oily product found.

Then with addition of little amount of hot hexane solid white crystalline

product was formed. Yield: 91% (634 mg).



4.2.2. Synthesis of ((naphthalen-2-ylmethoxy)carbonyl)-L-phenylalanine
2]

o)
0 OH o
J NH,
“/\o cl OJLN OH
1,4-dioxane, Na,CO3 H o
0°C-rt, 12h
2 3

220.65 1 8.34 1.85
165.19 2 16.7 2.77

At first, 1.85 g of 8.3 mmol was dissolved in 10 mL of 1,4-dioxane and stirred

at 0°C then, 13 mL of 1M NaOH solution was added to the reaction mixture.
After 5 mins 2.77 g, 16.7 mmol Naphthalene-2-methoxychloroformate was
added and stirred for 12h at rt. After completion of the reaction, required
amount of water was added for dilution, and dioxane was dispersed using
rotavapor. Then after washing the aqueous layer with DEE, it was acidified
with 2N HCI solution. Then extracted 3 times using EtOAc. With addition of
NaSO4 organic layer was concentrated in rotavapor to give oily product.
Yield: 86% (2.4g). '"H NMR (CDCls, 500MHz) &: 3.09-3.26 (m, 2H), 4.71 (t,
1H), 5.27 (s, 2H), 7.15-7.43 (m, 3H), 7.43 (s, 1H), 7.48 (m, 2H), 7.82 (s,1H),
7.89 (m, 3H); *C NMR (MeOH-ds ,125MHz) 8:37.18, 55.46, 66.26, 125.15,
125.45, 125.77, 125.85, 125.15, 126.37, 127.39, 127.6, 127.78, 128, 128.04,
128.89, 129.13, 133.1, 133.22, 137.12, 157.05, 173.89. LCMS (ESI) m/z (M
+Na) ": 372.12009.

10



4.2.3. Synthesis of (S)-1-methoxvy-3-methvl-1-oxobutan-2-aminium
chloride (V-OMe):

SOcl,

OH MeOH , 0°C-rt OMe

NH, @ NH,ClO

2.0 g of L-Valine was taken in a round-bottom (R.B.) flask, and methanol (25
mL) was added. The reaction mixture was cooled in an ice bath with
continuous stirring, and 3.46 mL of thionyl chloride(SOCL2) was added
dropwise. The resulting mixture was stirred at room temperature overnight.
After completion of the reaction, the solvent was removed under reduced
pressure using a rotary evaporator. To neutralize any residual HCI vapours, a
small amount of aqueous NaOH or solid Na.CO; was added to the collection
flask of the rota prior to evaporation. An oily residue was obtained, to which a
small amount of diethyl ether was added. Upon addition, the product solidified
to form a white solid. The solid was collected and dried to yield the methyl

ester of S-valine as a white solid in 91% yield.

4.2.4. Synthesis of methyl ((naphthalen-2-ylmethoxy)ca:rbonyl)-L-

phenylalanyl- valinate [3]:

Q 0 o) o
O)LN OH  EDCHCIHOBt OJ\N H\)ko/
“/\ H § dry DMF, 0 °C - rt “/\ H § =
P
3 4

11



Nmoc-F-OH 335.36

EDC.HCI 191.7 11 4.6 0.88

HOBt 135.12 11 4.5 0.62

V-OMe 167.07 2 8.3 1.39

At first, 1.4 g of 4.2 mmol Nmoc-F-OH was dissolved in SmL of dry DMF, the
R.B. was covered with an Al-sheet to isolate from direct light and stirring was
continued at 0°C. Then 0.88 g of 4.6 mmol of EDC.HCI followed by HOBt
(0.62 g, 4.5 mmol) were added into the mixture at ice-cold stirring condition.
After 10 mins 1.39 g of 8.3 mmol neutralized valine methyl ester was added

into the mixture and stirred 12h at rt.

When the reaction was completed, reaction mixture was diluted with EtOAc,
then EtOAc layer was washed with 1(N) HCI (2 times x 20 mL) followed by
NaCOs3 (2 times x 20 mL) and Brine solution (2 times). Then Na;SO4 added
for drying organic layer and evaporated under Rota vapour to get the product.
Yield: 83% (1.56g) '"H NMR (CDCls, 500MHz) &: 0.76-0.82 (dd, 6H), 2.04-
2.08 (m, 1H),3.04-3.11 (m, 2H), 3.66 (s, 3H), 4.44-4.46 (d,1H), 5.25 (t, 1H),
5.26-5.30 (s, 2H), 7.21-7.25 (m. 6H), 7.41-7.43 (m, 1H), 7.49-7.50 (m, 2H),
7.50-7.84 (m, 4H); 1*C NMR (CDCls, 125 MHz) &: 31.21, 38.32, 52.11, 56.27,
57.32, 67.24, 125.75, 126.25, 126.27, 127.06, 127.17, 127.7, 128.02, 128.36,
128.73, 129.34, 133.14, 133.21, 133.58, 136.29, 155.99, 170.75, 171.72;
LCMS (ESI) m/z (M + Na)" : 485.2256.

4.2.5. Synthesis of ((naphthalen-2-ylmethoxy)carbonyl)-L-phenvlalanyl-i-

valine[4] :

MeOH : THF

i H § 1(N) LiOH )OL Ho g
@9 i R

12



Compound 4 (500 mg, 1.08 mmol) was dissolved in a 1:1 mixture of
tetrahydrofuran (THF) and methanol (MeOH). To this solution, 4 mL of 1N
lithium hydroxide (LiOH) was added gradually with stirring at room
temperature. The reaction progress was monitored by thin-layer
chromatography (TLC). After completion of the reaction, methanol was
evaporated under reduced pressure, resulting in a solid residue. This residue
was dissolved in deionized water and washed with diethyl ether to remove
organic impurities. The aqueous phase was then acidified by the slow addition
of 1IN hydrochloric acid (HCI) until it reached an acidic pH. The resulting
product was extracted using ethyl acetate, and the organic layer was dried over
anhydrous sodium sulfate (NaSO4), followed by concentration under vacuum
resulting in a white solid product. Yield : 92% (0.445g), '"H NMR ( MeOH-d.,
500 MHz) &: 0.67-0.86 (m,6H), 1.18-1.3 (m,1H), 2.81-2.94 (m,2H), 3.28 (d,
2H), 4.41-4.42( t, 1H), 5.1 (s, 2H),7.13-7.21 (m, 4H), 7.35-7.44 (m, 2H), 7.70-
7.76 (m, 4H), 7.78-7.93 (m, 2H); '*C NMR (MeOH-ds, 125MHz) §: 37.1,
37.64, 55.46, 54.11, 55.46, 66.26, 125.15, 125.77, 125.85, 126.16, 126.37,
126.37, 127.29, 127.6, 127.79, 128.01, 128.04, 128.9, 129.13, 133.1, 134.22,
136.77,137.12, 157.05,173.9, 174.22; LCMS (ESI) m/z (M - Na) : 447.2233.

13



4.3.6. Svnthesis of perfluorophenyl(naphthalen-2-

vlmethoxy)carbonyl)-L-phenylalanyl-L-valinate (6a/NC1) :

Optimization Table:

Y((I;I;j
o
0°C-rt

EDC.HCI; HOBt Dry DMF No Reaction

DMAP; EDC.HCI; HOBt ~ Dry DMF 0 °C-rt 24 h No Reaction
Nmoc-Phe-V-OH
(compound 5 of
Figure 4) CICO,Et; NMM Dry THF 0 °C-rt 12h No Reaction
SOCl, Dry THF 0 °C-rt 24h No Reaction
+
Pentafluorophenol CICO,Et; Et,;N Dry THF -15 °C-rt 4h 44%
HATU; DMAP Dry DMF 0°C-rt 12h No Reaction
CICO,Et; NMM Dry THF -15 °C-rt 6h 28%

Reaction Scheme:

CICO,E; EtsN

F
(0] i (0] F
entaflurophenol
P P oo F
Ny, THF, -15°C - rt. H 0 AL F

5 6a/ NC1
Nmoc-F-V- 448.2 0.995
OH
101.19 1 0995  100.69 0.92 109.44
pFP 184.07 2 199 36633 - -
CICO,Et 108.52 1 0995  107.98 113 95.55
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Experimental Procedure:

Nmoc-Phe-V-OH (446 mg, 0.995 mmol) in 50 mL THF was added with 0.995
mmol, 109.48 pL) EtsN, 105.15 mL of CICO2Et was added to the reaction
mixture at -15 °C and stirred it for 10 min. Pentafluorophenol (95.56 mg) was
added to the reaction mixture. The solution was kept for 30 min at -10 °C with
stirring. The reaction mixture was stirred for 1h at room temperature. 20 mL
water was added. THF was evaporated in vacuum and the residue was
dissolved in ethyl acetate. The solution was washed with saturated NaHCOs
solution and brine water. The ethyl acetate layer was extracted and dried over
NazS0s. It was concentrated in vacuum and covered with a layer of petroleum
ether. The compound was obtained as white solid. Yield =44%. The compound

was characterised using ESI-MS, 3C NMR and HPLC chromatogram.

4.3.6. Synthesis of perfluorophenyl(naphthalen-2-
ylmethoxy)carbonyl)-L-phenylalanyl-L-valinate (6b/NC2):

Optimization Table:

0°C-rt

EDC.HCI; HOBt Dry DMF No Reaction

DMAP; EDC.HCI; HOBt  Dry DMF 0°C-rt 24 h 27%
Nmoc-Phe-V-OH
(compound 5 of Fig A) CICO,Et; NMM Dry THF 0°C-rt 12h No Reaction
+
SOCl, Dry THF 0 °C-rt 24 h No Reaction
4-
(trifluoromethyl)phenol CICO,Et; Et;N Dry THF -15 °C-rt 4h 41%
HATU; DMAP Dry DMF 0°C-rt 12h No Reaction
CICO,Et; NMM Dry THF -15 °C-rt 6h 26%

15



Reaction Scheme:

CICO,Et; EtsN o o CF3
4-(trifluromethyl)phenol )k H% /©/
H g =
P

Ny, THF, -15°C - t.

5 6b/ NC2

Reagents mol. equiv. | mmol. density(g/
=N
|

Et;N 101.19 1 0.66 67.74 0.92 73.63
4-(trifluoromethyl)phenol 162.11 2 1.33 217.04

0.66 300

CICO,Et 108.52 11 0.73 79.88 1.13 70.69

Experimental Procedure:

At first, Nmoc-Phe-V-OH (300 mg, 0.66 mmol) was dissolved in 50 mL THF
and 0.66 mmol Et3N, 70.69 uL of CICOzEt was added to the reaction mixture
at -15 °C and stirred it for 10 min. 4-(trifluoromethyl)ophenol (217.04 mg)
was added to the reaction mixture. The solution was kept for 30 min at -10 °C
with stirring. The reaction mixture was stirred for 1h at room temperature. 20
mL water was added. THF was evaporated in vacuum and the residue was
dissolved in ethyl acetate. The solution was washed with saturated NaHCO3
solution and brine water. The ethyl acetate layer was extracted and dried over
NaS0s4. It was concentrated in vacuum and covered with a layer of petroleum
ether. The compound was obtained as white solid. Yield =41%. The compound

was characterised using 'H NMR and HPLC chromatogram.
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4.4 Synthesis of NC1 Hydrogel:

SH
SH

F
0 0
o oF F HzN/Ey(OH J N oH
M N 0 0" N <N
o7 el F - oo A " o
0 AL F

Phosphate buffer of
pH 8

6a/NC1 Oz

i |

Nanofiber NC1 hydrogel e} AL O

Scheme 2. Synthetic pathway of NC1 hydrogel

Svnthetic Procedure of NC1 Hydrogel:

Upon exposure to air, NC1 undergoes oxidation to yield disulfide 1b, which
leads to the formation of a self-supporting hydrogel. Initially, all synthesized
compounds were analyzed using HPLC. For the gelation study, compound 6a
(0.9 wt%) was first dissolved in 100 puL of methanol, followed by the gradual
addition of a cysteine solution prepared in phosphate buffer (900 uL, pH 7.5—
8). The mixture was incubated at 80°C for 15 minutes under an inert
atmosphere (see Scheme 2). Hydrogel formation was verified through the vial
inversion test. Notably, HPLC analysis confirmed the presence of the expected

product.
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4.5 Synthesis of NC2 Hydrogel:

SH
CF3 o o
[¢] o OH H
1D HN%(
A N\;)Lo Ny ‘OAN N\:)km/g(OH
H oo A o 0 _AL

Phosphate buffer of

pH 8
6b/NC2 ‘ 02

®

Nanofiber NC2 hydrogel

Scheme 3. Synthetic pathway of NC2 hydrogel

Svynthetic Procedure of NC2 Hydrogel:

Exposure of NC2 to air led to its oxidation into the disulfide-linked compound
Ib, which subsequently formed a self-supporting hydrogel. Preliminary
analysis of all compounds was performed using high-performance liquid
chromatography (HPLC). For hydrogel preparation, compound 6b (0.9 wt%)
was first dissolved in 100 uL of DMSO, followed by the gradual addition of
900 uL of a cysteine-containing phosphate buffer (pH 7.5-8). Within 3-5
minutes, gelation occurred, as shown in Scheme 3 Hydrogel formation was
further validated through the vial inversion test. Notably, HPLC analysis

confirmed the formation of the desired product.
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CHAPTER -5

5.1 Characterization of Nmoc-F-OH(compound-3):

Figure 5. HPLC Chromatogram of compound 3

Irrtensg
x10
[M + Na]*
1.254
3721209
O
1.00 ())LN OH
H 5
379.1261
0.754
0.50 357.1421
0.254
| 394.1070 406.2003
423.0691
0.00 L. " " hl.'\. .lL l: " ln L L " l.ll L‘l-L ll ll. A A
340 350 360 370 380 390 400 410 420 430 m/z

Figure 6. ESI-MS spectrum of Nmoc-F-OH (compound 3)
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Figure 7. '"H NMR (CD;0D, 500 MHz) spectrum of Nmoc-F-OH (compound
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Figure 8. °C NMR (CDs;0D, 500MHz) spectrum of Nmoc-F-OH (compound
3)
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5.2 Characterization of Nmoc-F-V-OMe(compound-4):

Figure 9. HPLC Chromatogram of compound 4
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Figure 10. ESI-MS spectrum of Nmoc-F-V-OMe (compound 4)
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5.3 Characterization of Nmoc-F-V-OH (compound-5):

Figurel3. HPLC Chromatogram of compound 5
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Figure 14. ESI-MS spectrum of Nmoc-F-V-OH (compound 5)
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5.4 Characterization of Compound 6a:

HPLC Analysis:

BET5 706050

Figure 17. HPLC chromatogram of 6a

ESI-MS spectra:
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Figure 18. ESI-MS spectrum of 6a
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Figure 19. 1°C NMR (CD;0D, 125 MHz) spectra of 6a
5.5 Characterization of Compound 6a:
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Figure 20. HPLC chromatogram of 6b
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Figure 21. '"H NMR (CDsOD, 500 MHz) spectrum of 6b

5.6 Characterisation of NC1 Hvydrogel:

HPLC Analysis:

(a)

Figure 22. HPLC chromatogram of the (a). NC1 hydrogel and (b). 6a
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Rheological Study:

Rheological studies were conducted at 25 °C using an Anton Paar Physica
MCR 301 Rheometer. To assess the viscoelastic characteristics of the
hydrogel, both the storage modulus (G") and loss modulus (G") were recorded.
Freshly prepared hydrogel samples were loaded onto the rheometer plate, and
a solvent trap was employed to maintain hydration throughout the analysis. A
parallel plate geometry with a 25 mm diameter and a set gap of 0.5 mm was
utilized. The plots in Figure 23a and 23b show that the viscous modulus (G”)
is comparatively lower than the elastic modulus (G’), thereby confirming the
gel state of the swelled NC1. The increasing nature of both moduli against
frequency is also evident from Figure 23a), which suggests the elastic nature
of the NC1 hydrogel. Figure 23c shows that the shear viscosity of the NC1
hydrogel decreases as the shear rate increases, signifying its pseudo plastic

(shear thinning) behaviour.

(a) 10% —a— Storage modulus (b) 10° —2— Storage modulus
—o— Loss modulus —o— Loss modulus
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o
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- — 10?1
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O o
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Figure 23. Plots of (a) Storage modulus and Loss modulus vs. Strain (%), (b)
Storage modulus and Loss modulus vs. Angular frequency, (¢) Shear viscosity

vs. Shear rate determined the rheology experiment of NC1 hydrogel.
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FT-IR analysis:

Fourier-transform infrared (FTIR) spectra were recorded using a Bruker
Tensor 27 spectrophotometer equipped with ZnSe windows. Gel samples were
sandwiched between ZnSe crystal plates and analyzed over a spectral range of
5004000 cm™. Each spectrum was collected with 64 scans at a resolution of
4 cm™ and a data interval of 1 cm™'.The spectra of NC1 hydrogel was recorded
shown in Figure 24. For comparison, FT-IR spectra of both NC1 and S-
cysteine (Cys) were collected. The NC1 hydrogel sample showed prominent
amide I bands at 1607 and 1689 cm™, indicative of B-sheet formation through
peptide self-assembly. A broad absorption band in the region of 2908—
3139 cm™ was also observed, corresponding to N—H stretching vibrations

associated with hydrogen bonding.
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Figure 24. FTIR spectra of NC1 hydrogel, NC1, Cys and Pfp.

Powder X-ray Diffraction (PXRD) Analysis:

At first, the NC1 hydrogel was lyophilized, and its Powder X-ray Diffraction
(PXRD) patterns were recorded along with those of NC1 and S-cysteine. The
measurements were conducted using a Rigaku SmartLab automated
multipurpose X-ray diffractometer with a Cu Ka radiation source (wavelength:

0.154 nm) at 25 °C. For PXRD analysis, the samples were placed on a glass
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plate. The X-rays were generated using a sealed tube and detected with a high-

speed silicon strip-based detector (Scintillator Nal photomultiplier detector).
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Figure 25. PXRD data of NC1 hydrogel, NC1 and Cys

Circular Dichroism Analysis of Hydrogel:

Circular dichroism (CD) spectroscopy was employed to investigate the
secondary structure of peptides in the gel phase. Measurements were
conducted at 25 °C using a JASCO J-815 spectropolarimeter equipped with a
1 mm path length quartz cuvette. Spectra were recorded over the wavelength
range of 190-260 nm, with a data interval of 0.1 nm and a scan speed of
20 nm/min. For comparison, CD spectra of NCI1, cysteine, and
pentafluorophenol were also obtained under identical conditions. The CD
spectrum of the hydrogel exhibited a characteristic positive band at 208 nm
and a negative band at 221 nm, indicative of B-sheet formation. In contrast,
these features were absent in the spectra of the individual gelator components.
These results suggest the emergence of supramolecular organization and f-

sheet structures upon gelation, as illustrated in Figure 26.
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Figure 26. CD spectrum of NC1 hydrogel, NC1, Pfp and Cys.

FE SEM analysis:

The self-assembled morphology of the NC1 hydrogel, was systematically
characterized using advanced microscopic techniques, including field
emission scanning electron microscopy (FESEM) and confocal laser scanning
microscopy (CLSM). ImL of 1 mM sample was prepared in eppendorf from
20 mM stock. Then sample was prepared on glass slide by drop-casting and
Proceed for the SEM and CLSM analysis. The NC1 shows fiber like
morphology shown in Figure 27a.

Figure 27. (a) SEM image and (b) CLSM image of NC1 hydrogel
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CLSM image also support the observation obtained from the SEM. It also
demonstrate the presence of the nanofiber morphology inside the NC1

hydrogel (Figure 27b).

5.7 Characterisation of NC2 Hydrogel:

HPLC Analysis:
= i 24h ‘wfwﬂ
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Figure 28. HPLC chromatogram shows the conversion of NC2 with the time

HPLC was used to analysed the NCL product formation. In the
chromatogram, NC2 shows a peak at 39. Then after the initiation of the
reaction, chromatogram shows the NCL formation. HPLC analysis shows 99%

NCL formation at 24 h (Figure 28).
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Figure 29. FT-IR spectra of the NC2 hydrogel, Cys and NC2.
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The peak at 32.5 appeared due to the NCL formation. As described in native
chemical ligation (NCL), an initial S — S trans-thio esterification is followed
by an S — N acyl shift, ultimately yielding the desired ligated product. In oxo-
ester mediated NCL, the thiol group of cysteine attacks the 4-
(trifluoromethyl)phenyl ester, resulting in the formation of a thioester
intermediate via an O — S exchange, which subsequently undergoes an S —
N acyl transfer to generate a native peptide bond. The FT-IR spectra support
the formation of NCL. The peak at 532 cm™ in the FT-IR spectra of NC2
hydrogel represents the stretching of S-S bond (Figure 29). Interestingly, no
such peaks are observed in FT-IR spectrum of the NC2. This observation
revealed the formation of NCL product.
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Figure 30. (a) Concentration dependent UV-vis spectra of the NC2 (b) The

normalized fluorescence emission spectra of the NC2 and NC2 hydrogel.

UV-Vis and fluorescence spectroscopy were employed to investigate the self-
assembly process. UV-vis spectra were obtained for NC2 hydrogel, with
absorption peaks observed in the 200300 nm range. Notably, the UV-Vis
spectrum of the NC2 hydrogel exhibited a peak at 262 nm for the higher
concentration, suggesting the formation of a higher-order supramolecular
assembly within the hydrogel matrix (Figure 30a). Fluorescence spectra were
recorded for both the substrate solutions and the NC2 hydrogel. The NC2
solution displayed an emission peak at 335nm. Upon the addition of cysteine

in the NC2 which mediate the NCL, as a consequence a red shift in the
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emission maximum was observed in NC2 hydrogel, indicating a transition to
longer wavelengths (Figure 30b). This spectral shift is attributed to the

formation of the hydrogel, reflecting changes in the molecular environment

associated with higher-order assembly.
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Figure 31. CD spectra of the NC1 hydrogel solution (blue line), NC1 (red
line) and Cys (green line).

Circular dichroism spectroscopy serves as an essential analytical tool for
assessing the secondary structural features of biomolecules, including proteins
and nucleic acids. Circular dichroism (CD) spectroscopy was utilized to
analyze the secondary structure of the peptide in the gel phase. The CD
spectrum of Cys exhibited a negative band at 188 nm, indicative of a rancom
coil structure (Figure 31). In contrast, the CD spectra of NC2 and NC2
hydrogel exhibit features indicative of a twisted or helical conformation. The
presence of positive and negative bands at 225 nm and 239 nm in the CD
spectrum suggests a twisted conformation of the self-assembled peptides,
likely arising from the supramolecular organization of the peptide molecules

(Figure 31). A significant red shift in the CD spectra of the NC2 hydrogel
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suggests the presence of the higher order self-assembly which helps in the
formation of the hydrogel.

Rheological Study:

Rheological measurements were carried out at 25 °C using an Anton Paar
Physica MCR 301 Rheometer. To evaluate the viscoelastic behaviour of the
hydrogels, the storage modulus (G’) and loss modulus (G"”) were recorded.
Freshly prepared hydrogels were carefully placed on the rheometer stage, and
a solvent trap was used to prevent dehydration during analysis. A 25 mm
diameter parallel plate with a set gap of 0.5 mm was employed for the
experiments. The plots in Figure 32a and 32b show that the viscous modulus
(G”) is comparatively lower than the elastic modulus (G’), thereby confirming
the gel state of the swelled NC2. The increasing nature of both moduli against
frequency is also evident from Fig 32(a), which suggests the elastic nature of

the NC2 hydrogel.
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Figure 32. Plots of (a) Storage modulus and Loss modulus vs. Strain (%), (b)
Storage modulus and Loss modulus vs. Angular frequency, determined the

rheology experiment of NC1 hydrogel.
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CLSM analysis:

The structural morphology of the NC2 hydrogel was examined using advanced
microscopic techniques, such as confocal laser scanning microscopy (CLSM).
The CLSM image demonstrate the presence of the twisted nanofiber which
helps to form the NC2 hydrogel. The average width of the fibre is 80 nm
(Figure 33).

Figure 33. The CLSM images of NC2 hydrogel. The scale bar is 5 pm. The

image was taken using 100x at z1.0 magnification.
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CHAPTER -6

6.1 Conclusion:

This research focused on the development and application of oxo-ester-
mediated native chemical ligation (NCL) as a versatile strategy for peptide
synthesis and self-assembly. The successful synthesis of novel fluorinated
phenyl ester derivatives as acyl donors played a central role in promoting
efficient and selective ligation under mild, aqueous conditions. These activated
esters demonstrated high reactivity toward N-terminal cysteine-containing
peptides, leading to the formation of peptide bonds without the need for
external thiol additives, thereby simplifying the reaction conditions and

enhancing the biocompatibility of the process.

The resulting peptides underwent spontaneous self-assembly into well-defined
supramolecular structures, including hydrogels. These self-assembled
materials were extensively characterized using techniques such as nuclear
magnetic resonance (NMR), confocal laser scanning microscopy (CLSM), and
rheological analysis. The data revealed that the structural organization and
viscoelastic behaviour of the hydrogels were significantly influenced by the
nature of the fluorinated leaving group, suggesting a direct relationship

between ester structure and self-assembly behaviour.

Overall, the findings demonstrate the potential of oxo-ester-mediated NCL as
a powerful tool in the design of peptide-based soft materials. The approach
provides a chemically robust and modular platform for synthesizing functional
biomaterials with applications in tissue engineering, drug delivery, and
biomedical diagnostics. By deepening the understanding of peptide self-
assembly mechanisms and the role of chemical structure in influencing
supramolecular organization, this study contributes meaningfully to the
expanding field of peptide-based material science. Future investigations may
explore the incorporation of additional functional motifs, stimuli-responsive
behaviour, or bioactive sequences to further broaden the applicability of this

approach in real-world biomedical contexts.
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6.2 Scope of work:

Building on the findings of this study, future research could explore the
incorporation of stimuli-responsive functionalities into the peptide scaffolds to
create dynamic and adaptive biomaterials. For instance, integrating redox-
sensitive, photo-switchable, or pH-responsive groups could enable precise
control over self-assembly, disassembly, and cargo release in a biologically
relevant environment. Additionally, expanding the current strategy to longer
and more complex peptide sequences could facilitate the development of

hierarchically organized structures with defined biological functions.

Another promising direction is the integration of bioactive peptide sequences
that promote cell adhesion, differentiation, or targeted therapeutic action,
thereby enhancing the biomedical applicability of these materials in tissue
engineering and drug delivery systems. Investigating in vivo biocompatibility,
degradation behaviour, and therapeutic performance of these hydrogels will

also be essential for translating this platform to clinical or diagnostic settings.

Overall, the oxo-ester-mediated NCL approach presents a robust and flexible
foundation for engineering multifunctional peptide materials, opening new
possibilities for innovations at the interface of chemistry, biology, and

materials science.
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