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Abstract 

Self-assembly of amphiphilic molecules holds promise in various 

applications in the fields of biomedical engineering and nanotechnology. 

Low molecular weight based amphiphiles, bolaamphiphiles or discotic 

amphiphiles provide supramolecular architectures. The supramolecular 

architectures include vesicles, toroids, tubes and other nanostructures. 

Meanwhile, direct or indirect involvement of a second component induces 

the co-assembly process of the amphiphiles. To find out an easy approach 

to control the nanostructures, researchers are inspired to expand 

multicomponent self-assembled systems. The bicomponent system is the 

simplest multicomponent systems to achieve controlled co-assembly and 

gelation. Over the last decade, several bicomponent co-assembled systems 

were developed and studied thoroughly. Still, there is a wide interest to 

develop nanoarchitectured bicomponent systems which could be used for 

various applications. 

The main objectives of the present study are: 

 To synthesize Amoc (9-anthracenemethyloxycarbonyl) capped 

amino acid-based amphiphilic molecules and to study the influence 

of graphene quantum dots in the co-assembled systems. 

 To control chiral nanostructures of synthesized leucine-based 

bolaamphiphiles in the co-assembled hydrogel.   

 To develop bicomponent co-assembled supramolecular organic 

frameworks (SOFs) with a controlled pore size in gel state using 

discotic trifunctional amphiphile for the use of lipase-catalyzed 

inclusion of gastrodigenin. 

 To evolve small amphiphilic based bicomponent co-assembled 

hydrogel to produce L-DOPA in the gel medium using tyrosinase. 
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1 Blue light emitting self-healable graphene quantum dot embedded 

hydrogels 

Chapter 3 describes structural and morphological studies of designed 

small molecular weight amphiphiles (compounds 1 and 2). Graphene 

quantum dot (GQDs) was synthesized and embedded into Amoc-F/Amoc-

Y (10 mM) amphiphiles in aqueous environments (pH 7.4), which exhibit 

blue light emitting self-healable hydrogels 1, 2. The GQDs tune the 

mechanical and optical property of the hydrogels. A variable amount of 

GQDs were incorporated into Amoc-F/Amoc-Y solutions. The optimum 

concentrations of the GQDs were found 0.5 mg mL
-1

 to acquire maximum 

self-healing property from the amphiphiles 1, 2. These Amoc-capped 

amino acid/GQD assemblies in hydrogel states encourage blue light 

emission under UV irradiation at a wavelength of 365 nm. The quenching 

in emission spectra reveals strong π–π stacking interactions within 

aromatic GQDs and Amoc-capped amino acids. Higher the amount of 

GQDs used greater the quenching was observed. The fluorescence spectra 

confirm the stabilization of GQDs on fibrils, and electron microscopy 

images depict the distribution of GQDs on the nanofibrillar 3D networks. 

The inclusion of GQDs can tune the self-healing properties or thixotropic 

nature of the hydrogels 1, 2.  

2 Tuning the Handedness: Role of Chiral Component in Peptide-

appended Bolaamphiphile-based Co-assembled Hydrogels 

Chapter 4 describes the synthesis and chiral nanostructural investigation of 

synthesized bolaamphiphiles (3-11). Chirality is the intrinsic property of a 

molecule which can be tuned by the change in chirality of the molecule or 

by the addition of a chiral component as an external stimulus. An L-

leucine based dipeptide appended succinic acid based bolaamphiphile co-

assembled with D-tartaric acid to form a supramolecular right-handed 

nanostructured hydrogel 3 whereas L-tartaric acid co-assembled to form 

supramolecular left handed nanostructured hydrogel 4. SEM and TEM 

experiments revealed the right and left-handed helical nanofibers, which 
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are responsible for the formation of supramolecular nanostructured 

hydrogels. The synergistic chiral effect of L-leucine in peptide 

bolaamphiphile and D/L-tartaric acid plays a significant role in 

bicomponent gelation with helical nanofibers. The first two amino acids 

attached to both the sides of succinic acid moiety act as a tuning button for 

supramolecular chirality of amino acids/peptides. The CD spectroscopy 

reveals that the second amino acids play a role to modulate 

supramolecular chirality if the first two amino acids act neutrally to the 

chirality of bolaamphiphiles.  

   

3 Construction of Porous Organic Nanostructures Using Cooperative 

Self-Assembly for Lipase-Catalyzed Inclusion of Gastrodigenin 

Chapter 5 describes the synthesis and bicomponent co-assembly study of 

pyridyl amphiphiles (compounds 12 and 13). The discotic pyridyl 

amphiphile was found to co-assemble with complementary 1,3,5-

benzenetricarboxylic acid and 1,4-benzenedicarboxylic acid to form 

emulsion gels 6, 7 with porous architecture. Bifunctional amphiphile was 

also self-assembled but unable to form emulsion gel. Cooperative self-

assembly between amphiphilic pyridyl derivatives and complementary 

acids was established by several spectroscopic techniques (FT-IR, UV-

Vis, PXRD and SAXS). The alteration of complementary acids helps to 

tune the mechanical property of the bicomponent emulsion gels and also 

leads to nanostructural diversity. The mechanical property was studied by 

rheological experiment and TEM images confirmed nanostructural 

diversity. The supramolecular nanostructures formed in emulsion gels 7 

with large pores and enhanced surface area exhibit as a template for lipase 

(from Candida rugosa)-catalyzed inclusion of gastrodigenin (p-

hydroxybenzyl alcohol) via an esterification reaction. The enzymatic 

reaction with an excellent conversion (80%) leads the emulsion gel to 

separate into two phases, which results in recyclability of the pyridyl 

amphiphiles. The conversion was studied using HPLC. 
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4. Bicomponent Co-assembled Nanotubular Hydrogel as Template for 

Selective Enzymatic Generation of DOPA 

Chapter 6 describes the co-assembly of amphiphilic molecule and 1,3,5-

benzenetricaroxylic acid which forms self-supporting hydrogel 8. After 

alteration of complementary acids, the bicomponent system becomes 

unstable to co-assemble in the medium and does not form a gel. Small 

molecular building blocks co-assembled through non-covalent interactions 

such as hydrogen bonding, π-π stacking. Several spectroscopic techniques 

established the co-assembly mechanism. SEM and TEM images show the 

insight of the morphology. The bicomponent hydrogel was used for the 

synthesis of L-DOPA by using tyrosine. The co-assembled hydrogel is 

strong enough to hold tyrosinase enzyme in between the crosslinked 

fibrillar network. L-tyrosine and peptide phenylalanine-tyrosine (FY) were 

immobilized into the hydrogel to obtain L-DOPA and F-(L)-DOPA 

peptide. HPLC chromatograms show 95% conversion for L-DOPA and 

82% for F-(L)-DOPA. Mass spectra confirm the formation of L-DOPA in 

hydrogel medium. This method is very efficient to produce L-DOPA in the 

gel medium with an excellent conversion. The enzymatically synthesized 

L-DOPA and L-DOPA bonded peptide can also be separated from the 

mixture by easy tuning of bicomponent co-assembly.  
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quantum dots are embedded on fibril (a) And at 

higher magnification it was shown the size of the 

decorated GQDs are mostly 7-9 nm. (c), (d) TEM 

images of GQD-Y (10 mM of Amoc-Y-OH with 

0.5 mg mL
-1

 GQDs) shows random distribution of 

GQDs on the fibril. 

Figure 2.13 (a) and (b) represent the TEM images at different 

concentration of GQDs in GQD-F (10 mmol L
-1

 of 

Amoc-F-OH). (a) corresponds to 0.3 mg mL
-1

 of 

GQDs which shows less amount of GQDs are 

deposited on the fibril whereas (b) shows more 

number of GQDs are deposited on the fiber with 

0.7 mg mL
-1

 of GQDs. (c) and (d) shows the TEM 

images for GQD-Y with 0.3 mg mL
-1

 and 0.7 mg 

mL
-1

 of GQDs respectively. (c) and (d) also 

showed similar observation as like (a) and (b). 
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experiment describes thixotropic nature and self-

healing property of the gel GQD-Y. 

Figure 2.17 (a) and (b) are the optical images of GQD-F, 

GQD-Y respectively under day light. (c) and (d) 

are the images under UV light irradiation at a 

wavelength of 365 nm of hydrogels GQD-F and 

GQD-Y respectively. Optical images (e) to (i) 

represent the self-healing property of GQD-F.  

Hydrogel pieces adhere together after keep in 

contact with each other and regenerate previous 

shape by crosslinking network by noncovalent 

interaction. (i), (j) and (k) represent the self-

healing property of the gel GQD-Y. 
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tpeb-BTC shows the supramolecular arrangement 

of fibers having diameter of 3 nm. (c) 

Supramolecular organic nanofibers show parallel 

alignment in the tpeb-BDC and (d) higher 

magnification on the side by side aligned 

molecular fibers of tpeb-BDC shows the average 

diameter of 6 nm. 
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(diameter 25-40 nm) get separated from bundles. 
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bpeb-BDC (d). 
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Figure 4.16 (a) Standardization of enzyme concentration used 
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gel. (b) Rheological analysis of gel to sol 

transition of tpeb-BTC. (c), (d) are the HPLC 
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esterification cycles and corresponding histogram 

plot of the formed BDC-diester. (e) shows the 

overlaid plot of HPLC chromatograms of BTC 

monoester formation. (f) Plot of conversion of 
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1
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1.1 Introduction of Molecular Assembly 

Nature has mastery at designing life by fabrication of complex system 

(i.e., cellular machinery).
[1]

 These natural systems are constructed by the 

ordering of small and uncombed molecular building blocks using 

hydrogen bond, π-π stacking, hydrophobic, van der Waals, ionic, and 

dipole-dipole interactions.
[2]

 Such self-sorting of molecules to a defined 

nanostructure at multiple size scales is termed as self-assembly.
[3]

 

Therefore, self-assembly relies on spontaneous integration of either single 

or multiple components which results in the production of either distinct 

supermolecules or extended polymolecular assemblies.
[4]

 In self-

assembled systems desired nano-architecture can be more easily assessed 

by integrating multiple components. Nature has also served as an 

inspiration for the multicomponent self-assembly to introduce organized 

building block-based nano-architectures. Therefore, a variety of molecules 

including amino acids, peptides, proteins, ureas, nucleobases, DNA, and 

polysaccharides are being used as the foundation for multicomponent self-

assembly. Such multiple prebiotic components self-assemble or self-

organize to form cellular life in nature and continuously replicate their 

linear sequence of monomer. Thus self-assembly process operates several 

cellular functions in nature. DNA, micelles, vesicles and protein 

aggregation are the noticeable biological self-assembled systems.
[5]

  

DNA is a basic example of multicomponent self-assembly in all living 

things.
[6]

 DNA formes by versatile cooperative noncovalent interactions of 

multiple components. Individual hydrogen bonding of adenine (A) with 

thymine (T) and guanine (G) with cytosine (C) helps these nucleobases to 

hold together to construct large self-assembled double helical 

superstructures (Figure 1.1).
[7]

 DNA transfers the genetic information 

through dynamic and self-replication. Duplicate chromosomes are 

generated in each cell by the instruction during the transformation of 

genetic information in cell division to provide a complete set of 
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chromosomes. The self-assembled DNA performs these entire significant 

roles. These unique properties of DNA have made it prepossessing 

substance for scientists and engineers who are intended to develop 

nanotechnology.
[8-12]

 

 

Figure 1.1. DNA base pair. Thymine (T) and adenine (A) connected by two 

hydrogen bonds; three hydrogen bonds connect guanosine (G) and cytosine (C). 

The anti-parallel alignment of 3’ and 5’ ends of sugar-phosphate backbones. 

The process of self-assembly and disassembly of coat protein in several 

biological processes helps to transport proteins and lipids.
[13]

 Another 

important example is the formation of a hexameric self-assembled system 

of insulin which controls the carbohydrate and fat metabolism in the 

human body. Biocatalysts trigger the integration process of amino acids 

through peptide bond formation in the living organism. Therefore, self-

assembly is found as a powerful approach in the biological pool to 

function complex machinery. Inspired by such complex machinery, 

researchers developed various self-assembled systems to understand the 

biological processes. In chemical biology, the comprehension of the self-

assembly process that connects the complementary molecular building 

blocks through non-covalent interactions,
[14-15]

 is the prime concern. 
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Besides the biomolecular nanostructures, appropriate amphiphilic organic 

molecules are competent to self-assemble in an organic or aqueous 

solvent, resulting in a self-supporting gel.
[16-22]

 The gel formed in an 

aqueous medium due to this self-assembly process is termed as a 

supramolecular hydrogel.
[23-24]

 Nowadays supramolecular hydrogel has 

gained significant attention due to their versatile application in drug 

delivery,
[25-27]

 tissue engineering
[28-30]

 biosensing,
[31-32]

 wound healing and 

optoelectronic devices.
[33]

 The processes involved in the formation of 

hydrogel includes chemical synthesis,
[34]

 macromolecular assembly, 

colloidal aggregation
[35-37]

 molecular self-assembly
[38]

 and 

multicomponent self-assembly. The self-assembled nanostructures and 

devices can be achieved through either “top-down” or “bottom-up” 

approach. The bottom-up approach is more convenient as the molecular 

building blocks assemble into ordered structures through non-covalent 

interactions.
[39-40]

 The self-assembly process is generally guided by 

bioactive components or low molecular weight organic molecules or by 

both of them. These small organic molecular building blocks are 

developed by tuning the hydrophobic and hydrophilic part of the 

molecules to construct the controlled self-assembled materials. The 

molecular building blocks are commonly termed as amphiphiles and these 

components have a significant impact to exploit the arsenal of self-

assembled nanostructured materials. 

1.2 Amphiphiles for Self-assembled Nanostructures 

Amphiphilic molecules are the building blocks to produce unique and 

novel materials through self-assembly processes for the application in 

advance nanotechnology.
[41-42]

 The integrated actions of such amphiphilic 

molecules in biosystems allow the act of highly specific cellular 

functions.
[43-44]

 Recent study demonstrates that the thermodynamic 

incompatibility between the different blocks is the reason for spatial 

organization into ordered morphologies and this leads to the construction 
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of nanoscale structural features. Moreover, structural modulation to 

control the morphology and nanostructured materials has come slowly 

over the last few decades. The structural modulation leads to the 

generation of various structural changes in amphiphilic molecules such as 

monofunctional or typical amphiphile, bifunctional or bolaamphiphiles 

trifunctional or discotic or C3 symmetric amphiphiles and also some 

dendrimeric amphiphiles. This new generation of amphiphiles individually 

self-assembled to form distinct nanostructure and generally packed 

differently to produce the unique morphology depending upon its 

molecular structure (Figure 1.2).
[45]

 

 

Figure 1.2. Molecular structure of different types of amphiphiles and their self-

assembly pattern to produce distinct nanostructures. 

1.2.1 Self-assembly of Typical Amphiphiles 

A typical amphiphilic molecule is composed of a hydrophilic head group 

and a hydrophobic tail as a major moiety.
[42]

 Under specific 

thermodynamic conditions in solution, the amphiphiles self-assemble into 

nanostructured hydrogel to minimize hydrophobic-tail solvent 

interactions.
[46]

 The nanostructured materials play significant roles in 

biological membranes, detergency, and drug delivery. Therefore these 

building blocks were extensively studied over the last few decades.
[47-50]
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N-terminal caped peptide amphiphiles are a significant example of this 

class of amphiphiles. Banerjee et al. showed that the synthesized N-

terminally pyrene-conjugated oligopeptide, Py-Phe-Phe-Ala-OMe (Py = 

pyrene) could form organogel in various organic solvents.
[51]

 However, 

the research works were not only bounded to the self-assembled structures 

of the amphiphiles. The multicomponent assemblies were also discovered 

to regulate the nanostructures (Figure 1.3).
[52-53]

  

 

Figure 1.3. Fmoc-peptide amphiphile (guest) and (b) discotic aromatic additive 

as host (c) development of helical nanofiber through co-assembly. 

1.2.2 Self-assembly of Bolaamphiphiles 

Apart from conventional amphiphilic molecules,
[54-55]

 an interesting class 

of two-headed building block known as bolaamphiphile attracted great 

attention.
[41,56]

 A hydrophobic spacer in a bolaamphiphile connects two 

hydrophilic head groups.
[57]

 This bolaamphiphile can self-assemble 

through non-covalent interactions in water to form a self-supporting 

hydrogel.
[58]

 The formed architecture could be nanotubes with the wall 

thickness of single molecular-layer distance. Similarly, bolaamphiphile 

with the methyl ester of histidine also forms single-walled nanotubes. In 

general, the bolaamphiphiles tend to form nanotubes with single walls. 

This is due to the presence of two hydrophilic head groups which were 
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covalently attached with a hydrophobic spacer. The bolaamphiphiles can 

also produce single layer vesicles without the interference of another 

component. The multicomponent system helps to tune the nanostructure. 

The bolaamphiphile produces distinct nanofibers by the multicomponent 

self-assembly. Ghosh et. al. (2014) reported that the naphthalene-diimide-

based bolaamphiphile self-assembled to form vesicle without any 

complementary donor group.
[59]

  After inclusion of pyrene donor into the 

bolaamphiphile, the composite assembles to form 1D-fiber network and 

finally forms self-supporting hydrogel (Figure 1.4).  

 

Figure 1.4. Naphthalene-diimide derivative self-assembles to produce vesicle. 

Morphological transition (2D to 1D; vesicle to fiber) was observed after 

assembly with pyrene. 

1.2.3 Self-assembly of Trifunctional Amphiphiles 

Benzene cored discotic amphiphilic molecules are good gelators as the 

amphiphiles contain multiple functionalities.
[60-61]

 Especially trifunctional 

amphiphilic molecules were found more significant for the self-assembly 

as well as gelation.
[62]

 The trifunctional amphiphilic molecules serve three 

sites to interact with complementary amphiphiles. A large number of 

interactions with complementary building blocks make the development of 

nanoarchitecture much easier. One of the significant trifunctional 
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amphiphiles based architecture is porous organic nanostructure. The 

porous architectures are known for their versatile applications in 

molecular storage, separation, and catalysis.
[63-68]

 The pore sizes of 

organic frameworks which rely on noncovalent interactions were 

successfully tuned to avail supramolecular organic frameworks (SOFs).
[69-

71]
  

 

Figure 1.5. The co-assembly of C3-symmetric (Np-Trx) donor molecule, the 

linear molecule (MV-NDI) which acts as an acceptor, and the CB[8] acts as 

host-molecule for the formation of the hexagonal superstructure (2D SOF). 

The 2D material exhibits distinct property from those of their bulk 

counterparts. The two-dimensional SOFs are significant for large surface 

area. SOF materials are the multicomponent system with porous 

frameworks as they form through noncovalent interactions using two or 

more components.
[72-73]

 The guest selectivity, flexibility and soft nature 

make the SOF materials much promising.
[74]

 The porosity of SOFs lost by 

structural deformation upon guest removal and this system was modified 

by introducing complementary building blocks to achieve a permanent 

cavity.
[75]

 Two-dimensional supramolecular organic frameworks were 

developed using multicomponent cooperative self-assembly (Figure 1.5). 

The assembly process enhances donor-acceptor interaction between 

tris(methoxynaphthyl)-substituted truxene spacer (donor)  and a 
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naphthalene diimide substituted with N-methyl viologenyl moieties 

(acceptor) in combination with cucurbit[8]uril as host.
[69]

   

1.3 Development of Bicomponent System 

The hydrogel construction method relies on the assembly of multiple 

components to avail the complete potential of the material in bio-

applications.
[76]

 This multicomponent or heterotypic hydrogel offers great 

potentials in bioengineering which is produced by the known approach, 

i.e., multicomponent self-assembly.
[77]

 Bicomponent systems are the 

humblest multicomponent system to effortlessly direct the self-assembly 

of the amphiphiles and to grow supramolecular hydrogels.
[78-82]

 Two 

amphiphilic molecules bearing complementary functionality self-organize 

through noncovalent interaction to form nanostructured gels. Therefore, to 

attain preferred bicomponent self-assembly, amphiphiles bearing 

complementary groups were combined.
[83-88]

 Cooperative self-assembly 

between two building blocks changes with altering harmonizing functional 

groups and the gelation capability of the mixture also rehabilitated.
[89-90]

 

These cooperative self-assembly depends on supramolecular interactions 

such as hydrogen-bonding, π-π stacking, etc.
[2,91]

 Therefore small 

modification in functional groups causes a significant revolution in the 

property of the bicomponent system.  

Unlike the noncovalent interaction bicomponent system could form a self-

supporting hydrogel by covalent conjugation of two components in the 

system, i.e., covalent bond formation. The co-assembly between two 

complementary amphiphiles can be tuned very easily. Over the last few 

years, Adams et al. contributed significantly to explore the bicomponent 

system as a tool for the development of multiple self-assembled 

materials.
[92,93]

  It was also found that spatially resolved bicomponent 

system can act as a remote control to achieve self-assembled 

nanostructure.
[94]

 Van Eash et al. (2009) have reported several 
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bicomponent systems, which include the addition of different surfactant 

molecules to the derivatives of 1,3,5-cyclohexyltrisamide 

hydrogelators.
[95-96]

 Generally, gelator molecules autonomously self-

assembled into fiber networks. Meanwhile, in a bicomponent system, two 

molecules can self-sort to form a hydrogel. On the other hand hydrogel 

can be formed by specific or random co-assembly (Figure 1.6). When the 

components cooperate to build fibrous nanostructures and the self-

assembly is based on a social interaction then this assembly is known as 

co-operative self-assembly or co-assembly.
[97]

  

 

Figure. 1.6. Schematic of the possible assembly of two amphiphiles into fibers. 

(a) Self-sorting; (b) random co-assembly; (c) specific co-assembly..  

Alternatively, individual amphiphile in a bicomponent system preferably 

cooperates with themselves which leads to the formation of 

interpenetrating fibrous networks in the hydrogel. This assembly process 

is driven by narcissistic interaction and referred as self-sorting.
[98-100]

 

Sometimes to occur co-assembly in supramolecular gels, two nongelator 

amphiphiles are essential to complement each other via noncovalent 

interactions structurally. Therefore, harnessing multiple components for 

self-assembly is a prime approach in the bottom-up fabrication of 

bicomponent molecular gels.  
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1.3.1 Bicomponent Self-sorting 

Self-sorting depicts the selective recognition of complementary 

counterparts to produce orthogonal or parallel assembly
[101]

 and can be 

categorized as narcissistic as well as social self-sorting.
[102]

 This process 

could produce abundant aggregates, which leads to the formation of highly 

organized materials with ordered microscopic structures. Molecular self-

sorting is a more adaptable process for low molecular weight building 

blocks.
[6]

 The time-dependent self-sorting of amphiphilic building blocks 

was also found when the orthogonal noncovalent interactions become 

operational in a supramolecular assembly (Figure 1.7).
[103]

 

  

Figure 1.7. Molecular structures of regioisomeric compounds and the schematic 

representation of their solvent-dependent self-assembly (left and right), co-

assembly and time-dependent self-sorting (center). 
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Self or nonself becomes recognizable as the self-sorting process 

propagates and specificity and directionality of the recognition process 

helps to distinguish itself from microphase separation.
[104]

 The specific 

nature could be centered on supramolecular interactions,
[105]

 comprising 

hydrogen bonding, ion-dipole interactions and metal-ligand interaction. 

Self-sorting through a particular supramolecular interaction could play as 

a substitute of microphase separation in an aqueous medium for the 

creation of simultaneous aggregates. Therefore, the hydrogen bonding was 

used in orthogonal self-assembly for the formation of fibers and micelles 

or vesicles via self-sorting.
[99,106]

  

1.3.2 Bicomponent Co-assembly 

Development of synergistic self-association or co-assembly from multiple 

components is highly crucial in supramolecular chemistry.
[107]

 A 

molecular-scale integration of amphiphilic materials takes place in co-

assembly. The co-assembled system shows significant advantages over 

physical blend or hybrid at micro/nanoscale developed by self-sorting.
[108]

 

For example, lipids and polymeric amphiphiles yield liposome and 

polymersome vesicles via self-assembly which can also harness with 

bioimaging agents, drugs, and targeting ligands. The co-assembly pathway 

was found to be more significant for payload loading.
[109]

 Additionally, 

the photophysical property can be harmonized by the co-assembly 

between electron-poor and electron-rich amphiphiles.
[110]

 The molecular 

packing parameters also control the co-assembly in any dimensional 

structures and can change the of the dimension the original architecture. 

For instance, Yan et al. (2016) reported that the 1D morphology of phe-

phe dipeptide changed to spheres after co-assembly with dianionic 

porphyrin and showed outstanding photocatalysis properties.
[111]

 The 

suitable approach for the construction of the co-assembled system is the 

reinforcement of intercomponent interactions including hydrogen bonding, 

π-π stacking, and van der Waals interactions.
[112]

 Another much effective 
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way to achieve the co-assembled system is the integration of structurally 

similar components.
[113]

 Structurally complementary components decrease 

way of discrimination at the time of assembly process and produce 

interlocked organization of two components. Recently, two aromatic 

glutamate-based amphiphiles with strong structural resemblance were 

harnessed to achieve co-assembled vesicular particles and the π-π stacking 

interaction was found to have a major driving force for the co-assembly 

between two components (Figure 1.8).
[114]

 Small modulation of 

functionality reduced the possibility of self-sorting and showed significant 

influence on the molecular arrangement. Biocatalytic reactions also play a 

crucial role in co-assembly.
[115]

 

 

Figure 1.8. (A) Molecular structures of cyanuric acid and melamine connected 

through hydrogen bond and the anti-tumor drug MTX. (B) Peptide amphiphile 

and the cartoon representation of the co-assembly with MTX. 

1.3.3 Bicomponent Covalent Conjugation  

Unlike the co-assembly processes which rely on noncovalent interaction, 

two components can also be attached for gelation by covalent 
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conjugation.
[116]

 The covalent bond should be stable, highly selective, 

specific, bioorthogonal and reversible. This reversible reaction includes 

hydrazone and imine bond formation, thioether, disulfide bridge 

formation, and enzyme-mediated transamidation which referred to as 

dynamic combinatorial chemistry (DCC). The DCC drives the creation of 

several polymers, peptides, and protein molecules by the combination of 

two amphiphiles and finally directed to form a hydrogel.
[117]

 The 

bicomponent transient chemical communications enable the assembly and 

disassembly of the different amphiphiles and produce nanoarchitectures 

with dynamic properties.
[118]

 Hydrazone chemistry is very useful for 

conjugating biomolecules and stimulates significantly less perturbation in 

the native form of the peptides or proteins as it possesses small bond 

distance (Figure 1.9).  

 

Figure 1.9. Bicomponent chemical conjugation catalyzes gelator and gel 

formation. Trishydrazone hydrogelator formed by covalent conjugation of 

building blocks leads to the formation of a hydrogel.  

Hydrazone chemistry enables quick bond formation due to the high 

velocity of the reaction under physiological conditions.
[119-120]

 Therefore, 

hydrazone and acyl hydrazide-based functionalities were utilized to 

develop complex architectures using two different components.
[121]

 

Disulfide bridge formation is another way to fabricate bicomponent 

covalent conjugation directed by nature. The cysteine-tagged proteins or 

peptides undergo oxidation at elevated pH and –SH groups form a 

disulfide bridge which can revert to its native form upon reduction due to 
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redox-active nature of sulfur.
[122]

 A multiple dynamic thiol-based disulfide 

nanostructures were generated with morphology changing capability as an 

advantage.
[123]

 The macrocyclic nanostructures self-replicate which 

formed by the dynamic combinatorial library of pendant various thiol 

groups with peptides.
[124]

 Enzyme-mediated transamidation as covalent 

conjugation approach has also attracted significant attention for the 

construction of multi-component self-assembled nanostructures. The 

reversible formation of amide bonds between two amphiphilic building 

blocks leads to the production of gelator molecules to introduce 

thermodynamically downhill nanostructure.
[125-126]

 Several processes were 

introduced by Ulijn et al. (2013) for the induction of self-assembly 

through enzyme-catalyzed reactions.
[127]

 The enzyme catalyzed self-

assembly is an efficient way for nanofabrication of complex systems 

through bottom-up strategy.  

1.4 Carbon-based Material Driven Self-healable Gels 

Self-healing hydrogels are a class of materials which possess the 

capability to repair a crack, fracture or after a severe deformation being 

made on the materials.
[128-133]

 The advantages of the self-healable 

hydrogel are the enhanced useful lifetime with minimal maintenance and 

the low cost of materials.
[134-136]

  

 

Figure 1.10. Oxidized sodium hyaluronate (HA-ALD) and carbon dots dynamic 

crosslinking lead to the formation of a strong hydrogel.  
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Several methods were developed over the last few decades to accomplish 

self-healing materials.
[137-140]

 The leading approach used for the 

renovation of the damaged fiber network comprises dynamic covalent 

bonds,
[141-142]

 or noncovalent interactions such as π-π stacking, hydrogen 

bonding, electrostatic interaction and hydrophobic association.
[143]

 It is 

necessary to remark that incorporation of materials like clay, metallic 

nanoparticles, carbon nanotubes and graphene to achieve bio-relevant 

hydrogels was thoroughly studied.
[144]

 The small carbon-based materials 

such as carbon nanotubes, carbon dots, graphene and their other form 

possess tremendously great interfacial area. Therefore, this material 

becomes the filler for ideal molecular storage devices as well as for 

mechanical strengthening of soft materials. Functional carbon-based 

nanomaterials (CBNs) is essential because of the exceptional chemical and 

physical properties. Extensive research has done for the fabrication of 

high-strength materials to exploit these materials in various applications. 

These advantageous properties of CBNs are also actively investigated in 

soft materials. CBNs were incorporated into several bio-molecules to 

achieve strong hydrogels (Figure 1.10).
[145-146]

 Multiple stimuli were 

detected using hydrogel developed by bicomponent covalent 

conjugation.
[147]

 

1.4.1 Graphene-based Material Driven Self-healable Gels 

Graphene has engrossed much consideration since the time of their 

isolation
[148]

 because of its remarkable mechanical, thermal and electrical 

properties.
[149-150]

 After extensive research, it was found that graphene is 

substantially biocompatible for adhesion and proliferation of multiple cell 

lines such as L-929,
[151]

 osteoblasts, neuroendocrine PC12 and 

oligodendroglia.
[152]

 Graphene-poly(N-isopropylacrylamide) hydrogel was 

used in replacing damaged muscle tissue to depict the biocompatibility of 

the material.
[153]

 The unique chemical and physical properties, i.e. 

electrochemiluminescent,
[154]

 optical
[155]

 and cytotoxic behavior
[156]

 of 
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functionalized graphene were gained colossal interest. Therefore, the 

functionalized graphene materials were utilized for several purposes 

including the enhancement of mechanical property of soft materials and 

bioimaging.
[157]

 Graphene oxide (GO) encapsulated biomolecular 

hydrogels showed excellent dye degradation in wastewater.
[158]

 Recently, 

Shi et al. (2010) produced a GO and poly-vinyl alcohol (PVA) based 

biocompatible co-assembled hydrogel for selective drug release at 

physiological pH.
[159]

 

 

Figure 1.11. Random co-assembly of GO with DNA forms a self-supporting 

hydrogel upon heating. The hydrogel shows excellent self-healing property. 

GO also co-assembled with DNA via π-π stacking interactions to produce 

an excellent self-healing hydrogel (Figure 1.11).
[160]

 Meanwhile, the 

unique behavior such as quantum confinement, edge effects, of zero-

dimensional graphene quantum dots (GQDs) was also attracted the 

researchers. Therefore, GQDs was used to produce self-healing 

hydrogel.
[161]

 

1.5 Chirality developed by Co-assembly 

The chirality in nature including DNA double helix and collagen, the triple 

helix plays vital functions to provide distinct characteristics to life.
[162]
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Artificial chiral nanostructures were developed to mimic natural chiral 

systems which have various use in the field of materials science,
[163-164]

 

chemistry
[165]

 and biological systems.
[166]

 Raymond et al. (2003) 

developed different kinetically stable supramolecular chiral structures 

from achiral building blocks utilizing a segmental synthetic pathway.
[167]

 

The multicomponent self-assembly drives DNA double helix through 

noncovalent interaction, i.e. hydrogen bonding. Noncovalent interactions 

possess dynamic property which permits agile control over the self-

assembly process and packing parameters of amphiphilic building blocks. 

The molecular assembly favors an asymmetric packing of amphiphiles via 

a kinetic or thermodynamic pathway and the autonomously 

supramolecular level chirality was developed.
[168]

 The supramolecular 

chirality can be generated by chirality amplification, symmetry breaking 

or bi-component co-assembly of chiral or achiral components.
[169]

  

 

Figure 1.12. Supramolecular chirality control in bicomponent systems. Small 

amphiphilic molecule based co-assembled nanomaterials. 

The bicomponent co-assembled systems could reflect biosystems 

including DNA and proteins which help to understand the natural 

homochirality for the advancement of chiral materials (Figure 1.12).
[170-
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171]
 Unlike single component system, bicomponent systems exhibit more 

complexity where different possibilities may arise, i.e. separated self-

sorting, co-assembly and heterojunction.
[116,172]

 Accordingly, manipulation 

of homochirality is interesting for the development of assemblies holding 

multiple components. The development of chiral co-assembled system 

relates to bioimaging and sensing applications of the materials. 

1.5.1 Chirality Induced by Chiral Component  

In a supramolecular system for the synchronization of chirality using 

chiral molecule, the sergeant-and-soldier approach is one of the important 

approaches. The “Majority Rule” and the “Sergeants-and-Soldiers 

Principle” are the thumb rule to understand principles of chirality 

introduced by Green et al. (1995).
[173]

 To regulate the helical 

nanostructure addition of a minute amount of chiral building blocks 

(sergeants) to a large number of achiral molecules (soldiers) is sufficient. 

Using bottom-up approach through noncovalently interactions several low 

molecular weight systems were developed on the basis of sergeant-and-

soldier principle.
[174-175]

 All the achiral amphiphiles walk behind the same 

chiral morphology as a soldier when the chiral amphiphile added to the 

system as sergeant.
[175] 

For instance, in a bicomponent system the optical 

rotation changes linearly with the proportion of two small enantiomeric 

amphiphilic molecules present in that system. The induction of chirality 

was found to be primarily linear or additive.
[176]

 Disc-shaped C3-

symmetric amphiphiles were attracted attention as the permanency of the 

molecular stacks is assured by multiple secondary interactions.
[177]

 This 

amphiphiles generally co-assembled with the similar structured chiral 

fraction to produce organized chiral columns to pass the chiral 

information. At first, Meijer et al. reported active sergeants-and-soldiers 

principle to induce chirality in a dynamic manner using C3-symmetric 

amphiphile (Figure 1.13).
[178]

 C3-symmetrical amphiphiles usually form 

helical columnar stacks using cooperative π-π stacking, H-bonding 
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interactions and incorporation of small amount of chiral amphiphilic 

molecule as sergeant could show sergeant-soldier effects irrespective of 

the polarity of the solvent.
[179]

 Apart from the disc-shaped amphiphiles 

bolaamphiphiles also actively respond to the sergeant-soldier effect. 

Recently a study showed that peptide functionalized bolaamphiphiles 

forms left and right-handed helical morphology upon addition of small 

amount of chiral bolaamphiphiles.
[180]

 Unlike sergeant soldier effect 

several co-assembled systems with various amphiphiles were reported 

earlier to control the chiral nanostructure with the addition of chiral 

components.
[181-182]

  

 

Figure 1.13. (a) The molecular structure of the C3 symmetric amphiphiles. (b) 

Showing the co-assembly pattern of chiral molecule with a large number of 

achiral molecules.  
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1.5.2 Chirality Induced by Achiral Component 

Bicomponent molecular gels are the perfect tool for superior 

understanding the riddles of supramolecular chirality in the co-assembled 

systems. Generally, the supramolecular chiral architectures rely on the 

inherent chirality of amphiphilic molecules as the chiral building blocks 

could efficiently produce corresponding helical morphologies.
[183-185]

 In 

different circumstances, upon exposure to external physical or chemical 

stimuli, achiral building blocks could also produce chiral 

nanostructures.
[186-187]

 The π-π stacking between two amphiphiles plays a 

vital role to develop supramolecular chirality. Therefore several achiral 

building blocks having aromatic functionality were chosen to induce 

chirality in the bicomponent co-assembled system to achieve different 

handedness with unique phenomena.
[188-191]

  

 

Figure 1.14. H-aggregates driven helical inversion of DPDS and J-aggregates 

control the co-assembly of EDPAz with LCHF (left) or DCHF (right). M: left-

handed nanofibers, and P: right-handed nanofibers. 

Bicomponent co-assembly using achiral component is, therefore, an 

important technique to tune the properties of the gels and programmable 

stimuli responsiveness.
[191]

 By the regulation of molecular chirality the 

handedness of nanostructure into the gels could be finely tuned and three-

dimensional arrangement of amphiphiles.
[192]

 In the recent year, Zhao et 

al. (2018) have used a similar co-assembly technique to optimize the 

helicity of the nanostructure by the incorporation of aromatic achiral 

component (Figure 1.14).
[193]

 They have also shown that the helical nature 
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of the nanostructure is highly dependent on the aggregation pattern (i.e., J 

or H-aggregates) in the co-assembled hydrogel.  

1.5.3 Chiral Memory via Co-assembly 

An asymmetric orientation of functional groups of an amphiphilic 

molecule, linked by covalent bonds to the centre, leads to molecular 

chirality. These bonds are not easily dissociable. On the other hand, an 

asymmetric organization of molecular building blocks through 

noncovalent interactions leads to supramolecular chirality.
[194]

 The 

supramolecular system is also easily dissociable and due to dissociation an 

optically inactive racemic mixture formed from the chiral nanostructure. 

To prevent the racemates formation supramolecular architecture based 

chiral template could be used. The supramolecular chirality will not persist 

if the template bounded form of amphiphiles is thermodynamically stable. 

On the other hand, kinetic stability of the structure will help to retain the 

chiral structure for hours, months or even longer even without the chiral 

template.
[195]

 This persistence of chirality after removal of a chiral 

template is known as ‘Chiral memory’ effect.  

 

Figure 1.15. C3 symmetric building block is showing symmetry breaking after 

gelation. Co-assembly with chiral solvents leads to chiral induction and 

persistence of chiral memory. 

The versatility of the chiral memory phenomenon makes them more 

interesting in the field of supramolecular chirality. To develop the chiral 

memory by noncovalent interactions bicomponent co-assembly is one of 

the appropriate tools. Therefore, chiral memory could be used to have 
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permanent chiral nanostructure by the integration of multiple components 

having specific functions. Recently, kinetically stable chiral 

supramolecular polymer with oligo(p-phenylenevinylene) was developed 

which reversibility bind to S-chiral dibenzoyl tartaric acid. New helicity of 

the supramolecular system was induced due to the reversible co-assembly 

process. After removal of the S-chiral dibenzoyl tartaric acid the chirality 

persist as chiral memory.
[196]

 Liu et al. (2016) also reported the chiral co-

assembly of C3 symmetric gelator with chiral solvent and removal of the 

solvents leads to the formation of chiral memory (Figure 1.15).
[197]

 

1.6 Tuning Bicomponent Co-assembly 

The term co-assembly itself describes co-operative self-assembly between 

two different substances that signify co-operation between two 

complementary functionalized molecules to produce a well-organized 

microstructure. This co-operation can be tuned very easily as the co-

operation rely on noncovalent interactions such as H-bonding, π-π 

stacking and so on. The self-assembly and gelation process is highly 

influenced by the external stimuli
[198]

 (Figure 1.16) and hence the co-

assembly process is not far from their boundary. To develop imminent 

technologies for the control of optical transmission, ion transportation, 

viscoelasticity, solvent volatility and fluidity, the stimuli-responsive 

assembly of amphiphiles was thoroughly studied in micelles, vesicles and 

supramolecular gels.
[199]

 Earlier it was found that changing the chemical 

structure a distinct co-assembled nanostructure can be obtained. Not only 

tuning the molecular structure but also by changing the conditions of co-

assembly by introducing stimuli. Ultra-sonication, pH and Light were 

exploited to control the molecular aggregations and these physical stimuli 

have a profound impact on the co-assembly.
[200-202]

 The stimuli help 

externally by providing the appropriate environment to assembly and 

disassembly process which further enhances the system to rigid gel.   
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Figure 1.16. Showing the multi-stimuli responsiveness of supramolecular 

hydrogel. 

1.6.1 pH controlled Co-assembly  

Hydrogels prepared from amphiphilic molecules have gained increasing 

attention.
[203-205]

 The amphiphiles co-assemble with another 

complementary building block to provide hydrogels which are an 

important class of materials for several bio-applications. In a series of 

physical stimuli, the pH-responsive hydrogel was attracted a great deal of 

attention due to the biomedical applications, as the acidity or alkalinity 

level changes on going from intra and extracellular compartments. In an 

instance, healthy tissues and tumor tissues possess variable pH.
[206-208]

 The 

pH can tune the mechanical property of the bicomponent hydrogels.
[209]

 At 

elevated pH, two components can merge or persist self-governing whereas 

at low pH two component could co-assemble or self-sort in the medium. 

In a recent study, it was reported that the mixture of two N-terminal 

protected typical peptide amphiphile is complex. Some extent of 

intermixing was found at high pH and fractional co-assembly between two 

amphiphiles was noticed at a lower pH.
[210]

 The vesicle composed through 

spontaneous co-assembly of lipid/PEG-containing generates pH-triggered 

AAc-rich transmembrane channels amphiphile at an elevated pH 8.9 

(Figure 1.17). The generation of AAc-rich transmembrane in the co-
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assembled vesicles leads to the release of the encapsulated doxorubicin 

(DOX).
[211]

 Therefore, the pH-responsive co-assembled vesicles illustrate 

potential application of intracellular drug delivery.
[211-212]

 

 

Figure 1.17. pH-controlled transition of vesicle size and doxorubicin release via 

the generation of AAc-rich channels transmembrane in large vesicles. 

1.6.2 Sonication Induced Co-assembly 

Soundwave boosts the translational motion of gelator molecules as a result 

of which it acts as an important stimulus for molecular switching. 

Generally, ultrasound or sonication disrupts weak non-covalent 

interactions between molecules to solubilize the compounds. Therefore, it 

is extensively utilized for the interruption on aggregations process in food 

chemistry,
[213]

 fundamental research on nanostructure development.
[214]

 

Apart from disruption sometimes it also pushes the amphiphilic molecules 

to self-assemble into a controlled nanostructured hydrogel.
[215-216]

 

Ultrasound provides sufficient energy to break the weak non-covalent 

interactions. Various self-assembled systems were developed by 

considering the effect of sonication.
[217-219]

 Das et al. (2012) reported 

peptide-appended bolaamphiphile hydrogels which was induced by 

sonication. These hydrogels can perform as a nanoreactor for in situ 

generations of platinum (Pt) nanoparticles stabilized by nanofibers.
[220]

 

The assembly process itself refurnish to attain the co-assembly through 
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reorientation of noncovalent interactions, such as intramolecular hydrogen 

bonding to intermolecular hydrogen bonding, an elongation of π-π 

stacking interactions and extension of fiber to crosslinked network 

structures.
[221]

 Therefore sonication can control the co-assembly process 

by providing sufficient energy to achieve a cooperation between two 

amphiphilic molecules.
[222-223]

 A bicomponent -COOH group based 

gelator interacted with diaminododecane. They form a globular structure 

in methylmethacrylate through the self-assembly by heating. Whereas a 

sonication induced fibrillar gel network was found due to the co-assembly 

of two complementary amphiphilic molecules (Figure 1.18).
[224]

  

 

Figure 1.18. Schematic representation of sonication induced gelation process. 

1.6.3 Photo-triggered Co-assembly  

Unlike the supramolecular hydrogel, the co-assembled hydrogels are also 

very much susceptible to the light.
[94,225-226]

 The physical stimuli (light) 

have significantly control on gelation ability and property of gel.
[227]

 The 

turbidity of the hydrogel could be significantly increased with the 

appearance of macroscopic aggregates within the gel phase. Using the 

photo responsiveness, molecular aggregation pattern was selectively tuned 

and spatially resolved hydrogel was developed.
[228]

 The photoirradiation 

could also help to induce supramolecular chirality in the co-assembled 
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hydrogel.
[6]

 The synergistic molecular arrangement in the co-assembled 

systems are the secrets to the photoresponsive morphological manipulation 

in gel medium.
[229]

 Cholesterol connected naphthalimide and cholesterol 

conjugated cynanostilbene produce vesicles through co-assembly arrays, 

whereas both the building blocks response to multiple stimuli. 

Consequently, exchange of thermoresponsiveness and photosensitiveness 

occurs between these two building blocks and produces distinct 

nanostructure.
[6]

 The pH-responsive nature was observed due to 

autonomous co-assembly between two-component in a hydrogel. 

Oppositely charged cationic surfactant cetyltrimethylammonium bromide 

was mixed to co-assemble with anionic azobenzene dicarboxylate for 

improvement of self-sustaining nature of the hydrogel which is also light 

sensitive (Figure 1.19). The surface coating was repaired by exploiting 

photoresponsive phase transition of the co-assembled hydrogel and finally, 

the hydrogel was used as a humidity sensor.
[230]

  

 

Figure 1.19. Mechanism of interactions of light induced assembly and 

disassembly process of a bicomponent co-assembled hydrogel. 

1.7 Application of Co-assembled Gel  

Supramolecular hydrogels ensuring organized nanoarchitectures are 

encouraging materials for numerous bioapplications due to their 
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outstanding biocompatibility.
[203,231-232]

 There are many bioapplications 

such as drug delivery,
[233]

 tissue engineering
[234]

 cell culture
[235]

 and 

several biocatalytic reactions
[236]

 into the supramolecular gels. Such 

biocompatible gels were also considered for complex 3D-cell culture as 

matrices. 

1.7.1 3D-Cell Culture and Drug Delivery 

The two dimensional (2D) cell culture systems have some limitation as it 

does not match with three-dimensional (3D) microenvironments due to the 

deficiency of structural architecture and gradient.
[237-239]

 Although these 

systems have given the basic idea to interpret complex biological 

phenomena.
[240-241]

 Hydrogel creation was found to be the most significant 

way to construct 3D cell culture environment as well as 3D bioprinting 

technology.
[241]

 

 

Figure 1.20. G4-quadruplex co-assembled with K
+
 ions to produce self-

supporting hydrogel for the application in 3D printing and cell culture.  
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Till date, some of the developed 3D culture materials were also 

commercialized for the basic understanding of cell culture study. The 

polymer-based hydrogels are one of the most commonly used for 

significant biocompatible properties.
[242-243]

 In spite of that direct 

encapsulation of cells into 3D-cell, culture matrices are still challenging 

due to the complicated fabricating procedure of the matrices.
[244]

 To 

overcome this problem, bicomponent hydrogels were taken into 

consideration as it is easy to tune the mechanical property. The injectable 

and self-healing property of such bicomponent hydrogel are also the prime 

reason to consider these materials as 3D-cell culture matrices.
[245]

 

Recently, Das et al. (2018) have developed guanosine based bicomponent 

hydrogel by incorporation of several functionalized boronic acid. The 

reversible covalent conjugation of the boronic acid with guanosine leads to 

the formation of G4-quadruplex upon co-assembly with K
+
 ions. This 

hydrogel showed excellent injectable, self-healing property and finally 

used for excellent 3D-cell culture as well as 3D-bioprinting (Figure 

1.20).
[246]

 

 

Figure 1.21. The co-assembly of Fmoc-FF and KGM produces hydrogel. 

Showing crosslinked fibrillar network formation due to co-assembly and used for 

docetaxel release. 
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Bicomponent hydrogels are not only limited to the cell culture 

applications. These materials were also found to be applicable in the fields 

of drug delivery.
[228,247]

 In an instance, peptide-polysaccharide (Fmoc-

FF/KGM) bicomponent hydrogel was prepared via the co-assembly 

mechanism. After that, the co-assembled Fmoc-FF/KGM hydrogel was 

used for drug delivery (Figure 1.21). Docetaxel was immobilized into 

hydrogel to show in vitro release behavior.
[248]

 In a recent study, He et al. 

(2016) have reported Fmoc-FF/Alginate based co-assembled hydrogel 

triggered by calcium ion which is highly efficient for the drug release 

application.
[249]

  

1.7.2 Co-assembled Gels in Catalysis  

Catalysis considered being one of the prime concerns of supramolecular 

chemistry since it was discovered.
[250]

 The cross-linked fiber network of a 

supramolecular gel permits for mobilization of solvents inside the 

network. Thus different components could be immobilized inside the fiber 

network. Moreover, in situ loading of foreign substances inside the gel is 

also possible all through the gelation process. In one condition the self-

assembly mechanism has to remain unharmed after interaction with the 

substance. Enzymes, efficient and selective bio-catalyst, were considered 

as the appropriate foreign substance to entrap into the gel network for 

catalysis.
[251-252]

 The approaches to catalysis inside the supramolecular 

gels were divided into three major parts, i.e. molecular receptors binds 

with the catalytic centre, two reactants molecule binds with molecular 

receptors to promote the reaction and construction of catalytic centre using 

supramolecular interactions.
[252]

 Generally, noncovalent interactions were 

used to construct a catalytic supramolecular gel.
[253]

 Peptide amphiphile 

based bicomponent hydrogel was also found to have catalytically active. 

Due to the structural differences, amphiphilic building blocks can 

simultaneously co-assemble and self-sort into the bicomponent gel. 

Therefore in the same pot, two reactions were carried out due to the 
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presence of self-sorted network, but in the co-assembled gel network, the 

reaction did not proceed to the second step (Figure 1.22).
[254]

 Moretto et 

al. (2016) prepared co-assembled organogel using terminally protected 

dipeptide amphiphile and fullerene (C60), multiwall carbon nanotubes 

(MWCNTs).
[255]

 The xerogel of C60 showed important activity for the 

reduction of azo compounds under UV light mediated by NaBH4 also for 

the benzyl alcohol production through reduction of benzoic acid.  

 

Figure 1.22. The selective catalytic activity of self-sorted vs. co-assembled 

bicomponent hydrogels.  

Stupp et al. (2007) reported a histidine‐based peptide amphiphile which 

forms organohydrogel. The synthesized supramolecular gel showed 

esterase enzymes like activity and the substrate 2,4‐dinitrophenyl acetate 

ester readily hydrolyze.
[256]
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1.8 Organization of Thesis 

The initial aim of this thesis was to explore different bicomponent co-

assembled molecular gels for further applications in biocatalysis. This was 

achieved by synthesizing various amphiphilic molecules such as Amoc-

capped amino acids, bolaamphiphiles and discotic amphiphile. The 

hydrogelation was achieved by incorporating second components into the 

medium containing amphiphilic molecules. Further, the supramolecular 

gels were used for enzymatic inclusion of gastrodigenin and enzymatic 

generation of DOPA. 

Chapter 2: In this chapter, we have exploited Amoc (9-

anthracenemethyloxycarbonyl) capped amino acid-based amphiphilic 

molecules. We intended to exploit the influence of graphene quantum dots 

in the co-assembled systems to achieve self-healing hydrogels. 

Chapter 3: In this chapter, leucine-based bolaamphiphiles were 

synthesized to control chiral nanostructures in the co-assembled 

hydrogels. 

Chapter 4: In this chapter, we have exploited bicomponent co-assembled 

supramolecular organic frameworks (SOFs) with a controlled pore size in 

gel state using discotic trifunctional amphiphile for the use of lipase-

catalyzed inclusion of gastrodigenin. 

Chapter 5: Exploration of a small amphiphilic based bicomponent co-

assembled hydrogel to produce L-DOPA in the gel medium using 

tyrosinase. 
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2.1 Introduction 

Two dimensional graphene and graphene functionalized derivatives have 

attracted great attention due to their unique chemical and physical 

properties such as optical,
[1]

 electrochemiluminescent
[2]

 and cytotoxic 

behavior.
[3]

 In addition, zero dimensional graphene quantum dots (GQDs) 

have also attracted researchers over the past few years due to their unique 

properties such as quantum confinement
[4]

 and edge effects.
[5]

 As a 

consequence, GQDs have been used in diverse research fields including 

photoconductivity,
[6]

 optoelectronics,
[7]

 bio-imaging,
[8]

 light emitting 

diodes,
[9]

 pH sensors
[10]

 and solar cell
[11]

 applications. Graphene 

functionalized materials have been used in bioimaging
[8]

 and the 

enhancement of electrical conductivity.
[12]

 In nature, self-assembly is 

driven by hydrogen bonding, π–π stacking, hydrophobic and charge-

transfer interactions.
[13]

 Graphene oxide (GO) embedded biomolecular 

hydrogels have important features including dye degradation capacity for 

wastewater treatment.
[14a]

 A GO and poly-vinyl alcohol (PVA) composite 

produced a biocompatible hydrogel which was used for selective drug 

release application at physiological pH.
[14b]

 A self-supported 

multifunctional hydrogel formed by GO-DNA composite via π-π stacking 

interactions with nearly about 99 percent water content formed an 

excellent self-healing gel.
[15]

 Peptides and amino acids are an interesting 

class of biomolecules, which can self-assemble to form hydrogels via non-

covalent interactions.
[16]

 Supramolecular hydrogels were used in drug 

delivery,
[17]

 tissue engineering
[18]

 and different fields in biotechnology.
[19]

 

Xu et al. reported peptide-hydrogel encapsulated hemin as an artificial 

enzyme to mimic peroxidase.
[20]

 Peptide and GO based hybrid hydrogel 

containing goldnanoparticles was used as efficient catalyst to reduce 

aromatic nitro to aromatic amino groups.
[21]

 Recently, Wang et al. 

reported that self-assembled oligomers and carbon dots formed fluorescent 

ultra-long nanoribbons with electrical conductivity.
[22]

 Currently, self-
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healable materials are envisioned to serve as active materials in drug 

delivery
[23]

 and tissue engineering
[24]

 applications. In literature, there are 

limited reports on aminoacid/peptide-based thixotropic hydrogels.
[25]

 Self-

healing materials can restore its original form by healing the damage 

caused on it
[26]

 and the healing process is driven by thermodynamic 

parameters
[27a–c]

 and also depends on dynamic covalent bond
[27d–f]

 and 

non-covalent
[28]

 interactions. Earlier reports give an account on peptide 

based self-healable multi-stimuli responsive metallo-hydrogel
[29]

 and 

automatic healing by polymer composite.
[30]

 Thixotropic and self-healing 

properties were also achieved from low-molecular-weight 

hydrogelators.
[31]

 Small bioactive molecules in presence of carbon based 

nanomaterials such as reduced graphene oxide (RGO)
[32,33]

 and single-

walled carbon nanotubes (SWCNTs)
[34–38]

 were used to make hydrogels. It 

is also reported that SWCNTs weaken the thixotropic property of 

polysaccharide gels.
[39]

 Apart from that GQDs have completely different 

properties from other carbon based materials.
[40]

 Free amino acids are also 

used to prepare self-healing gels with GO and RGO.
[41]

 However, little 

attention has been paid on the properties of GQDs in presence of small 

aromatic functionalized molecules.
[22]

 To the best of our knowledge, there 

is no report on the effect of GQDs on gelation and influence on 

mechanical property of gels composed with N-caped amino acids. N-

Protecting groups of amino acids and peptides have the ability to tune the 

mechanical and physical properties of supramolecular hydrogels.
[42a]

 

Single amino acid based hydrogels are limited in literature. Fmoc (9-

fluorenylmethoxycarbonyl) protected amino acids and peptides were used 

for different biological application.
[42b]

 In this chapter, our objective is to 

study the interaction between small aromatic functionalized biomolecules 

and GQDs. Herein; we demonstrate very simple N-terminal protected 

(Amoc: 9 anthracenemethyloxycarbonyl) amino acids (Amoc-F-OH and 

Amoc-Y-OH, F: L-phenylalanine; Y: L-tyrosine and -OH represents free 

acid group) which form self-healable hydrogels upon addition of GQDs at 
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physiological pH 7.4. To study the interaction of small organic molecules 

with GQDs using spectroscopic techniques, anthracene moiety is used as 

good fluorophore. Aromatic amino acids help to exhibit better gelation 

behaviour due to aromatic π-π stacking and hydrophobic interactions.
[42c]

 

Both aromatic amino acids phenylalanine and tyrosine have structural 

similarity and main difference is the presence of phenolic -OH group in p-

position of tyrosine instead of having -H group in case of phenylalanine. 

Moreover, it is important to study the effect of phenolic -OH on the 

mechanical property of gels in presence of GQDs. Though there are 

several reports on self-healing gels embedded with graphene, GO
[32,43]

 and 

also with RGO but hydrogels of biomolecules embedded with GQDs are 

not studied extensively.
[44,45]

 GQDs exhibit solely different properties 

compare to other graphene based materials.
[40]

 So, it is important to study 

the behavior of the embedded GQDs with biomolecules such as N-

protected amino acids. The functionalized GQDs embedded hydrogels are 

found to exhibit blue light emission, which are analyzed by UV-Vis, 

fluorescence and electrochemical measurements. The morphological 

changes and self-healing properties of Amoc amino acids with inclusion of 

GQDs are also thoroughly assessed. 

2.2 Experimental 

Scheme 2.1. Synthetic pathway of Amoc-capped amino acid based amphiphiles 

 

2.2.2 Synthesis of Amoc-F-OH (1) 

a) Synthesis of compound (i): A stirred solution of p-

nitrochloroformate (1.259 g, 6.25 mmol) in DCM was cooled in ice bath 

under argon atmosphere. Dimethylaminopyridine (DMAP) (0.65 g, 5.28 
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mmol) was added under the same reaction condition. After addition of 

DMAP, white slurry was obtained. 9-Anthracenemethanol (1 g, 4.8 mmol) 

was added to the reaction mixture by several portions. The reaction 

mixture was allowed to stir overnight at room temperature. TLC showed 

complete conversion of product. After that DCM was evaporated to 

dryness in a rotaryevaporator. The crude reaction mixture was diluted with 

ethyl acetate (50 mL). The mixture was washed with 0.5 MHCl (3×50 

mL) and successively with brine. Light yellow mass was obtained by 

evaporating the solvent under reduced pressure and was crystallized from 

benzene. Yield = 1.6 g (4.28 mmol, 89%); 
1
H NMR (400 MHz, CDCl3): δ  

8.49 (s, 1H, C8-H of Anth), 8.35-8.32 (d, 2H, J = 8.76 Hz, Ar-Hs), 8.18-

8.15 (d, 2H, J = 9.04 Hz, Ar-Hs), 8-7.98 (d, 2H, J = 8.52 Hz, Ar- Hs), 

7.57-7.53 (t, 2H, Ar-Hs), 7.47-7.43 (t, 2H, Ar-Hs), 7.29-7.27 (d, 2H, J = 

9.04 Hz, Ar-Hs), 6.31 (s, 2H, CH2 of Anth). 

 

Figure 2.1. 
1
H NMR spectrum of anthracen-9-ylmethyl(4-nitrophenyl) carbonate 

(i) in CDCl3. 

b) 1.5 g (4.02 mmol) of anthracen-9-ylmethyl(4-nitrophenyl) 

carbonate (i) was dissolved in 3 mL DMF in a 100 mL round bottom flask 

and cooled it in an ice bath. A neutralized solution of phenylalanine 

methyl ester was extracted from its corresponding hydrochloride salt (1.73 

g, 8.04 mmol) and concentrated to add to the reaction mixture. The 

progress of the reaction was monitored by thin layer chromatography 

(TLC). The reaction mixture was allowed to stir for 8 h. The reaction 

mixture was diluted with ethyl acetate and washed with 1 (N) HCl (3×50 

mL), saturated Na2CO3 solution (3×50 mL) and then with brine. Solid 
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yellow mass was obtained after evaporating the solvent under reduced 

pressure. Without purification, a solution of Amoc-Phe-OMe (ii) in 5 mL 

distilled dry methanol was allowed to react with a solution of 5 mL 1 (N) 

NaOH solution. The reaction progress was monitored by thin layer 

chromatography. The reaction mixture was stirred upto 4 h. After the 

completion of the reaction, excess methanol was evaporated to dryness 

and diluted with 100 mL water. Then the water mixture was taken in a 

separating funnel and vigorously washed with diethyl ether. The aqueous 

layer was collected and cooled in an ice bath. Then, the cooled collected 

water layer was acidified with 1 (N) KHSO4. The pH of aqueous layer was 

adjusted to 2 and the product was extracted with ethyl acetate (3×30 mL). 

The ethyl acetate layer was dried over anhydrous sodium sulphate and 

evaporated under reduced pressure to obtain orange-yellow solid 

compound Amoc-Phe-OH (1). 

Yield 1.47 g (3.68 mmol, 92%); FT-IR (KBr): ῡ = 3312 (br), 3029 (br), 

1688 (s), 1599 (s), 1510 (s), 1441 (s), 1258 (s); 
1
H NMR (400 MHz, 

DMSO-d6): δ 8.60 (s, 1H, Hs of Anth), 8.27-8.24 (d, 2H, J = 8.52 Hz, Ar-

Hs), 8.06-8.04 (d, 2H, J = 8.28 Hz, Ar-Hs), 7.54-7.46 (m, 5H, Ar-Hs), 

7.17 (s, 4H, Ar-Hs), 5.99-5.88 (m, 2H,  CH2 of Amoc), 4.17-4.12 (m, 1H, 

C

H of Phe), 2.99-2.95 (m, 1H, C


H of Phe), 2.75-2.69 (m, 1H, C


H of 

Phe) ppm (Figure 2.2). 
13

C NMR (100 MHz, DMSO-d6): δ 173.33, 

156.20, 137.87, 130.86, 130.41, 129, 128.10, 126.59, 125.22, 124.14, 

58.04, 55.60, 36.33 ppm (Figure 2.3). MS (ESI) m/z for C25H21NO4 (M + 

H)
+
 calcd: 422.1363, found: 422.1385 (Figure 2.4). 
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Figure 2.2. 
1
H NMR spectrum of Amoc-Phe-OH (1) in DMSO-d6. 
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Figure 2.3. 
13

C NMR spectrum of Amoc-Phe-OH (1) in DMSO-d6. 

 

Figure 2.4. ESI-MS spectrum of Amoc-F-OH (1). 

2.2.3 Preparation of Amoc-Tyr-OH (2)  

1.5 g (4.02 mmol) of anthracen-9-ylmethyl (4-nitrophenyl) carbonate (i) 

was dissolved in 3 mL DMF in a 100 mL round bottom flask and cooled it 

in an ice bath. A neutralized solution of tyrosine methyl ester was 

extracted from its corresponding hydrochloride salt (1.73 g, 8.04 mmol) 

and concentrated to add to the reaction mixture. The progress of the 

reaction was monitored by thin layer chromatography (TLC). The reaction 

mixture was allowed to stir for 8 h. The reaction mixture was diluted with 

ethyl acetate and washed with 1 (N) HCl (3×50 mL), saturated Na2CO3 

solution (3×50 mL) and then with brine. Solid yellow mass was obtained 

after evaporating the solvent under reduced pressure. Without purification, 

a solution of Amoc-Tyr-OMe (iii) in 5 mL distilled dry methanol was 

allowed to react with a solution of 5 mL 1 (N) NaOH solution. The 

reaction progress was monitored by thin layer chromatography. The 

reaction mixture was stirred upto 4 h. After the completion of the reaction, 
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excess methanol was evaporated to dryness and diluted with 100 mL 

water. Then the water mixture was taken in a separating funnel and 

vigorously washed with diethyl ether. The aqueous layer was collected 

and cooled in an ice bath. Then, the cooled collected water layer was 

acidified with 1 (N) KHSO4. The pH of aqueous layer was adjusted to 2 

and the product was extracted with ethyl acetate (3×30 mL). The ethyl 

acetate layer was dried over anhydrous sodium sulfate and evaporated 

under reduced pressure to obtain orange-yellow solid compound Amoc-

Tyr-OH 2. 

37 Yield = 0.97 g, (2.34 mmol, 91%), FT-IR (KBr): ῡ = 3416 (br), 3198 

(br), 1592 (s), 1605 (s), 1510 (s), 1454 (s), 1333 (s); 
1
H NMR (400 MHz, 

DMSO-d6): δ 9.08 (s, 1H), 8.53 (s, 1H, Hs of Anth), 8.19-8.17 (d, 2H, J = 

8.76 Hz, Ar-Hs), 7.99-7.97 (d, 2H, J = 8.04 Hz, Ar-Hs), 7.47-7.38 (m, 4H, 

Ar-Hs), 7.31-7.29 (d, 1H, J = 8.04 Hz, Ar-H), 6.86-6.83 (d, 2H, J = 8.28 

Hz, Ar-Hs), 6.48-6.46 (d, 2H, J = 8.04 Hz, Ar-Hs), 5.92-5.80 (m, 2H, CH2 

of Amoc), 4.01-3.95 (m, 1H, C

H of Tyr), 2.79-2.74 (m, 1H, C


H of Tyr), 

2.56-2.50 (m, 1H, C

H of Tyr) ppm (Figure 2.5). 

13
C NMR (100 MHz, 

DMSO-d6): δ 173.4, 156.18, 155.79, 130.86, 130.42, 129.93, 128.86, 

126.59, 125.22, 124.12, 114.9, 58.06, 55.94, 35.64 ppm (Figure 2.6). MS 

(ESI) m/z for C25H21NO5 (M + H)
+
 calcd: 438.1312, found: 438.1333 

(Figure 2.7). 
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Figure 2.5. 
1
H NMR spectrum of Amoc-Tyr-OH (2) in DMSO-d6.  
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Figure 2.6. 

13
C NMR spectrum of Amoc-Tyr-OH (2) in DMSO-d6. 

Figure 2.7. ESI-MS spectrum of Amoc-Y-OH (2). 

2.2.4 Synthesis of graphene quantum dots
[39]

 

Commercially available GO (800 mg) was heated in a furnace at 200 C 

for two hours to afford graphene sheet and the resultant graphene sheets 

were mixed with concentrated 40 mL of (3 : 1) HNO3 : H2SO4 mixture. 

The mixture was heated at 90 C for 3 h and it was diluted with 250 mL 

distilled water. Then the mixture was filtered through 0.22 mm 

microporous syringe filter to remove the acids. Then, the purified (300 

mg) oxidized graphene sheets (GSs) were dissolved in 50 mL of millipore 

water and the pH was adjusted to 8 with NaOH. The mixture was taken in 

a reaction bomb vessel. Then the reaction bomb vessel was kept into a hot 

air oven for 12 hours of constant heating at 200 C. Finally, the solution 

was dialyzed for 24 hours with a dialysis tube of 3500 K Dalton to remove 

ions and impurity from solution. The formation of GQDs was confirmed 

by SEM and TEM images (Figure 2.9). 

2.3 Gel Preparation and Characterization 

Techniques 

2.3.1 Preparation of hydrogels  
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2.3.1.1 Preparation of Gel-F and Gel-Y 

5.99 mg (15 mM) of Amoc-F-OH was dissolved in 1 mL of water by 

drop-wise addition of 0.5 M NaOH. The pH was increased up to 9 for 

complete dissolution. The elevated pH was then dropped to 7.4 by 

dropwise addition of 0.1 M HCl solution. The solution was kept rest for 30 

min and it was then formed hydrogel (Gel-F). Gel-Y was also prepared as 

Gel-F was prepared.  

2.3.1.2 Preparation of GQD-F and GQD-Y 

3.99 mg (10 mM) of Amoc-F-OH and 0.5 mg mL
-1

 GQDs were dissolved 

in 1 mL of water by drop-wise addition of 0.5 M NaOH. The pH was 

increased up to 9 for complete dissolution. Finally the pH was dropped to 

7.4 by dropwise addition of 0.1 M HCl solution. The resultant solution 

was kept rest for 5 min and it was then formed GQD-F (hydrogel 1). 

GQD-Y (Hydrogel 2) was also prepared by the same procedure. 

2.3.2 Morphological study 

Transmission electron microscopic images were taken using a JEOL 

electron microscope (model: JEM-2100), operated at an accelerating 

voltage of 200 kV and Field Emission Gun-Transmission Electron 

Microscope (model: Tecnai G2, F30), operated on a voltage of 300 kV. 

100 mL of gel was dissolved in 200 mL of water and the dilute solution of 

the hydrogels was dried on carbon-coated copper grids (300 mesh) by 

slow evaporation in air and then allowed to dry separately in a vacuum at 

room temperature. GQDs solution in DI water also dried on carbon-coated 

copper grids. Field emission scanning electron microscope (FE-SEM 

Supra 55 Zeiss) instrument was used for SEM study. Gels were dried on 

cover slip and coated with gold for SEM analysis with an operating 

voltage of 5 kV. 
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2.3.3 UV-Vis spectroscopy 

UV-Vis absorption spectra of the hydrogels Gel-F, Gel-Y, GQD-F and 

GQD-Y were recorded using a Varian Cary100 Bio UV-Vis 

spectrophotometer at a concentration of 5 mM. UV-Vis absorption spectra 

of GQD were recorded at a concentration of 0.25 g L
-1

. 

2.3.4 Fluorescence spectroscopy 

Fluorescence spectra of hydrogels (10 mM) were recorded at different 

excitation wavelength of 390 nm and 380 nm with medium sensitivity on a 

Horiba Scientific Fluoromax-4 spectrophotometer. The slit width for the 

excitation and emission was set at 2 nm and a 1 nm data pitch. Samples 

were prepared in 1 cm
2
 quartz cuvette at room temperature. 

2.3.5 Rheological study 

Rheological study was performed to determine the mechanical properties 

of the hydrogels. These properties were assessed using an Anton Paar 

Physica Rheometer (MCR 301, Austria) with parallel plate geometry (25 

mm in diameter) and temperature was controlled at 25 C. The dynamic 

moduli of the hydrogel were measured as a function of frequency in the 

range of 0.1–100 rad s
-1

 with a constant strain value 0.1% and step strain 

experiment was done at the constant frequency of 10 rad s
-1

 and applied 

strain was changed from 0.1% to 20%. 200 μL of gel was prepared in 

glass vial and transferred it over the plate using micro-spatula to proceed 

for rheological measurements.  

2.4 Results and Discussion 

In this chapter, N-terminal protected amino acid based amphiphiles Amoc-

F-OH, Amoc-Y-OH (Amoc: 9-anthracenemethyloxycarbonyl) were 

synthesized by the reported procedure.
[46]

 GQDs were synthesized by the 

simple hydrothermal process from commercially available GO and GQDs 

were purified by dialysis prior to gelation.
[47]

 We prepared hydrogels with 
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the compounds Amoc-F-OH (Gel-F), Amoc-Y-OH (Gel-Y) with 15 mM 

of each amphiphilic molecules. GQDs were added into the Amoc-F-OH 

(GQD-F) and Amoc-Y-OH (GQD-Y). Therefore, the concentration of 

GQDs (Table 3.1) was optimized for Amoc-F-OH and Amoc-Y-OH using 

fluorescence spectroscopic technique. 

Table 2.1 Preparation of hydrogels with different conc. of gelators and amount 

of GQDs 

Gelator 
Conc. of 

gelator (mM) 

Amount of GQDs  

(mg mL
-1

) 
Property of Gel 

Amoc-F-OH 

15 0 Gel 

10 0 Sol 

10 0.2 Gel 

10 0.5 Self-healing gel  

7.5 0.2 Gel 

7.5 0.5 Gel 

Amoc-Y-OH 

15 0 Gel 

10 0 Sol 

10 0.2 Gel 

10 0.5 Self-healing gel  

7.5 0.2 Gel 

7.5 0.5 Gel 

 

Different concentration of Amoc-F-OH/Amoc-Y-OH and GQDs were 

used to prepare hydrogels (Table 2.1). However, self-healable hydrogels 

were formed (Figure 2.8) upon mixing of 10 mM Amoc-Y-OH/Amoc-Y-

OH and 0.5 mg mL
-1

 GQDs (Table 2.1). 

 

Figure 3.8. Schematic representation of gel nanofibers and GQDs embedded gel 

nanofibers through non-specific molecular co-assembly. 
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These amphiphilic molecules formed gels using hydrophobic-hydrophilic 

and other non-covalent interactions at physiological pH.
[48]

 Hence, gels 

were prepared at physiological condition (pH = 7.4) and gelation was 

initially confirmed by test tube inversion method. For the preparation of 

self-healable hydrogel GQD-F, 0.449 wt% of Amoc-F-OH and GQDs was 

used. 0.466 wt% Amoc-Y-OH and GQDs was used for the preparation of 

hydrogel GQD-Y. Both the cases water content was more than 99.5%. At 

higher pH (>7.5), the gelator compounds start to dissolve in the water 

medium and give clear solution of gelator molecules at pH > 8. But at 

lower pH (pH < 6), the gelator molecules get precipitate from the solution.  

2.4.1 Microscopic Study 

Transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) images (Figure 2.9) reveal the size of 7-8 nm of GQDs 

according to size distribution graph, which was acquired from TEM image 

(Fig. 2.8). SEM images of Gel-F and Gel-Y exhibit fibrillar networks 

(Figure 2.9). The SEM images (Figure 2.10) of GQD-F and GQD-Y are 

consistent with the TEM images (Figure 2.11) of GQD-F and GQD-Y. 

Both the cases (GQD-F and GQD-Y), GQDs are decorated on the fibers 

and the average width of the nanofibrillar network is around 20 nm 

(Figure 2.11 and Figure 2.12).  

 

Figure 2.9. (a) SEM and (b) TEM images of GQDs show dots are separated and 

well distributed. 

100 nm

(a) (b)
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Figure 2.10. SEM image of Gel-F (a) shows nanofibrillar network. (b) SEM 

image of Gel-Y shows nanofibrillar network. (c) describes the GQDs decorated 

morphology by the SEM image of GQD-F(10 mM of Amoc-F-OH with 0.5 mg 

mL
-1

 GQDs) and (d) SEM image shows GQDs deposited fiber of GQD-Y (10 mM 

of Amoc-Y-OH with 0.5 mg mL
-1

 GQDs). 

 

Figure 2.11. TEM images of (a) GQD-F (10 mM of Amoc-F-OH with 0.5 mg L
-1

 

GQDs) and (b) GQD-Y (10 mM of Amoc-Y-OH with 0.5 mg L
-1

 GQDs) show 

GQDs decorated nanofibrillar structures. Both images depict uniform 

distribution of GQDs on the fibrillar networks. 

200 nm 200 nm

300 nm

(a)

300 nm

(c)

(b)

(d)

200 nm

(a) (b)
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Figure 2.12. TEM image of GQD-F (10 mM of Amoc-F-OH with 0.5 mg mL
-1

 

GQDs) depicts graphene quantum dots are embedded on fibril (a) And at higher 

magnification it was shown the size of the decorated GQDs are mostly 7-9 nm. 

(c), (d) TEM images of GQD-Y (10 mM of Amoc-Y-OH with 0.5 mg mL
-1

 GQDs) 

shows random distribution of GQDs on the fibril. 

GQD-Y shows straight nanofibrillar network where as GQD-F exhibits 

nanofibrillar ribbon with sheet type network observed from SEM image 

(Figure 2.10 c). The morphological difference is attributed to the structural 

change of gelators. Different concentration of GQDs was used to observe 

the change in GQDs decorated nanofibrils. TEM images of GQD-F and 

GQD-Y (Amoc-F-OH/Amoc-Y-OH h 10 mM with 0.3 mg L
-1

 GQDs) 

exhibit nanofibrils decorated with a very less amount of GQDs (Figure 

2.13). TEM images of GQD-F and GQD-Y (Amoc-F-OH/Amoc-Y-OH h 

10 mM with 0.7 mg L
-1

 GQDs) reveal nanofibrils decorated with GQDs 

(Figure 2.13) which look similar to the distribution of GQDs on 

nanofibrils (Figure 2.11).  

7.5 nm

8 nm
9 nm

7 nm

(a)

(c)

(b)

(d)
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Figure 2.13.  (a) and (b) represent the TEM images at different concentration of 

GQDs in GQD-F (10 mmol L
-1

 of Amoc-F-OH). (a) corresponds to 0.3 mg mL
-1

 

of GQDs which shows less amount of GQDs are deposited on the fibril whereas 

(b) shows more number of GQDs are deposited on the fiber with 0.7 mg mL
-1

 of 

GQDs. (c) and (d) shows the TEM images for GQD-Y with 0.3 mg mL
-1

 and 0.7 

mg mL
-1

 of GQDs respectively. (c) and (d) also showed similar observation as 

like (a) and (b). 

2.4.2 Photophysical Study 

UV-Vis absorption spectra of GQDs depict π–π* transition at 206 nm for 

C=C bond and also n–π* transition at 260 nm due to the functionalized 

C=O group (Figure 2.14).
[49]

 An absorption band at 251 nm is attributed to 

the presence of phenylalanine moiety. A broad peak in the region of 380–

410 nm was observed for both Gel-F and GQD-F. Absorption spectra of 

both Gel-Y and GQD-Y show absorption band at 254 nm and similar red 

shift was observed from 380 nm to 385 nm due to the π-π stacking 

100  nm

100 nm

a b

c d



     

Chapter 2 
 

84 
 

interaction of Amoc group and GQDs (Figure 2.14). Fluorescence spectra 

were acquired to know about more insight of GQDs and GQDs embedded 

Amoc-amino acid based hydrogels (Figure 2.14).
[50]

  

 

Figure 2.14. (a) and (b) show UV-Vis spectra of GQDs, Gel-F, Gel-Y, GQD-F 

and GQD-Y. Red shift in UV-Vis was observed for both the gels. Fluorescence 

spectra of (c) Amoc-F-OH (10 mM), GQD-F and (d) Amoc-Y-OH (10 mM), 

GQD-Y show successive quenching on increasing addition of GQDs. 

After the inclusion of GQDs into Amoc-amino acids based hydrogels 

(GQD-F and GQD-Y), we acquired photoluminescence spectra of Amoc-

F-OH and GQD-F at an excitation wavelength of 390 nm and Amoc-Y-

OH and GQD-Y at an excitation wavelength of 380 nm (Figure 2.14). 

Both the gels (GQD-F and GQD-Y) imparted successive fluorescence 

quenching as compare to the Amoc-F/Y-OH without GQDs. The 

fluorescence quenching (Figure 2.14) indicates strong π-π stacking 

interactions between aromatic anthracene moieties and GQDs.
[51,52]

 Before 

the inclusion of GQDs, intense emission peak appeared at 450 nm for both 

Amoc-F-OH and Amoc-Y-OH. With increasing addition of GQDs into 
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Amoc amino acids, successive fluorescence quenching was observed with 

red shift. Concentration dependent emission spectra of 10 mM of gelators 

(Amoc-F-OH/Amoc-Y-OH) were recorded with the varied concentration 

of GQDs (0 to 0.7 mg L
-1

). The emission intensity gradually decreases 

with the increase concentration of GQDs up to 0.5 mg mL
-1

 for both the 

gels GQD-F and GQD-Y. However, there is no significant change in 

emission wavelength and intensity after varying the concentration of 

GQDs from 0.5 mg L
-1

 to 0.7 mg L
-1

. This result signifies that, particular 

concentration of GQDs (0.5 mg L
-1

) is required for a particular 

concentration of gelators (10 mM) to achieve maximum interaction with 

GQDs and the formation of self-healing gel. GQD-F shows quenched 

emission maxima at 464 nm where as GQD-Y exhibits emission maxima 

at 480 nm after fluorescence quenching. The red shift signifies 

stabilization of GQDs on the fibers by non-covalent interaction including 

π–π stacking interaction. The shift is different for two different gels which 

is attributed to the change in the structural unit of the gelator molecules. 

The phenolic –OH group of Amoc-Y-OH has affinity over the 

functionalized GQDs which helps edge-localized π–π stacking interaction 

between Amoc-Y-OH and GQDs. This interaction promotes the composite 

to shift more towards higher wavelength.
[53]

 GQDs exhibit 

semiconducting property
[54]

 and the study of electrochemical property 

after inclusion of GQDs into gelator molecules is important.  

2.4.3 Rheological Study 

Rheological experiment reveals more insight about the mechanical and 

thixotropic properties of hydrogels. Rheological experiments were 

performed with self-healable hydrogels GQD-F (10 mM of Amoc-F-OH 

with 0.5 mg L
-1

 GQDs) and GQD-Y (10 mM of Amoc-Y-OH with 0.5 mg 

L
-1

 GQDs). In the oscillatory frequency sweep measurements, all the 

samples show higher storage modulus (G) value with compare to loss 

modulus (G") over the entire process (Figure 2.15 and 2.16). Higher 
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storage modulus compare to loss modulus supports the formation of rigid 

gels.
[55]

 After inclusion of GQDs into hydrogel Gel-F, the hydrogel GQD-

F becomes stronger than Gel-F. Similarly GQD-Y becomes stronger than 

hydrogel Gel-Y. A step strain experiment was performed at constant 

angular frequency of 10 rad s
-1

 to quantify the thixotropic properties of 

hydrogels (Figure 2.15 and 2.16). 

Figure 2.15. Dynamic frequency sweep experiment: (a) GQD-F becomes 6 times 

more rigid than Gel-F due to interaction of GQDs. (b) Step strain experiment 

signifies thixotropic nature and excellent gel recovery of GQD-F. 

Figure 2.16. GQD-Y becomes two times rigid than Gel-Y after inclusion of 

GQDs represented in dynamic frequency sweep experiment. (b) Step strain 

experiment describes thixotropic nature and self-healing property of the gel 

GQD-Y. 
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A constant strain of 0.1% was applied (step 1) to hydrogels GQD-F and 

GQD-Y. The fibrillar 3D network completely ruptured when the strain is 

slowly increased from 0.1% to 20% (step 2) and it took 5 minutes to 

deliver gel to sol transition (G < G"). Sol to gel transition (G > G") was 

observed by applying low strain to 0.1% (step 3) upto 6 min. The storage 

modulus (G) of GQD-F restored to its present position after 6 min (Figure 

2.15) due to reformation of fibrillar 3D networks.
[56]

 But the storage 

modulus of GQD-Y was 710 Pa before applying the strain. GQD-Y 

recovered upto 98% after removing the strain (step 3). After applying 20% 

strain (step 4), both the gels attain gel-to-sol property (G < G"). Finally 

after reduction of strain from 20% to 0.1%, the storage modulus (G) was 

restored to its present position for GQD-F. However, the storage modulus 

(G) was restored upto 84% for GQD-Y. Hydrophobicity (expressed as the 

partition coefficient between water and octanol, log P) of Amoc-F-OH 

(log P = 5.22) and Amoc-Y-OH (log P = 4.74) is different due to structural 

difference. Hydrophobicity of the gelator can also tune the mechanical 

property of the gel
[57]

 as a result of this the gel recovery property becomes 

different for GQD-F and GQD-Y.  

2.4.4 Self-healing Property 

Due to enhanced non-covalent interaction between gelators and GQDs 

including π–π stacking interaction, the resultant gels become more 

thixotropic which provide better self-healing property. Though both the 

above results give an account for the thixotropic nature of the GQDs 

embedded hydrogel. Autonomous healing upon damage on material is 

recognized as self-healing property.
[58,59] 

This fascinating property was 

observed during the experiments with the composite of Amocamino acids 

and GQDs (Figure 2.17). To quantify the self-healing properties of 

hydrogels, we cut the gel GQD-F with knife into two pieces (Figure 2.17f) 

and shoved to keep contact with each other for a minute (Figure 2.17g). 

These two pieces stuck together into a strong self-healable gel which was 
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capable to make a bridge with two vial caps (Figure 2.17g). Later, we cut 

the selfhealable gel into four small pieces and adhered together to make a 

self-healable gel (Figure 2.17i). Supramolecular interaction such as π–π 

stacking, hydrophobic and hydrogen bonding interaction
[59]

 (Figure 2.8) 

are responsible for the dynamic property of the formed cross-linking 

fibrillar networks in gels. 

 

Figure 2.17. (a) and (b) are the optical images of GQD-F, GQD-Y respectively 

under day light. (c) and (d) are the images under UV light irradiation at a 

wavelength of 365 nm of hydrogels GQD-F and GQD-Y respectively. Optical 

images (e) to (i) represent the self-healing property of GQD-F.  Hydrogel pieces 

adhere together after keep in contact with each other and regenerate previous 

shape by crosslinking network by noncovalent interaction. (i), (j) and (k) 

represent the self-healing property of the gel GQD-Y. 

Self-healing property of small amphiphilic molecules is driven by the 

thermodynamic parameter i.e. entropy. Entropy increases due to the 

incremental interfacial area with cracking the material by applying the 

external mechanical forces. With the deformation of the gel composed by 

small molecules, the number of arrangement increases with increasing 

entropy in that particular state.
[27a–c] 

Increased entropy drives the gelator 

molecules to come closer to the damaged space by extending the 

crosslinked 3D network which leads to the formation of the previous 

shape. 
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2.5 Conclusions 

We have demonstrated self-healable GQDs embedded Amoc capped 

aromatic amino acid based hydrogels at physiological pH. GQDs/Amoc-

amino acid based hybrid hydrogels emit blue light under UV light 

irradiation at 365 nm. Aromatic Amoc amino acids based hydrogels 

formed nanofibrillar networks. Fluorescence spectroscopic studies of 

GQDs embedded hydrogels reveal that GQDs are stabilized by 

nanofibrillar networks. Morphological changes of hydrogel 1 and 2 were 

observed due to the change in gelator structure and the co-assembly of 

GQDs in the 3D network of gels. Hydroxyl group in tyrosine affects 

significantly to the mechanical property of the hydrogel. Aromatic π–π 

stacking interactions within GQDs and Amoc amino acids and hydrogen 

bonding interactions are the driving force to stabilize the GQDs by the 

nanofibrillar networks. Fluorescence quenching reveals strong π-π 

stacking interactions
[51,52]

 within GQDs and Amoc-amino acids. GQDs 

embedded Amoc-amino acids based hydrogels afford thixotropic in 

nature. The hydrogel composites of Amoc-F-OH and GQDs deliver 

excellent entropy driven self-healable behavior, which can be used in drug 

delivery, tissue engineering and cell damage repairing in biological 

systems in future. 
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3.1 Introduction 

Engineering the chiral nanostructures with a desirable handedness is a 

great deal of attention due to the various applications in materials 

science,
[1-5]

 chemistry
[6-12]

 and biology.
[13-15]

 Chiral nanostructures exhibit 

distinguished photophysical properties and adequate biological effects. 

Peptides self-assemble and possess both molecular as well as 

supramolecular chirality.
[16-19]

 Therefore, the configuration of amino acids 

in peptides plays a crucial role to achieve self-assembled chiral 

nanostructures.
[20-21]

 A recent study has shown that configuration of 

terminal hydrophilic amino acid in peptides plays a significant role to 

control the overall handedness of the peptide amphiphiles.
[22]

 The 

supramolecular chirality could also be induced or tuned by the amino acid 

based chiral spacer.
[23]

 From a detailed survey of the previous reports, a 

precise observation is noted that right-handed twist is associated with the 

amphiphiles of amino acids with L-configuration whereas D-amino acids 

based amphiphiles assemble to produce left-handed chiral 

nanostructures.
[24-26]

 Moreover, left-handed helical twist is also found for 

L-amino acids based amphiphiles when β-sheet structure is packed with 

right-handed β-strands along with the hydrogen bonding direction.
[27-29]

 

Without alteration of building blocks, the tunability of chiral architecture 

to a desirable handedness (i.e. right-handed: P; left-handed: M) remains a 

challenge.
[30]

 Moreover, the supramolecular chirality is driven by 

noncovalent interactions and external components as the bicomponent 

systems work as a remote control for self-assembly and gelation.
[31-37]

 

Therefore, peptides could rebuild reverse helical nanostructures by 

interacting with external components (i.e. chiral, achiral or asymmetric 

molecules) without changing the configuration of amino acids.
[38]

 The 

reverse helical nanostructures were acquired through the co-assembly with 

additives as both shares complementary functionality for hierarchical self-

assembly.
[39]
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To date, supramolecular chirality of bolaamphiphiles has attracted the 

attention of the researchers.
[40-41]

 In general, bolaamphiphiles are 

captivating biomolecules where hydrophobic spacer connects with two 

polar head groups. Bolaamphiphiles have shown heat sensitive nature to 

furnish new chiral nanostructures.
[42]

 Multiple bolaamphiphiles capped 

with nucleotides, sugars, amino acids and peptides have been designed to 

control the helical nanostructures.
[41,43-45]

 Bolaamphiphiles self-assembled 

to form distinct helical nanostructures when it is comprised with an amino 

acid with different configuration.
[46]

 A previous report suggests that 

aromatic ring-functionalized external component has a profound impact on 

helical co-assembly with bolaamphiphiles.
[29,47-48]

 As a result, controlled 

nanostructured hydrogel was achieved.
[49]

 The bolaamphiphiles composed 

of aromatic amino acids form twisted nanoscale materials by the influence 

of aromatic additives through π-π stacking interaction.
[29,49]

 Indeed few 

aliphatic peptide bolaamphiphiles have been designed to explore their self-

assembled helical architectures, however, helix reversal of aliphatic 

peptide bolaamphiphiles is interesting in hydrogel state as hydrogels 

exhibit promising properties.
[50-52]

  

In biological systems, an aliphatic amino acid leucine has a profound 

impact on folding of proteins.
[53-55]

 So, a thorough understanding and 

controlling the chiral self-assembling behavior of leucine-based peptide 

bolaamphiphiles are necessary. To tune the chiral nanostructures through 

hydrogen bonding in gel state, bi-component self-assembled systems were 

developed with tartaric acid.
[56]

 It is also necessary to understand how the 

configuration of amino acids in peptide bolaamphiphiles influences the 

bicomponent gelation process as well as the supramolecular chirality of 

amino acid/peptide functionalized bolaamphiphiles.   
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3.2 Experimental 

Scheme 3.1 Synthetic scheme of bolaamphiphiles 3-11 

 

 

3.2.1 Synthesis of Compound iii  

0.5 g (4.23 mmol) of succinic acid in 2 mL of DMF was cooled in an ice-

water bath. (L)-Leu-OMe was isolated from 3 g (16.94 mmol) of the 

corresponding methyl ester hydrochloride by neutralization and 

subsequent extraction with ethyl acetate and the ethyl acetate extract was 

concentrated to 8 mL. It was then added to the reaction mixture, followed 
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immediately by 1.45 g (9.3 mmol) EDC and 1.14 g (8.46 mmol) of HOBt. 

The reaction mixture was stirred for overnight. The residue was taken up 

in ethyl acetate (50 mL). The organic layer was washed with 1 M HCl (3 × 

50 mL), brine (2 × 50 mL), 1 M sodium carbonate (3 × 50 mL), brine (2 × 

50 mL), dried over anhydrous sodium sulfate and evaporated in vacuo to 

yield iii as a white solid. Purification was done by silica gel column (100-

200 mesh) using ethylaceate-hexane as eluent. Yield: 1.51 g (96%), 
1
H 

NMR (400 MHz, CDCl3): δ = 6.52-6.50 (d, 2H, J = 8 Hz, -NH), 4.53-4.47 

(m, 2H, C

H of Leu), 3.66 (s, 6H, -OCH3), 2.55-2.43 (m, 4H, -Hs of Suc), 

1.64-1.54 (m, 4H, C

Hs of Leu), 1.09-1.07 (m, 2H, C


Hs of Leu), 0.87-

0.85 (m, 12H, C

Hs of Leu) ppm. MS (ESI) m/z for C18H32N2O6 (M + 

Na)
+
 calcd: 395.2158, found: 395.2231. 

 

Figure 3.1. 
1
H NMR spectrum of compound iii in CDCl3. 

 

Figure 3.2. Mass spectrum of compound (iii). 

3.2.2 Synthesis of Compound 3  

1.4 g (3.76 mmol) of MeO-(L)-Leu-Suc-(L)-Leu-OMe (iii) in 10 mL 

MeOH was taken in a round bottom flask and 1 M NaOH was added to it 

m/z

M + Na+

M + K + H+
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dropwise. The reaction mixture was stirred and was continuously 

monitored by thin layer chromatography (TLC) till the completion of the 

reaction. The reaction was completed after 6 h. Then MeOH was removed 

under vacuo and 10 mL of distilled water was added to the reaction. The 

aqueous part was washed with diethyl ether (2 x 30 mL). Then the 

collected aqueous layer was cooled under ice-water bath for 10 minute and 

then pH was adjusted to 1 by drop-wise addition of 1M HCl. It was 

extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate part 

was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 3 as a 

white solid. Yield = 1.21 g (94%), 
1
H NMR (400 MHz, DMSO-d6): δ = 

8.24-8.22 (d, 2H, J = 8 Hz, -NH), 4.31-4.25 (m, 2H, C

H of Leu), 2.39-

2.28 (m, 4H, -Hs of Suc), 1.53-1.47 (m, 4H, C

Hs of Leu), 0.87-0.85 (m, 

14H, C

 and C


Hs of Leu) ppm. 

13
C NMR (100 MHz, DMSO-d6): δ = 

173.89, 156.72, 52.55, 24.69, 23.24, 21.60, 15.04 ppm. MS (ESI) m/z for 

C16H28N2O6 (M + Na)
+
 calcd: 345.2026, found: 345.2053. 

 

Figure 3.3. 
1
H NMR spectrum of compound 3 in DMSO-d6. 

 

Figure 3.4. 
13

C NMR spectrum of compound 3 in DMSO-d6. 
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Figure 3.5. Mass spectrum of compound 3. 

3.2.3 Synthesis of Compound iv  

0.5 g (4.23 mmol) of succinic acid in 2 mL of DMF was cooled in an ice-

water bath. (D)-Leu-OMe was isolated from 3 g (16.94 mmol) of the 

corresponding methyl ester hydrochloride by neutralization and 

subsequent extraction with ethyl acetate and the ethyl acetate extract was 

concentrated to 8 mL. It was then added to the reaction mixture, followed 

immediately by 1.45 g (9.3 mmol) of EDC and 1.14 g (8.46 mmol) of 

HOBt. The reaction mixture was stirred for overnight. The residue was 

taken up in ethyl acetate (50 mL). The organic layer was washed with 1 M 

HCl (3 × 50 mL), brine (2 × 50 mL), 1 M Na2CO3 (3 × 50 mL), brine (2 × 

50 mL), dried over Na2SO4 and evaporated in vacuo to yield iv as a white 

solid. Purification was done by silica gel column (100-200 mesh) using 

ethyl aceate - hexane as eluent. Yield: 1.46 g (92%), 
1
H NMR (400 MHz, 

DMSO-d6): δ = 7.54-7.52 (d, 2H, J = 8 Hz, -NH), 4.05-3.96 (m, 4H, C

H 

of Leu), 3.62 (s, 6H, -OCH3), 1.62-1.39 (m, 6H, C

Hs of Leu), 1.17-1.14 

(m, 4H, -CH2 of Suc), 0.88-0.82 (m, 14H, C

 and C


Hs of Leu) ppm. MS 

(ESI) m/z for C18H32N2O6 (M + Na)
+
 calcd: 395.2158, found: 395.2281. 

 

M + H+

m/z

2M + H+
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Figure 3.6. 
1
H NMR spectrum of compound iv in DMSO-d6. 

 

Figure 3.7. Mass spectrum of compound iv. 

3.2.4 Synthesis of Compound 4  

1.3 g (3.49 mmol) of MeO-(D)-Leu-Suc-(D)-Leu-OMe (iv) in 10 mL 

MeOH was taken in a round bottom flask and 1 M NaOH was added to it 

dropwise. The reaction mixture was stirred and was continuously 

monitored by thin layer chromatography (TLC) till the completion of the 

reaction. The reaction was completed after 6 h. Then MeOH was removed 

under vacuo and 10 mL of distilled water was added to the reaction. The 

aqueous part was washed with diethyl ether (2 x 30 mL). Then the 

collected aqueous layer was cooled under ice-water bath for 10 minute and 

then pH was adjusted to 1 by dropwise addition of 1M HCl. It was 

extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate part 

was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 4 as a 

white solid. Yield: 1.16 g (96%), 
1
H NMR (400 MHz, DMSO-d6): δ = 

12.50 (s, 2H, -COOH), 8.12-8.10 (d, 2H, -NH), 4.27-4.21 (m, 2H, C

H of 

Leu), 2.43-2.33 (m, 4H, -CH2 of Suc), 1.54-1.52 (m, 6H, C

 and C


 Hs of 

Leu), 0.93-0.86 (m, 12 H, C

Hs of Leu) ppm. 

13
C NMR (100 MHz, 

DMSO-d6): δ = 174.71, 171.86, 50.64, 31.06, 24.78, 23.34, 21.82 ppm. 

MS (ESI) m/z for C16H28N2O6 (M + Na)
+
 calcd: 345.2026, found: 

345.2029. 

M + Na+

m/z
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Figure 3.8. 
1
H NMR spectrum of compound 4 in DMSO-d6. 

 

Figure 3.9. 
13

C NMR spectrum of compound 4 in DMSO-d6. 

 

Figure 3.10. Mass spectrum of compound 5. 

3.2.5 Synthesis of Compound v  

1 g (9.99 mmol) succinic anhydride in 2 mL of DMF was cooled in a 100 

mL round bottom flask. (L)-Leu-OMe was isolated from 3.6 g (19.98 

mmol) of the corresponding methyl ester hydrochloride by extraction with 

ethyl acetate and the ethyl acetate extract was concentrated to 8 mL. It was 

then added to the reaction mixture, followed immediately by 1.21 g (11.98 

mmol, 1 ml 300 µL) N-methyl morpholine. The reaction mixture was 

stirred for overnight. 50 mL ethyl acetate was added to the reaction 

mixture and the organic layer was washed with 1M HCl (3 x 50 mL.). The 

ethyl acetate part was dried over anhydrous Na2SO4. It was evaporated in 

m/z

M + H+

M + Na+
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vacuo to yield v as sticky solid. Purification was done by silica gel column 

(100-200 mesh) using chloroform-methanol as eluent. Yield = 2.05 g, 

84%, 
1
H NMR (400 MHz, DMSO-d6): δ = 8.12-8.1 (d, 1H, J = 8 Hz, -

NH), 4.26-4.2 (m, 1H, C

H of Leu), 3.64 (s, 3H, -OCH3), 2.75-2.73 (d, 

2H, -Hs of Suc), 2.56-2.52 (d, 2H, -Hs of Suc), 1.78-1.48 (m, 3H, C

 and 

C
 
-Hs of Leu), 0.91-0.84 (m, 6H, C


Hs of Leu) ppm. MS (ESI) m/z for 

C11H19NO5 (M + Na)
+
 calcd: 268.1161, found: 268.1139. 

 

Figure 3.11. 
1
H NMR spectrum of compound v in DMSO-d6. 

  

Figure 3.12. Mass spectrum of compound v. 

3.2.6 Synthesis of Compound vi  

1.52 g (6.19 mmol) of HO-Suc-(L)-Leu-OMe (v) in 6 mL of DMF was 

cooled in an ice-water bath and (D)-Leu-OMe was isolated from 2.24 g 

(12.39 mmol) of the corresponding methyl ester hydrochloride by 

neutralization and subsequent extraction with ethyl acetate and the ethyl 

acetate extract was concentrated to 8 mL. It was then added to the reaction 

mixture, followed immediately by 1.06 g (6.81 mmol) EDC and 0.83 g 

(6.19 mmol) of HOBt. The reaction mixture was stirred for overnight. The 

m/z

M + Na+

M + K+
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residue was taken up in ethyl acetate (50 mL). The organic layer was 

washed with 1 M HCl (3 × 50 mL), brine (2 × 50 mL), 1 M Na2CO3 (3 × 

50 mL), brine (2 × 50 mL), dried over anhydrous Na2SO4 and evaporated 

in vacuo to yield compound vi as a white solid. Purification was done by 

silica gel column (100-200 mesh) using ethyl acetate-hexane as eluent. 

Yield = 1.84 g, 81%, 
1
H NMR (400 MHz, DMSO-d6): δ = 7.54-7.52 (d, 

2H, J = 8 Hz, -NH), 4.01-3.96 (m, 2H, C

H of Leu), 3.66 (s, 6H, -OCH3), 

1.62-1.43 (m, 6H, C

 and C


 -Hs of Leu), 1.23-1.14 (m, 4H, -Hs of Suc), 

0.88-0.83 (m, 12H, C

Hs of Leu) ppm. MS (ESI) m/z for C18H32N2O6 (M 

+ Na)
+
 calcd: 395.2158, found: 395.2237. 

 

Figure 3.13. 
1
H NMR spectrum of compound vi in DMSO-d6. 

 

Figure 3.14. Mass spectrum of compound vi. 

3.2.7 Synthesis of Compound 5  

1.4 g (3.76 mmol) of MeO-(D)-Leu-Suc-(L)-Leu-OMe (vi) in 20 mL 

MeOH was taken in a round bottom flask and 1 M NaOH was added to it 

dropwise. The reaction mixture was stirred and was continuously 

monitored by thin layer chromatography (TLC) till the completion of the 

M + Na+

m/z
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reaction. The reaction was completed after 6 hours. Then MeOH was 

removed under vacuo and 10 mL of distilled water was added to the 

reaction mixture. The aqueous part was washed with diethyl ether (2 x 30 

mL). Then the collected aqueous layer was cooled under ice-water bath for 

10 minute and then pH was adjusted to 1 by dropwise addition of 1M HCl. 

It was extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate 

part was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 5 

as a white solid. Yield = 1.21 g, 94%, 
1
H NMR (400 MHz, DMSO-d6):  

= 7.93-7.91 (d, 2H, J = 8 Hz -NH), 4.26-4.21 (m, 2H, C

Hs of Leu), 2.89-

2.82 (m, 4H, -CH2 of Suc), 1.25-1.17 (m, 6H, C

 and C


 -Hs of Leu), 0.91-

0.83 (m, 12 H, C

Hs of Leu) ppm. 

13
C NMR (100 MHz, DMSO-d6): δ = 

173.62, 171.94, 50.68, 30.80, 24.68, 23.77, 21.78 ppm. MS (ESI) m/z for 

C16H28N2O6 (M + Na)
+
 calcd: 345.2026, found: 345.1246. 

 

Figure 3.15. 
1
H NMR spectrum of compound 5 in DMSO-d6. 

 

Figure 3.16. 
13

C NMR spectrum of compound 5 in DMSO-d6. 
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Figure 3.17. Mass spectrum of compound 5. 

3.2.8 Synthesis of Compound vii  

0.42 g (1.22 mmol) of HO-(L)Leu-Suc-(L)-Leu-OH (3) in 2 mL of DMF 

was cooled in an ice-water bath. (L)-Leu-OMe was isolated from 0.89 g 

(4.88 mmol) of the corresponding methyl ester hydrochloride by 

neutralization and subsequent extraction with ethyl acetate and the 

extracted ethyl acetate was concentrated to 8 mL. It was then added to the 

reaction mixture, followed immediately by 0.42 g (2.64 mmol) EDC and 

0.33 g (2.44 mmol) of HOBt. The reaction mixture was stirred for 

overnight. The reaction mixture was diluted to 50 mL with ethyl acetate. 

The organic layer was washed with 1 M HCl (3 × 50 mL), brine (2 × 50 

mL), 1 M Na2CO3 (3 × 50 mL), brine (2 × 50 mL), dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield vii as a white solid. Purification 

was done by silica gel column (100-200 mesh) using ethyl acetate-hexane 

as eluent. Yield: 0.65 g (89%), 
1
H NMR (400 MHz, CDCl3):  = 6.64-6.62 

(m, 2H, -NH), 4.58-4.54 (m, 2H, -NH), 4.21-4.15 (m, 4H, C

H of Leu), 

3.73 (s, 6H, -OCH3), 2.60-2.51 (m, 4H, -CH2 of Suc), 1.68-1.53 (m, 12H, 

C

Hs of Leu), 1.29-1.26 (m, 4H, -Hs of Leu), 0.94-0.93 (m, 24 H, C


Hs of 

Leu) ppm. MS (ESI) m/z for C30H54N4O8 (M + Na)
+
 calcd: 621.3839, 

found: 621.3992. 

m/z

M + H+ M + Na+
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Figure 3.18. 
1
H NMR spectrum of compound vii in CDCl3. 

 

Figure 3.19. Mass spectrum of compound vii. 

3.2.9 Synthesis of Compound 6 

 0.4 g (0.69 mmol) of MeO-(L)-Leu-(L)-Leu-Suc-(L)-Leu-(L)-Leu-OMe 

(vii) in 10 mL MeOH was taken in a round bottom flask and 1 M NaOH 

was added to it dropwise. The reaction mixture was stirred and was 

continuously monitored by thin layer chromatography (TLC) till the 

completion of the reaction. The reaction was completed after 6 h. Then 

MeOH was removed under vacuo and 10 mL of distilled water was added 

to the reaction. The aqueous part was washed with diethyl ether (2 x 30 

mL). Then the collected aqueous layer was cooled under ice-water bath for 

10 minute and then pH was adjusted to 1 by dropwise addition of 1M HCl. 

It was extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate 

part was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 6 

as a white solid. Yield: 0.36 g (94%), 
1
H NMR (400 MHz, DMSO-d6):  = 

8.03-7.92 (m, 4H, -NH), 4.33-4.19 (m, 4H, C

H of Leu), 2.38-2.29 (m, 

4H, -CH2 of Suc), 1.62-1.48 (m, 12H, C

Hs of Leu), 1.01-0.83 (m, 28H, 

C

Hs and C


Hs of Leu) ppm. 

13
C NMR (100 MHz, DMSO-d6): δ = 

m/z

M + Na+
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174.42, 172.67, 171.73, 51.13, 50.71, 31.34, 24.72, 24.59, 23.79, 23.61, 

23.36, 21.85 ppm. MS (ESI) m/z for C28H50N4O8 (M + K)
+
 calcd: 

609.3266, found: 609.3260. 

 

Figure 3.20. 
1
H NMR spectrum of compound 6 in DMSO-d6. 

 

Figure 3.21. 
13

C NMR spectrum of compound 6 in DMSO-d6. 

 

Figure 3.22. Mass spectrum of compound 6. 

3.2.10 Synthesis of Compound viii  

0.41 g (1.19 mmol) of HO-(D)Leu-Suc-(D)-Leu-OH (4) in 2 mL of DMF 

was cooled in an ice-water bath. (D)-Leu-OMe was isolated from 0.86 g 

(4.76 mmol) of the corresponding methyl ester hydrochloride by 

neutralization and subsequent extraction with ethyl acetate and the 

extracted ethyl acetate was concentrated to 8 mL. It was then added to the 

M + K+

m/z
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reaction mixture, followed immediately by 0.41 g (2.61 mmol) EDC and 

0.32 g (2.38 mmol) of HOBt. The reaction mixture was stirred for 

overnight. The reaction mixture was diluted to 50 mL with ethyl acetate. 

The organic layer was washed with 1 M HCl (3 × 50 mL), brine (2 × 50 

mL), 1 M Na2CO3 (3 × 50 mL), brine (2 × 50 mL), dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield viii as a white solid. Purification 

was done by silica gel column (100-200 mesh) using ethyl acetate-hexane 

as eluent. Yield: 0.64 g (90), 
1
H NMR (400 MHz, DMSO-d6): δ = 8.27-

8.25 (d, 2H, J = 8 Hz, -NH) 8.03-8.01 (m, 2H, J = 8Hz, -NH), 4.40-4.33 

(m, 4H, C

H of Leu), 3.67 (s, 6H, -OCH3), 2.41-2.40 (m, 4H, -CH2 of 

Suc), 1.63-1.50 (m, 12H, C

Hs of Leu), 0.94-0.96-0.91 (m, 24 H, C


 and 

C

Hs of Leu) ppm. 

13
C-NMR (100 MHz, DMSO-d6): δ = 173.29, 172.86, 

171.76, 52.19, 51.06, 50.68, 33.81, 31.24, 24.62, 24.56, 23.49, 23.22, 

22.13, 21.74 ppm. MS (ESI) m/z for C30H54N4O8 (M + H)
+
 calcd: 

599.4020, found: 599.2282. 

 

Figure 3.23. 
1
H NMR spectrum of compound viii in DMSO-d6. 

 

Figure 3.24. Mass spectrum of compound viii. 

m/z

M + H+
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3.2.11 Synthesis of Compound 7 

 0.37 g (0.62 mmol) of MeO-(D)-Leu-(D)-Leu-Suc-(D)-Leu-(D)-Leu-OMe 

(viii) in 10 mL MeOH was taken in a round bottom flask and 1 M NaOH 

was added dropwise to it till the completion of the reaction. The reaction 

mixture was stirred and was continuously monitored by thin layer 

chromatography (TLC) till the completion of the reaction. The reaction 

was completed after 3 hours. Then MeOH was removed under vacuo and 

10 mL of distilled water was added to the reaction. The aqueous part was 

washed with diethyl ether (2 x 30 mL). Then the collected aqueous layer 

was cooled under ice-water bath for 10 minute and then pH was adjusted 

to 1 by dropwise addition of 1M HCl. It was extracted with ethyl acetate 

(3 x 50 mL) and then the ethyl acetate part was dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield 7 as a white solid. Yield: 0.33 g 

(94%), 
1
H NMR (400 MHz, DMSO-d6): δ = 8.19-8.17 (d, 2H, J = 8 Hz, -

NH) 7.95-7.93 (m, 2H, J = 8Hz, -NH), 4.32-4.25 (m, 4H, C

H of Leu), 

2.4-2.32 (m, 4H, -CH2 of Suc), 1.47-1.17 (m, 8H, C

Hs of Leu), 0.88-0.83 

(m, 28 H, C

 and C


Hs of Leu) ppm. 

13
C NMR (100 MHz, DMSO-d6): δ = 

173.29, 172.86, 171.76, 52.19, 51.06, 33.81, 31.24, 24.62, 24.56, 23.49, 

23.22, 22.13, 21.74 ppm. MS (ESI) m/z for C28H50N4O8 (M + H)
+
 calcd: 

571.3707, found: 571.3753. 

 

Figure 3.25. 
1
H NMR spectrum of compound 7 in DMSO-d6. 
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Figure 3.26. 
13

C NMR spectrum of compound 7 in DMSO-d6. 

 

Figure 3.27. Mass spectra of compound 7. 

3.2.12 Synthesis of Compound ix  

0.507 g (1.47 mmol) of HO-(L)Leu-Suc-(L)-Leu-OH (3) in 2 mL of DMF 

was cooled in an ice-water bath. (D)-Leu-OMe was isolated from 1.07 g 

(5.88 mmol) of the corresponding methyl ester hydrochloride by 

neutralization and subsequent extraction with ethyl acetate and the 

extracted ethyl acetate was concentrated to 8 mL. It was then added to the 

reaction mixture, followed immediately by 0.5 g (3.23 mmol) EDC and 

0.39 g (2.94 mmol) of HOBt. The reaction mixture was stirred for 

overnight. The reaction mixture was diluted to 50 mL with ethyl acetate. 

The organic layer was washed with 1 M HCl (3 × 50 mL), brine (2 × 50 

mL), 1 M Na2CO3 (3 × 50 mL), brine (2 × 50 mL), dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield ix as a white solid. Purification 

was done by silica gel column (100-200 mesh) using ethyl acetate-hexane 

as eluent to get ix as white solid. Yield: 0.72 g (82%), 
1
H NMR (400 

MHz, DMSO-d6): δ = 7.33-7.31 (d, 2H, J = 8 Hz, -NH), 6.95 (s, 2H, -NH), 

4.57-4.52 (m, 4H, C

Hs of Leu), 3.69 (s, 6H, -OCH3), 2.58-2.49 (m, 4H, -

CH2 of Suc), 1.66-1.56 (m, 12H, C

 and C


Hs of Leu), 0.93-0.89 (m, 24H, 

M + H+

m/z

M + Na+
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C

Hs of Leu) ppm. MS (ESI) m/z for C30H54N4O8 (M + Na)

+
 calcd: 

621.3839, found: 621.3855. 

 

Figure 3.28. 
1
H NMR spectrum of compound ix in CDCl3. 

 

Figure 3.29. Mass spectra of compound ix. 

3.2.13 Synthesis of Compound 8 

 0.35 g (0.58 mmol) of MeO-(D)-Leu-(L)-Leu-Suc-(L)-Leu-(D)-Leu-OMe 

(ix) in 10 mL MeOH was taken in a round bottom flask and 1 M NaOH 

was added to it dropwise. The reaction mixture was stirred and was 

continuously monitored by thin layer chromatography (TLC) till the 

completion of the reaction. The reaction was completed after 3 hours. 

Then MeOH was removed under vacuo and 10 mL of distilled water was 

added to the reaction. The aqueous part was washed with diethyl ether (2 x 

30 mL). Then the collected aqueous layer was cooled under ice-water bath 

for 10 minute and then pH was adjusted to 1 by dropwise addition of 1M 

HCl. It was extracted with ethyl acetate (3 x 50 mL) and then the ethyl 

acetate part was dried over anhydrous Na2SO4 and evaporated in vacuo to 

yield 8 as a white solid. Yield 0.31 g (95%), 
1
H NMR (400 MHz, DMSO-

d6): δ = 8.12-8.1 (d, 2H, J = 8 Hz, -NH), 7.92-7.9 (d, 2H, J = 8 Hz, -NH), 

M + Na+

m/z
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4.37-4.15 (m, 4H, C

Hs of Leu), 2.38-2.28 (m, 4H, -CH2 of Suc), 1.56-

1.40 (m, 12H, C

 and C


Hs of Leu), 0.85-0.78 (m, 24 H, C


Hs of Leu) 

ppm. 
13

C NMR (100 MHz, DMSO-d6): δ = 174.45, 172.55, 171.77, 51.23, 

50.55, 31.26, 24.71, 23.45, 23.30, 22.08, 21.67 ppm. MS (ESI) m/z for 

C28H50N4O8 (M + Na)
+
 calcd: 593.3526, found: 593.3825. 

 

Figure 3.30. 
1
H NMR spectrum of compound 8 in DMSO-d6. 

 

Figure 3.31. 
13

C NMR spectrum of compound 8 in DMSO-d6. 

 

Figure 3.32. Mass spectra of compound 8. 

3.2.14 Synthesis of Compound x  

0.53 g (1.54 mmol) of HO-(D)Leu-Suc-(D)-Leu-OH (4) in 2 mL of DMF 

was cooled in an ice-water bath. (L)-Leu-OMe was isolated from 1.12 g 

(6.16 mmol) of the corresponding methyl ester hydrochloride by 

M + Na+

m/z

M + K+
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neutralization and subsequent extraction with ethyl acetate and the 

extracted ethyl acetate was concentrated to 8 mL. It was then added to the 

reaction mixture, followed immediately by 0.52 g (3.38 mmol) EDC and 

0.42 g (3.08 mmol) of HOBt. The reaction mixture was stirred for 

overnight. The reaction mixture was diluted to 50 mL with ethyl acetate. 

The organic layer was washed with 1M HCl (3 × 50 mL), brine (2 × 50 

mL), 1M Na2CO3 (3 × 50 mL), brine (2 × 50 mL), dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield x as a white solid. Purification 

was done by silica gel column (100-200 mesh) using ethyl acetate-hexane 

as eluent. Yield: 0.8 g (87%), 
1
H NMR (400 MHz, DMSO-d6): δ = 8.27-

8.17 (m, 2H, -NH), 7.97-7.93 (m, 2H, -NH), 4.37-4.23 (m, 4H, C

Hs of 

Leu), 3.61 (s, 6H, -OCH3), 2.37-2.32 (m, 4H, -CH2 of Suc), 1.57-1.41 (m, 

12H, C

 and C


Hs of Leu), 0.89-0.8 (m, 24H, C


Hs of Leu) ppm. MS 

(ESI) m/z for C30H54N4O8 (M + Na)
+
 calcd: 621.3839, found: 621.3882. 

 

Figure 3.33. 
1
H NMR spectrum of compound x in DMSO-d6. 

 

Figure 3.34. Mass spectrum of compound x. 

M + Na+

m/z
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3.2.15 Synthesis of Compound 9  

0.37 g (0.62 mmol) of MeO-(L)-Leu-(D)-Leu-Suc-(D)-Leu-(L)-Leu-OMe 

(x) in 10 mL MeOH was taken in a round bottom flask and 1 M NaOH 

was added to it dropwise. The reaction mixture was stirred and was 

continuously monitored by thin layer chromatography (TLC) till the 

completion of the reaction. The reaction was completed after 3 h. Then 

MeOH was removed under vacuo and 10 mL of distilled water was added 

to the reaction. The aqueous part was washed with diethyl ether (2 x 30 

mL). Then the collected aqueous layer was cooled under ice-water bath for 

10 minute and then pH was adjusted to 1 by dropwise addition of 1M HCl. 

It was extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate 

part was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 9 

as a white solid. Yield: 0.34 g (96%), 
1
H NMR (400 MHz, DMSO-d6): δ = 

8.11-7.91 (m, 4H, -NH), 4.36-4.13 (m, 4H, C

Hs of Leu), 2.36-2.26 (m, 

4H, -CH2 of Suc), 1.44-1.38 (m, 12 H, C

 and C


Hs of Leu), 0.89-0.78 (m, 

24H, C

Hs of Leu) ppm. 

13
C NMR (100 MHz, DMSO-d6): δ = 174.36, 

172.71, 171.84, 51.17, 50.55, 31.34, 24.70, 23.29, 22.05, 21.65 ppm. MS 

(ESI) m/z for C28H50N4O8 (M + H)
+
 calcd: 571.3707, found: 571.3697. 

Figure 3.35. 
1
H NMR spectrum of compound 9 in DMSO-d6. 

 

Figure 3.36. 
13

C NMR spectrum of compound 9 in DMSO-d6. 
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Figure 3.37. Mass spectrum of compound 9. 

3.2.16 Synthesis of Compound xi  

0.45 g (1.31 mmol) of HO-(D)Leu-Suc-(L)-Leu-OH (5) in 2 mL of DMF 

was cooled in an ice-water bath. (L)-Leu-OMe was isolated from 0.95 g 

(5.23 mmol) of the corresponding methyl ester hydrochloride by 

neutralization and subsequent extraction with ethyl acetate and the 

extracted ethyl acetate was concentrated to 8 mL. It was then added to the 

reaction mixture, followed immediately by 0.45 g (2.88 mmol) EDC and 

0.35 g (2.62 mmol) of HOBt. The reaction mixture was stirred for 

overnight. The reaction mixture was diluted to 50 mL with ethyl acetate. 

The organic layer was washed with 1 M HCl (3 × 50 mL), brine (2 × 50 

mL), 1 M Na2CO3 (3 × 50 mL), brine (2 × 50 mL), dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield xi as a white solid. Purification 

was done by silica gel column (100-200 mesh) using ethyl acetate-hexane 

as eluent. Yield: 0.6 g (77%), 
1
H NMR (400 MHz, DMSO-d6): δ = 8.27-

8.17 (m, 2H, -NH), 7.98-7.94 (m, 2H, -NH), 4.33-4.23 (m, 4H, C

H of 

Leu), 3.61 (s, 6H, -OCH3), 2.39-2.29 (m, 4H, -Hs of Suc), 1.59-1.41 (m, 

12H, C

 and C


Hs of Leu), 0.89-0.82 (m, 24H, C


Hs of Leu) ppm. MS 

(ESI) m/z for C30H54N4O8 (M + Na)
+
 calcd: 621.3839, found: 621.3867. 

 

Figure 3.38. 
1
H NMR spectrum of compound xi in DMSO-d6. 

M + H+

m/z
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Figure 3.39. Mass spectrum of compound xi. 

3.2.17 Synthesis of Compound 10 

0.32 g (0.62 mmol) of MeO-(L)-Leu-(D)-Leu-Suc-(L)-Leu-(L)-Leu-OMe 

(xi) in 10 mL MeOH was taken in a round bottom flask and 1 M NaOH 

was added to it dropwise. The reaction mixture was stirred and was 

continuously monitored by thin layer chromatography (TLC) till the 

completion of the reaction. The reaction was completed after 3 h. MeOH 

was removed under vacuo and 10 mL of distilled water was added to the 

reaction. The aqueous part was washed with diethyl ether (2 x 30 mL). 

Then the collected aqueous layer was cooled under ice-water bath for 10 

minute and then pH was adjusted to 1 by drop wise addition of 1M HCl. It 

was extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate 

part was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 10 

as a white solid. Yield = 0.25 g (82%), 
1
H NMR (400 MHz, DMSO-d6): δ 

= 12.44 (s, 2H, -Hs of -COOH) 8.12-7.91 (m, 4H, -NH), 4.36-4.13 (m, 4H, 

C

H of Leu), 2.36-2.29 (m, 4H, -CH2 of Suc), 1.63-1.36 (m, 12 H, C


 and 

C

Hs of Leu), 0.88-0.79 (m, 24H, C


Hs of Leu) ppm. 

13
C NMR (100 

MHz, DMSO-d6): δ = 174.36, 172.66, 171.72, 51.12, 50.65, 31.32, 24.72, 

23.32, 22.11, 21.67 ppm. MS (ESI) m/z for C28H50N4O8 (M + Na)
+
 calcd: 

593.3526, found: 593.3573. 

M + Na+

m/z

M + K+
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Figure 3.40. 
1
H NMR spectrum of compound 10 in DMSO-d6. 

 

Figure 3.41. 
13

C NMR spectrum of compound 10 in DMSO-d6. 

 

Figure 3.42. Mass spectrum of compound 10. 

3.2.18 Synthesis of Compound xii  

0.5 g (1.45 mmol) of HO-(D)Leu-Suc-(L)-Leu-OH (5) in 2 mL of DMF 

was cooled in an ice-water bath. (D)-Leu-OMe was isolated from 1.05 g 

(5.81 mmol) of the corresponding methyl ester hydrochloride by 

neutralization and subsequent extraction with ethyl acetate and the 

extracted ethyl acetate was concentrated to 8 mL. It was then added to the 

reaction mixture, followed immediately by 0.49 g (3.19 mmol) EDC and 

0.39 g (2.9 mmol) of HOBt. The reaction mixture was stirred for 

overnight. The reaction mixture was diluted to 50 mL with ethyl acetate. 

M + Na+

m/z
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The organic layer was washed with 1 M HCl (3 × 50 mL), brine (2 × 50 

mL), 1 M Na2CO3 (3 × 50 mL), brine (2 × 50 mL), dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield xii as a white solid. Purification 

was done by silica gel column (100-200 mesh) using ethyl acetate-hexane 

as eluent. Yield: 0.7 g (81%), 
1
H NMR (400 MHz, DMSO-d6): δ = 8.27-

8.17 (m, 2H, -NH), 7.97-7.94 (m, 2H, -NH), 4.35-4.21 (m, 4H, C

H of 

Leu), 3.59 (s, 6H, -OCH3), 2.36-2.30 (m, 4H, -Hs of Suc), 1.59-1.41 (m, 

12H, C

 and C


Hs of Leu), 0.89-0.80 (m, 24H, C


Hs of Leu). MS (ESI) 

m/z for C30H54N4O8 (M + Na)
+
 calcd: 621.3839, found: 621.3808. 

 

Figure 3.43. 
1
H NMR spectrum of compound xii in DMSO-d6. 

 

Figure 3.44. Mass spectrum of compound xii. 

3.2.18 Synthesis of Compound 11  

0.37 g (0.62 mmol) of MeO-(D)-Leu-(D)-Leu-Suc-(L)-Leu-(D)-Leu-OMe 

(xii) in 10 mL MeOH was taken in a round bottom flask and 1 M NaOH 

was added to it dropwise. The reaction mixture was stirred and was 

continuously monitored by thin layer chromatography (TLC) till the 

completion of the reaction. The reaction was completed after 3 h. MeOH 

was removed under vacuo and 10 mL of distilled water was added to the 

reaction. The aqueous part was washed with diethyl ether (2 x 30 mL). 

M + Na+

m/z

M + K+



     

Chapter 3 
 

130 
 

Then the collected aqueous layer was cooled under ice-water bath for 10 

minute and then pH was adjusted to 1 by dropwise addition of 1M HCl. It 

was extracted with ethyl acetate (3 x 50 mL) and then the ethyl acetate 

part was dried over anhydrous Na2SO4 and evaporated in vacuo to yield 11 

as a white solid. Yield = 0.31 g (90%). 
1
H NMR (400 MHz, DMSO-d6): δ 

= 8.27-8.17 (m, 2H, -NH), 7.95-7.93 (m, 2H, -NH), 4.35-4.21 (m, 4H, 

C

H of Leu), 2.39-2.28 (m, 4H, -Hs of Suc), 1.58-1.41 (m, 12H, C


 and 

C

Hs of Leu), 0.88-0.81 (m, 24H, C


Hs of Leu) ppm. 

13
C NMR (100 

MHz, DMSO-d6): δ = 173.28, 172.72, 171.81, 52.20, 50.71, 31.25, 24.64, 

23.39, 23.23, 22.15, 21.77 ppm. MS (ESI) m/z for C28H50N4O8 (M + H)
+
 

calcd: 571.3707, found: 571.3700. 

 

Figure 3.45. 
1
H NMR spectrum of compound 11 in DMSO-d6. 

 

Figure 3.46. 
13

C NMR spectrum of compound 11 in DMSO-d6. 

 

Figure 3.47. Mass spectrum of compound 11. 

M + H+

m/z
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3.3 Gel Preparation and Characterization 

Techniques 

3.3.1 Preparation of hydrogels  

11.4 mg (20 mM) of 6 was taken in a clean sample vial and 1 mL of 

sodium phosphate buffer solution (100 mM, pH = 7.4) was added to it. 

The resultant mixture was sonicated up to 2 minutes to complete the 

dissolution of the bolaamphiphile and a transparent solution was obtained. 

3 mg (20 mM) of solid D/L-tartaric acid was added with the clear solution. 

Thereafter to obtain a homogeneous mixture, it was again sonicated for 2 

minutes and vortexed well. The resultant mixtures were kept for 5 minutes 

to achieve self-supporting hydrogels 3, 4. Bolaamphiphiles 3, 4, 7-11 were 

also tried with the same method but gelation was not observed. NaOH / 

HCl method was also used to prepare the hydrogels of 3-11 at different 

pHs. However, gelation was not observed with bolaamphiphiles 3-11 at 

different pHs. 11.4 mg (20 mM) of 6 and 3 mg (20 mM) of solid D/L-

tartaric acid were taken in a clean sample vial and 700 μL of water was 

added to it. The resultant mixture was basified with 0.5 M NaOH to 

complete the dissolution of the bolaamphiphile and a transparent solution 

was obtained. Further, the solution was acidified with 0.1 M HCl solution 

to maintain the pH 7.4. However, gelation was not observed. Similarly, 

gelation was tried with 3-11 with the same method but gelation was not 

observed.  

3.3.2 Rheological Experiments  

Rheological study was performed to determine the mechanical properties 

of the hydrogels. These properties were assessed using an Anton Paar 

Physica Rheometer (MCR 301, Austria) with parallel plate geometry (25 

mm in diameter) and temperature was controlled at 25 C. The dynamic 
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moduli of the hydrogels were measured as a function of frequency in the 

range of 0.1-100 rad s
-1

 with a constant strain value 0.1%. 

3.3.3 Microscopic Techniques  

Field emission scanning electron microscope (FE-SEM Supra 55 Zeiss) 

was used for morphological analysis. The solutions of bolaamphiphiles (3-

11), Hydrogels 3, 4, 5 and all other co-assembled systems (7-11) were 

directly dried on cover slip and coated with gold for SEM analysis with an 

operating voltage of 5 kV. Transmission electron microscopic images 

were taken using a PHILIPS electron microscope (model: CM-200), 

operated at an accelerating voltage of 200 kV. 100 μL of the solution (20 

mM) of 6 in phosphate buffer solution (100 mM) was diluted to 200 μL of 

double distilled water. The hydrogels (100 μL) were also diluted to 200 μL 

of double distilled water for TEM sample analysis. Dilute solutions of the 

samples were drop-casted on carbon-coated copper grids (300 mesh) and 

stained with sodium phosphotungstic acid. Then the grid was dried by 

slow evaporation in air and then allowed to dry separately in a vacuum at 

room temperature.  

3.3.4 FT-IR spectroscopy  

All reported FT-IR spectra were recorded with a Bruker (Tensor 27) FT-

IR spectrophotometer. The solid-state measurements were performed 

using the KBr pellet technique with a scan range between 400 and 4000 

cm
-1

 over 64 scans at a resolution of 4 cm
-1

 and an interval of 1 cm
-1

. In 

FT-IR analysis, 6 was directly used and the hydrogels were dried in 

vacuum to obtain xerogel prior to the experiment. 

3.3.5 Wide angle X-ray diffraction  

The powder X-ray diffraction (PXRD) measurements were carried out 

using a Bruker D8 Advance X-ray diffractometer. The X-rays were 

produced using a sealed tube and the wavelength of the X-rays was 0.154 
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nm (Cu K). The X-rays were detected using a fast counting detector 

based on silicon strip technology (Bruker LynxEye detector). In PXRD 

analysis, 6 was used directly and the hydrogels (2 mL, 20 mM) were dried 

under vacuum prior to the PXRD analysis.  

3.3.6 Circular Dichroism Spectrometer   

CD spectra of 3-11 were analyzed with Jasco J-815 Circular Dichroism 

(CD) spectrometer. The final concentrations of 3-11 were 400 μM for CD 

experiment. The pH dependent and water medium CD experiments were 

carried out at pH 6, pH 7.4 by NaOH/HCl pH adjustment method. In each 

case, the concentrations were 400 μM. For concentration dependent CD 

experiment, different bicomponent systems were developed by varying the 

concentration of D/L-tartaric acid. In each case, the concentration of 

bolaamphiphile 6 was same (20 mM). The initial concentration of the 

composite with a proportion of 6 : D/L-tartaric acids were 20 mM : 0 mM; 

20 mM : 4 mM; 20 mM : 8 mM; 20 mM : 12 mM; 20 mM : 16 mM; and 

20 mM : 20 mM.  The composites (6: D/L-tartaric acids) were then diluted 

in double distilled water to the final concentration of 250 M : 0 M; 250 

M : 50 M; 250 M : 100 M; 250 M : 150 M; 250 M : 200 M and 

250 M : 250 M for the CD experiments. The other co-assembled 

systems of 7-11 with D/L-tartaric acid were also carried out at a 

concentration ratio of 250 M : 250 M. The diluted samples were then 

measured from 250 to 190 nm with 0.1 data pitch, 20 nm min
−1

 scanning 

speed, 1 nm bandwidth, and 4 s D.I.T. 

3.4 Results and Discussion 

In this chapter, we synthesized a series of dipeptide appended 

bolaamphiphiles 6-11 which contain D/L-leucine to investigate the effect 

of peptide sequences with different chirality on bicomponent 

hydrogelation (Table 3.1).  
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Table 3.1. Molecular structure of bolaamphiphiles 3-11 with absolute 

configuration of amino acids. CD behavior of 3-11 and physical appearance of 

3-11 with addition of D-tartaric acid (DTA) and L-tartaric acid (LTA). CD 

behaviors of bicomponent systems are also presented.  

 
  

CD 

spectra 

External 

stimuli 

Physical 

texture 

CD 

Spectra 

of 

mixture 

  

Compounds 

Configuration  of amino acids with 

respect to position  

2 1  1 2 

3 * L  L * 
 

(+)Ve 
DTA Clear Sol (+) Ve 

 LTA Clear Sol (+) Ve 

4 * D  D * 
 

(-)Ve 
DTA Clear Sol (-) Ve 

 LTA Clear Sol (-) Ve 

5 * L  D *  Silent 
DTA Clear Sol (+) Ve 

LTA Clear Sol (-) Ve 

6 L L  L L 
 

(-)Ve 
DTA Hydrogel 3 (+) Ve 

 LTA Hydrogel 4 (-) Ve 

7 D D  D D 
 

(+)Ve 
DTA Viscous Sol (+) Ve 

 LTA Viscous Sol (+) Ve 

8 D L  L D 
 

(-)Ve 
DTA Viscous Sol (-) Ve 

 LTA Viscous Sol (-) Ve 

9 L D  D L 
 

(+)Ve 
DTA Viscous Sol (+) Ve 

 LTA Viscous Sol (+) Ve 

10 L L  D L 
 

(+)Ve 
DTA Viscous Sol (+) Ve 

 LTA Viscous Sol (+) Ve 

11 D L  D D 
 

(-)Ve 
DTA Viscous Sol (-) Ve 

 LTA Viscous Sol (-) Ve 

*3-5 contains only two amino acids, and there is no second (2,2) amino acid. 

Whereas 6-11 each contains four (4) amino acids. “(-)Ve” signifies negative CD 

signal whereas “(+)Ve” denoted positive CD signal. For compounds 3-11, the 

magnitude of CD signals [(-)Ve or (+)Ve] was considered based on the first band 

from longer wavelength. 

L-leucine based dipeptide appended bolaamphiphile 6 (20 mM) does not 

form hydrogel without the influence of any external component at pH = 

7.4.
57

 Hydrogelation was also tried in water. The bolaamphiphiles are not 

sufficiently soluble in water. Therefore, NaOH/HCl method was used to 

enhance the solubility and maintain the pH 7.4. Bolaamphiphiles didn’t 
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form hydrogel at pH 7.4. The hydrogelation was also tried with other 

bolaamphiphiles 3-11 at a pH of 6. Bolaamphiphiles 3-11 do not produce 

any gel and exhibit as clear solution.  

 

Figure 3.48. Images of bolaamphiphiles 7-11 with D/L-tartaric acid. 

Therefore, equimolar (20 mM) of D-tartaric acid, L-tartaric acid and meso-

tartaric acid was added separately into the sodium phosphate buffer 

solution (100 mM, pH = 7.4) of 3-11 to develop the supramolecular chiral 

nanostructure in hydrogel state. Selectively, 6 forms hydrogel (Table 4.1) 

with L/D-tartaric acid (20 mM) and 9 selectively forms hydrogel with 

meso-tartaric acid (MTA). At higher concentration (30 mM), only 6 forms 

hydrogel with D/L-tartaric acid. The hydrogelation was not observed for 7-

11. However, viscous solution was observed (Table 3.1, Figure 3.48). 

Compounds 3-5 exhibited as transparent solution after addition of L/D-

tartaric acid.  

3.4.1 Rheological Study 

The rheological experiments illustrate the mechanical (viscoelastic) 

properties of the hydrogels.
[58]

 A rigid hydrogel is defined in practice of 

having a storage modulus (G′) higher than the loss modulus (G″) at 

variable angular frequency regime. The storage moduli of both hydrogels 

3 and 4 are higher than the loss moduli throughout the frequency range 

(Figure 3.49). The value of the storage modulus (G′) of the hydrogel 3 is 

greater than the storage modulus (G') of hydrogel 4. The higher storage 

modulus of hydrogel 3 in comparison to hydrogel 4 signifies that 

(a) (b) (c) (e)(d)

(f) (g) (h) (j)(i)

7 + DTA

7 + LTA

8 + DTA

8 + LTA

9 + DTA 11 + DTA10 + DTA

9 + LTA 10 + LTA 11 + LTA
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bolaamphiphile 6 performs better co-assembly with D-tartaric acid in 

comparison to L-tartaric acid. However, both describe the formation of 

strong and rigid hydrogels. 

 

Figure 3.49. (a), (b) and (c) represent the frequency sweep experiment data of 

the hydrogels 3, 4 and hydrogel 5 (9 + MTA) respectively. Both signify rigid 

hydrogel formation.  

Hydrogel 3 is also considered as a gel from rheological study. However, 

hydrogel 3 is comparatively weaker as the storage modulus is less in 

comparison to hydrogels 3, 4. The co-assembled systems of D/L-tartaric 

acid with bolaamphiphiles 7-11 exhibited as viscous solution or semi gel. 

Therefore, these co-assembled systems were also studied by rheological 

experiments. In each case, the storage modulus and loss modulus intersect 

each other. These data signify that gel was not formed after co-assembly.  

3.4.2 Morphological Investigation 

Scanning electron microscopy (SEM) was performed for clear 

visualization of the formed morphology in hydrogels 3 and 4 and all other 

co-assembled systems. Initially, the morphology of the solution of 

bolaamphiphiles at a pH of 6 was analyzed. Leucine appended 

bolaamphiphiles 3, 4, 5 do not form any specific morphology whereas 

dipeptide appended bolaamphiphiles (7-10) form large spherical 

aggregates (Figure 3.50). The co-assembled systems (7-10) were exhibited 

as viscous solutions but no crosslinked nanostructures were observed from 

the SEM experiments (Figure 3.51 a-i). Hydrogel 5 produces nanorods but 

no chiral twists are developed in the gel state (Figure 3.51 i). SEM image 
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of hydrogel 3 (6 + DTA) clearly shows multiple small and narrow P-

helical fibers with average diameter of 100 nm. Higher order self-

assembly forms large right-handed (P-helical) fibers. Hydrogel 4 (6 + 

LTA) forms left-handed fibers (M-helical), which was visualized from 

SEM (Figure 3.52) study.  

  

Figure 3.50. SEM images of bolaamphiphiles 3 and 6-10 at pH 6.  

 

Figure 3.51. SEM images of co-assembled systems 7-10 with L/D-tartaric acid 

and hydrogel 5. 

10 μm 10 μm 2 μm

10 μm 5 μm 10 μm

(a) (b) (c)

(d) (e) (f)

3 6 7

8 9 10

1 μm1 μm 200 nm

3 μm

1 μm

1 μm 5 μm

3 μm

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

7 + DTA 7 + LTA 8 + DTA

8 + LTA 9 + DTA 9 + LTA

10 + LTA10 + DTA
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Hydrogel 5
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Figure 3.52. (a), (b) SEM and TEM images of hydrogel 3 showing right-handed 

(P-helix) nanofiber and (c), (d) are the SEM and TEM images of hydrogel 4 

showing left-handed (M-helix) nanofiber. 

Transmission electron microscopy (TEM) was also performed to know the 

more insight of the nanostructure of hydrogels. The TEM image of 6 (pH 

7.4) shows spherical aggregates with average diameter of 105 nm and the 

wall thickness is about 8 nm (Figure 3.53a, Figure 3.54).  

 

Figure 3.53. (a) TEM image of 6 showing vesicles. (b), (c) Show the TEM images 

of right handed helical fibers of hydrogel 3 (6 + DTA). (d) The TEM image of 

hydrogel 4 (6 + LTA) showing left-handed helical fibers.  
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Figure 3.54. (a) Showing the formation of spheres comprised with 6. The spheres 

ruptured on interaction with D-tartaric acid and L-tartaric acid. (b) Shows the 

nucleation of the small helical unit with D-tartaric acid and L-tartaric acid. (c) 

The growth of right-handed helical fiber with D-tartaric acid and left-handed 

helical fiber with L-tartaric acid. Higher order self-assembly of right-handed and 

left-handed chiral nanofibers and resulting formation of crosslinked helical 

nanofibrous hydrogels 3 and 4. 

  

Figure 3.55. (a) DLS spectra of formed spherical aggregates of compound 6. 

This is attributed to the self-assembly (Figure 3.54) of 6 without D/L-

tartaric acid. Hydrogel 3 forms right-handed (P-helical) nanofibers with 

average diameter of 45 nm (Figure 3.52, Figure 3.53). Hydrogel 4 forms 

helical nanofibers with a left-handed (M-helical) twist having average 
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diameter of 43 nm (Figure 3.52, Figure 3.53). From both SEM and TEM 

images, it was found that the helical fibers were formed only after the co-

assembly (Figure 3.54) of 6 with D/L-tartaric acid. To understand the 

sphere formation, dynamic light scattering (DLS) experiment was 

performed with a colloidal suspension of 6 (20 mM) in phosphate buffer 

solution (pH 7.4). DLS data gives clear evidence for the formation of 

spherical aggregates by 6 with an average diameter of 109 nm (Figure 

3.55). 

3.4.3 FT-IR Spectroscopy 

The mechanistic investigation of the co-assembly in hydrogels was carried 

out by FT-IR spectroscopy. In native form, 6 shows only amide-II, amide-

I band and C=O stretching vibrations of acid at 1550, 1646 and 1730 cm
-1 

(Figure 3.56).
[59]

 The peak at 3312 cm
-1 

exhibits due to the presence of 

hydrogen bonded –NH of amide group. 

 

Figure 3.56. (a), (b) are the overlaid FTIR spectra of hydrogel 3 (6 + DTA) and 

hydrogel 4 (6 + LTA) respectively.  

D-tartaric acid shows peak at 1723 cm
-1

 for C=O stretching frequency and 

a broad peak from 2100-4000 cm
-1 

for –OH and –OH of carboxylic acid 

group. Hydrogels 3 and 4 show peaks at 1619, 1626 and 1533, 1543 cm
-1

 

for amide-I and amide-II respectively (Figure 3.56a,b). The peaks at 

1619 and 1626 cm
-1 

correspond to the hydrogen bonded amide stretching 

frequencies of hydrogels 3 and 4 respectively.
[60]

  

4000 3500 3000 2500 2000 1500 1000 500

1550 cm
-1

1646 cm
-1

1730 cm
-1

 

 6

T
ra

n
s
m

it
ta

n
c
e  6 + LTA

1626 cm
-1

3405 cm
-1 1543 cm

-1

3312 cm
-1

 

Wavenumber (cm
-1
)

 LTA

1729 cm
-1

4000 3500 3000 2500 2000 1500 1000 500

 6
1730 cm

-1

1646 cm
-1 1550 cm

-1

3312 cm
-1

T
ra

n
s
m

it
ta

n
c
e
 

 6 + DTA

1619 cm
-1 1533 cm

-1

3405 cm
-1

Wavenumber (cm
-1
)

 DTA

1723 cm
-1

(a) (b)



     

Chapter 3 
 

141 
 

Small change in stretching frequencies of amide-I and amide-II was 

observed in the co-assembled hydrogels 3 and 4. This signifies better 

hydrogen bonding between 6 and D-tartaric acid in the hydrogel 3 in 

comparison to hydrogel 4 (6 with L-tartaric acid) as the peak shifted more 

in hydrogel 3. The presence of hydrogen bonding was also supported by 

the appearance of new peaks at 3276 and 3405 cm
-1

 for hydrogen bonded 

–NH stretching of amide.
61

 Similar terminal hydrogen bonding between 

bolaamphiphile and D-tartaric acid was also reported by Liu et. al.
56

  

3.4.4 Powder X-ray diffraction Study 

The powder X-ray diffraction (PXRD) study was performed to know the 

detail about the co-assembly occurred between 6 and D/L-tartaric acids in 

hydrogels (Figure 3.57). In PXRD, 6 exhibits strong characteristic peaks at 

2 of 6.86, 8.11, 12.77 and 19.40.  

 

Figure 3.57. (a), (b) are the overlaid powder X-ray diffraction spectra of 

hydrogel 3 (6 + DTA) and hydrogel 4 (6 + LTA) respectively. 

D/L-tartaric acids both show characteristic peaks which are disappeared 

after formation of hydrogels 3 and 4 (with L-tartaric acid). The peaks at 

6.86 and 8.11 in 6 are exhibited for the d spacing of 1.28 and 1.08 nm 

corresponding to the formation of self-assembled monolayer.
62

 The 

hydrogel 3 (with D-tartaric acid) shows peaks at 2 of 5.13, 12.85, 

21.93 and 33.38 (Figure 3.57a), which signify the co-assembly in 

hydrogel state. 
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The hydrogel 4 (with L-tartaric acid) shows peaks at 2 of 5.16, 22.09 

and 33.7 (Figure 3.57b). The peaks for self-assembled monolayer are 

disappeared in hydrogels 3 and 4 and new peaks appear at 5.13, 5.16 

signifying the d spacing of 1.72 nm, 1.71 nm. The d spacing corresponds 

to the distance between two peptide bolaamphiphiles. In hydrogels 3 and 

4, the d spacing value of 0.41 nm signifies the distance between the alkyl 

groups present in leucine of two bolaamphiphiles.
[63]

 Hydrogels 3 and 4 

reveal d spacing of 0.26 nm corresponding to the peak at 2 of 33.45 and 

33.7 respectively due to the involvement through hydrogen bonding. In 

hydrogel 3, one additional peak was found at a d spacing of 0.54 nm 

which is absent in hydrogel 4. This suggests different co-assembly pattern 

in both the hydrogels.   

3.4.5 
1
H NMR Study 

The concentration dependent NMR study shows significant change in the -

Hs of D/L-tartaric acid. NH groups of amides of 6 exchanged to ND in 

presence of D2O. ND peaks remain silent in 
1
H NMR experiments. The -

Hs of tartaric acid significantly shift to up field in 
1
H NMR for both the 

hydrogels 3, 4. This shift signifies that significant interaction occurs in gel 

state (Figure 3.58). 

  

Figure 3.58. Concentration dependent NMR spectra of hydrogel 3 with different 

proportion of D-tartaric acid in D2O. Concentration dependent NMR spectra of 

hydrogel 4 with different proportion of L-tartaric acid in D2O. 
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3.4.6 Investigation of Supramolecular Chirality 

To understand the effect of chirality of each amino acid in bolaamphiphile 

on bicomponent helical nanostructured hydrogel, it is necessary to perform 

the circular dichroism study. Therefore, the CD experiments, of the 

synthesized bolaamphiphiles 3-11 were studied thoroughly.  

   

Figure 3.59. Circular dichroism spectra of 3-11 showing positive and negative 

spectra depending upon the configuration of the amino acids present in peptides. 

In all the cases, the concentrations of the bolaamphiphiles (3-11) were 400 M. 
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Amino acid functionalized bolaamphiphiles 3-5 are the base unit of 

dipeptide capped bolaamphiphiles. Therefore, at first 3-5 were taken into 

consideration for CD study. Bolaamphiphile 3 composed with L-leucine 

(Table 3.1) exhibits a strong negative peak at 199 nm (Figure 3.59) due to 

the transition from π-π
*
 of C=O group of amide and a small positive peak 

appears at 222 nm corresponding to n-π
*
 transition.

[64]
 A CD spectrum of 

2 shows the mirror image spectra of 1, as 2 is made of D-leucine (Table 

3.1).  

 

Figure 3.60. CD spectra in water and buffer solution of bolaamphiphiles 4-12. In 

all the cases, the concentrations of the bolaamphiphiles were 400 M. 

When two end of succinic acid possesses L-leucine and D-leucine (3) then 
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due to the π-π
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 transition of amide (-CONH) group. Two negative CD 
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nm (Figure 3.59) due to n-π
*
 transition of amide (-CONH) group are 

observed for 8.
[61]

  

 

Figure 3.61. CD spectra of 3-11 at pH 6 and 7.4. (a) CD spectra of 3, 4. (b) CD 

spectra of 6, 7. (c) CD spectra of 8, 9 and (d) CD spectra of 10, 11. The 

concentrations of all compounds were 400 μM. 

The similar spectra of 8 with opposite magnitude is observed in case of 9. 
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present at first (1,1') position respectively. Therefore, the overall chirality 

of 3-11 depends on the presence of first amino acids whereas the CD band 

for n-π
*
 transition is dependent on the second amino acids. The CD spectra 

of 3-11 were acquired in water medium (Figure 3.60). However, no 

significant change was observed. The CD experiments were also carried 

out to know the self-assembly pattern of 3-11 at lower pH. At pH 6, no 

significant change was observed from the CD spectra (Figure 3.61). D/L-

tartaric (20 mM) acid integrates into the solution (20 mM) of dipeptide-

appended bolaamphiphiles 6-11. Bolaamphiphile 6 responds to the chiral 

stimuli D/L-tartaric acid by forming hydrogels and shows complete 

inversion of CD spectra with D-tartaric acid (Figure 3.62). Therefore, the 

concentration dependent CD spectra were performed with bolaamphiphile 

6 and D/L-tartaric acid. 

 

Figure 3.62. CD spectra of 7 with variable concentration of D/L-tartaric acid. 

(a) Shows complete inversion of CD spectra after addition of 250 M of D-

tartaric acid (DTA). (b) Shows small change in CD spectra on addition of L-

tartaric acid (LTA). In every case, the concentration of the bolaamphiphile 7 was 

fixed to 250 M.  
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The concentration dependent (0-250 M) circular dichroism study of 6 

only shows the increment of the peak at 198 nm (Figure 3.63a). Upon 

addition of different concentration of D/L-tartaric acid into the solution of 

6, the supramolecular chirality changes gradually. The concentration (0-

250 M) of D-tartaric acid and L-tartaric acid were varied in 6. Upon 

addition of 150 M of D-tartaric acid, a new positive peak generates 

nearly about 213 nm (Figure 3.62). After addition of equimolar amount 

(250 M) of D-tartaric acid, complete inversion of the CD spectra is 

observed with the appearance of two peaks at 194 nm and 213 nm. 

Therefore, the supramolecular chirality dominates at higher concentration 

(250 M) of D-tartaric acid (Figure 3.62). Bolaamphiphile 6 exhibits a 

peak at 198 with a negative CD on interaction with L-tartaric acid. The 

gradual increment of L-tartaric acid (0-250 M) into the solution of 6 

shows small change in CD spectra even after addition of 250 M of L-

tartaric acid. The CD peaks appeared in the co-assembled system are also 

different for hydrogels 3 and 4. In case of hydrogel 3, the n-π* transition 

becomes prominent after co-assembly whereas π-π* transition appears 

prominent for hydrogel 4. This is attributed to the difference in co-

assembly pattern of 6 with D/L-tartaric acid.  

 
Figure 3.63. (a) The concentration dependent CD spectra of bolaamphiphile 6. 

(b) Linear dichroism spectra of bolaamphiphile 6, before and after addition of 

D/L-tartaric acid. 
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Therefore it can be concluded that the overall chiral senses of D/L-tartaric 

acid are transferred to peptide bolaamphiphile 6 to control the 

supramolecular chirality when the composite forms hydrogels 3 and 

4.
[50,65]

 Linear dichroism spectra were recorded to know the detail about 

induction of supramolecular chirality. In each case, significant change in 

linear dichroism was observed (Figure 3.63b). Bolaamphiphile 6 shows 

very less intense negative LD signal.
[66]

 After addition of D/L-tartaric acid, 

supramolecular chirality was induced. The hydrogels 3, 4 exhibit strong 

LD signals. Hydrogel 3 shows a positive LD peak at 221 nm due to n-π* 

transition. Hydrogel 4 exhibits prominent negative LD signal at 201 nm 

due to π-π* transition. 

 

Figure 3.64. (a) CD spectra of D/L-tartaric acid. (b), (c), (d), (e) and (f) are the 

CD spectra of bolaamphiphiles 7-11 with D/L-tartaric acid.  
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tartaric acid shows positive CD signals whereas L-tartaric acid exhibits 

negative CD signals. The dipeptide appended bolaamphiphiles, which 

contain D-leucine (7-11), do not form hydrogel with D/L-tartaric acid. 

Therefore, 7-11 did not show any change in CD spectra after mixing with 

D/L-tartaric acid (Figure 3.64). 

3.5 Conclusions 

In conclusion, we successfully developed bicomponent hydrogels with 

controlled right-handed and left-handed twisted fibers. L-leucine based 

bolaamphiphile 6 co-assembled to form hydrogel. Peptide 

bolaamphiphiles 7-11 are geometrically not favorable to co-assemble with 

D-tartaric acid and L-tartaric acids using hydrogen bonding interactions. 

The overall chiral sense of D/L-tartaric acid was transferred to 6 and 

nucleation of small chiral unit takes place to control the supramolecular 

chirality. This nucleation has taken place via the co-assembly between 

D/L-tartaric acid and 6 through an extensive hydrogen bonding interaction, 

which was confirmed from FTIR, PXRD and 
1
H NMR experiments. The 

small nucleated helical unit again integrated to form narrow helical fibers. 

It was observed that the position of L/D-leucine is the tuning button to 

control the overall handedness of aliphatic bolaamphiphiles. The tuning 

ability will transfer to second amino acids only when the first amino acids 

act neutrally to the bolaamphiphiles. L-leucine based peptide 

bolaamphiphile and D/L-tartaric acid synergistically stabilize to form co-

assembled hydrogels. The nanostructures from sphere to desired left-

handed and right-handed nanofibers were successfully tuned in hydrogel 

state.  
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4.1 Introduction 

The construction of porous materials with various structural topologies 

through self-assembly has gained key interest from researchers over the 

last few decades.
[1−3]

 Recently, porous architectures have become the 

center of attraction for manifold applications including molecular storage, 

separation, and catalysis.
[4−9]

 Scientists are involved in tuning of the pore 

sizes of organic frameworks through noncovalent interactions to avail 

supramolecular organic frameworks (SOFs).
[10−12]

 Furthermore, functional 

two-dimensional (2D) SOFs are quite attractive for larger surface area 

because of the formation of supramolecular organic nanosheets as 2D 

material, which exhibit properties different from those of their bulk 

counterparts.
[10]

 SOF materials are the simplest multicomponent system 

because they form porous frameworks through noncovalent interactions 

using complementary functional groups of two or more different 

components.
[13,14]

 Their flexibility, soft nature, guest selectivity, and 

specificity toward selective gas molecules make them significantly 

noticeable.
[5,15]

 The loss of porosity of SOFs through structural 

deformation was perceived upon guest removal, and the modification was 

materialized with permanent cavity formation by the complementary 

building blocks.
[16]

 Therefore, molecular self-assembly is the perfect tool 

to achieve SOFs with controlled pore size. Molecular self-assembly 

integrates molecules through self-organization, which is governed by 

noncovalent interactions to provide complex architectures.
[17−19]

 Different 

types of amphiphilic molecules impart distinguished supramolecular 

architectures, which results in the formation of vesicles, toroids, tubes, and 

other porous architectures.
[20,21]

 To enhance the simultaneous multitasking 

ability, researchers are inspired to expand multimulticomponent self-

assembled systems to tune the nanostructures
[22,23]

 Bicomponent materials 

have been explored as the simplest multicomponent system to acquire 

controlled molecular self-assembly.
[24−28]

 When the specific functionality 
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in the bicomponent system is changed, the formation of nanostructures can 

be tuned by the assistance of cooperative self-assembly.
[29,30]

 Cooperative 

self-assembly is driven by hydrogen-bonding and π-π-stacking interactions 

between two complementary building blocks, which can also form 

gels.
[24,31]

 Therefore, the bicomponent system acts as a remote control for 

the self-assembly and gelation processes.
[32,33]

 However, exploration of 

the SOF materials with a suitable bicomponent system is still required to 

tune the pore size and stability toward multiple conditions. Controlling the 

porosity of SOF materials in the gel state is also a challenge to the 

researchers, and very few reports have been inscribed in the 

literature.
[14,34]

 

To achieve controlled porous architectures in supramolecular gel, 

multifunctional (bifunctional and trifunctional) amphiphiles are 

appropriate because of extended network formation through coordination, 

ionic, or noncovalent interactions.
[35]

 Therefore, multifunctional 

amphiphiles are suitable building blocks to design supramolecular porous 

architectures in a gel medium.
[36]

 Various functionalized pyridyl 

amphiphiles have been developed that self-assemble to form distinct 

nanoarchitectures.
[37]

 Therefore, multicoordinating cationic amphiphiles 

and complementary acids have been chosen for thedevelopment of self-

supporting gels.
[38]

 Bifunctional (BDC) and trifunctional (BTC) acids are 

well-known for their use in the construction of molecular 

frameworks.
[39−41]

 Multifunctional pyridyl amphiphiles (tpeb and bpeb) 

also coordinate with metal centers and self-assemble to form various 

architectures.
[42,43]

 Therefore, bifunctional and trifunctional pyridyl 

amphiphiles were chosen to develop metal-free organic nanostructures. 

Herein, the objective was to prepare gel-phase supramolecular organic 

porous nanostructures by the coassembly of the bicomponent system and 

the use of supramolecular organic nanostructures (SONs) as templates for 

biocatalysis. Lipase is considered to hydrolyze esters in aqueous and 
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organic media,
[44]

 whereas self-assembly assists the inclusion of 

gastrodigenin (p-hydroxybenzyl alcohol, p-HBA) via an esterification 

reaction in the gel phase.
[45]

 Gastrodigenin (p-HBA) exhibits a scavenging 

effect toward free radicals and is currently being considered as a bioactive 

component of gastrodin.
[46,47]

 In this chapter, lipase is used for the 

incorporation of gastrodigenin in organic-aqueous media-based 

supramolecular organic porous nanostructures, and it is an incomparably 

significant way to achieve the goal. 

4.2 Experimental 

Scheme 4.1 Synthetic scheme of pyridyl amphiphiles 12 and 13 

 

4.2.1 1,3,5-tris[2-(4-pyridyl)ethenyl]benzene (12)  

2 g (6.43 mmol) of 1,3,5-tribromobenzene was taken in a 100 mL two 

necked round bottom flask. It was then dissolved in 20 mL DMF. 

Triphenylphosphine (125 mg, 6 mol%) was added in the resulting mixture 

and 5 mL triethylamine was also added to the reaction mixture. The 

resulting solution was made inert using continuous flow of argon gas. 

After that, 2.43 mL (23.15 mmol) 4-vinylpyridine was added through 
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another neck of the round bottom flask using syringe. Finally 100 mg (5 

mol%) palladium (II) acetate was added to it and it was kept for 72 h 

under reflux condition at 90 C. The resultant reaction mixture was then 

cooled to room temperature and diluted with 50 mL dichloromethane. 

Diluted solution was washed with 3×50 mL water and the solvent was 

evaporated under vacuum to yield dark-brown solid. Further, the product 

was purified by column chromatography using EtOAc : hexane as eluent. 

Yield: 52%, 
1
H NMR (400 MHz, DMSO-d6) δ = 7.47-7.49 (d, 3H, J = 12 

Hz), 7.53-7.55 (d, 3H, J = 12 Hz), 7.78 (s, 3H), 7.91-7.92 (d, 6H), 8.58-

8.60 (d, 6H) ppm. 
13

C NMR (100 MHz, DMSO-d6) δ = 121.40, 127.37, 

129.48, 132.23, 135.96, 144.47, 150.54 ppm. MS (ESI) m/z for C27H21N3 

(M)+ calcd: 387.1730, found: 387.2626. 

 

Figure 4.1. 
1
H NMR spectrum of 1,3,5-tris[2-(4-pyridyl)ethenyl]benzene (12) in 

DMSO-d6. 

 

Figure 4.2. 
13

C NMR spectrum of 1,3,5-tris[2-(4-pyridyl)ethenyl]benzene (12) in 

DMSO-d6. 

4.2.2 1,4-bis[2-(4-pyridyl)ethenyl]benzene (13) 

1,4-bis[2-(4-pyridyl)ethenyl]benzene (13) was synthesized using the same 

procedure. Yield = 53%, 
1
H NMR (400 MHz, DMSO-d6) δ = 7.28-7.32 (d, 
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2H, J = 16 Hz), 7.51-7.57 (m, 6H), 7.62 (4H, s), 8.55-8.57 (d, J = 8 Hz, 

4H) ppm. 
13

C NMR (100 MHz, DMSO-d6) δ = 121.53, 123.44, 129.18, 

133.33, 141.02, 144.03, 150.63 ppm. MS (ESI) m/z for C20H16N2 (M)
+
 

calcd: 284.1308, found: 284.2203. 

 

Figure 4.3. 
1
H NMR spectrum of 1,4-bis[2-(4-pyridyl)ethenyl]benzene (13) in 

DMSO-d6. 

 

Figure 4.4. 
13

C NMR spectrum of 1,4-bis[2-(4-pyridyl)ethenyl]benzene (13) in 

DMSO-d6. 

4.3 Gel Preparation and Characterization 

Techniques 

4.3.1 Preparation of Emulsions Gels  

Bicomponent systems were prepared using different ratios of amphiphiles 

and acids. To prepare the gel, 7.74 mg (20 mM) of tpeb and 4.2 mg (20 

mM) of trimesic acid (BTC) were placed in a 5 mL borosilicate vial with a 

cap containing 700 μL of water and then 300 μL of hexane was added 

(water/hexane at a ratio of 7:3). The biphasic solution was then stirred 

(using a 1 cm magnetic bar) for 10 min on a magnetic stirrer at a speed of 

480 rpm to make the mixture homogeneous and kept for another 10 min to 

attain rigidity of tpeb-BTC. Then, a test tube inversion study was 

performed to visualize the formation of self-supporting gels, which were 
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further used for rheological experiments. Similarly, a tpeb-BDC (BDC = 

terephthalic acid) emulsion gel and bpeb-BTC and bpeb-BDC emulsions 

were prepared using all of the same conditions. In the case of tpeb-BDC, 

7.74 mg (20 mM) of tpeb and 9.96 mg (60 mM) of BDC were placed in a 

vial containing 700 μL of water, and then 300 μL of hexane was added. A 

total of 8.52 mg (60 mM) of bpeb and 4.2 mg (20 mM) of BTC were 

placed in a vial containing 700 μL of water, and then 300 μL of hexane 

was added to prepare the emulsion bpeb-BTC. Similarly, 8.52 mg (30 

mM) of bpeb and 4.98 mg (30 mM) of BDC were placed in a vial 

containing 700 μL of water, and then 300 μL of hexane was added to 

make the emulsion bpeb-BDC. However, tpeb-BCA, tpeb-SA (SA = 

succinic acid), bpeb-BCA, and bpeb-SA did not form emulsions under 

similar conditions. A gelation study was performed with the tpeb-

BTC/tpeb-BDC system in only water and hexane individually. However, 

gelation was not observed. 

4.3.2 Emulsion Gels for Enzymatic Reaction  

The biphasic solutions were stirred for 10 min on a magnetic stirrer to 

make the mixture. After proper mixing of the two components in the 

biphasic system, lipase and p-HBA were immobilized in the emulsion gels 

by simple handshaking for 1 min. The mixture was then incubated at 37 

°C, and the progress of the reaction was monitored by high performance 

liquid chromatography (HPLC). 

4.3.3 Separation of Product after Esterification  

After completion of the esterification reaction, the emulsion gel (tpeb-

BDC) was separated into two layers. The organic layer was then collected 

using a syringe, and it was diluted to 5 mL. The diluted hexane layer was 

then washed with 1 M HCl, and the organic layer was collected to get the 

product. The aqueous layer containing lipase and tpeb was recycled up to 

five times. After the enzymatic reaction, the solution became acidic in 
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nature (pH 5), and the pH of the aqueous solution was maintained to 

neutral after each of the reactions with a mild NH4OH solution before 

using it for the next reaction. After completion of the fifth reaction cycle, 

the pyridyl amphiphile tpeb was extracted from the aqueous part. The 

aqueous part was diluted to 10 mL with a 1 M Na2CO3 solution and 

washed with ethyl acetate to obtain 77% tpeb. 

4.3.4 Compound Characterization 

All NMR spectra were recorded with 400 MHz Bruker AV spectrometer 

at 300 K. Compound concentrations were in the range of 1-10 mM
 
in 

DMSO-d6. Mass spectra were recorded on Bruker micrOTOF-Q II by 

positive mode electrospray ionization.  

4.3.5 Rheological Study 

Rheological study was performed to determine the mechanical properties 

of emulsion-gels. These properties were assessed using an Anton Paar 

Physica Rheometer (MCR 301, Austria) with parallel plate geometry (25 

mm in diameter, 1 mm gap) and temperature was controlled at 25 C. The 

dynamic moduli of the gels were measured as a function of frequency in 

the range of 0.05-100 rad s
-1

 with a constant strain value 0.1%. The 

dynamic behavior of emulsions-gel was performed with constant strain of 

0.1% and constant angular frequency of 10 Hz during enzymatic reaction. 

200 μL of gel was prepared in glass vial and transferred it over the plate 

using microspatula to proceed for rheological measurements.  

4.3.6 FT-IR Spectroscopy 

All reported FT-IR spectra were recorded with a Bruker (Tensor 27) FT-

IR spectrophotometer. The solid-state measurements were performed 

using the KBr pellet technique with a scan range between 400 and 4000 

cm
-1

 over 64 scans at a resolution of 4 cm
-1

 and an interval of 1 cm
-1

.  
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4.3.7 UV-Vis Spectroscopy  

UV-Vis absorption spectra of the acids, amphiphiles, emulsions and 

emulsion gels were recorded using a Varian Cary100 Bio UV-Vis 

spectrophotometer at a concentration of 5 mol L
-1

 in 2 mL of water with 

0.01% MeOH.  

4.3.8 Wide Angle X-ray Diffraction 

The XRD measurements were carried out using a Bruker D8 Advance X-

ray diffractometer. The X-rays were produced using a sealed tube, and the 

wavelength of the X-rays was 0.154 nm (Cu Ka). The X-rays were 

detected using a fast counting detector based on silicon strip technology 

(Bruker LynxEye detector). 

4.3.9 Small Angle X-ray Scattering Study 

A Panalaytical X’Pert Pro multipurpose diffraction (MPD) was used for 

SAXS spectra. The emulsion-gels were dried to obtain solid powder and 

were used for SAXS experiment. 

4.3.10 Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) was executed using a METTLER 

TOLEDO TGA instrument. The samples were heated from 25 °C to 500 

°C at a constant rate of 5°C min
-1

 under nitrogen environment. 

4.3.11 Gas Adsorption Measurement 

Gas (N2) adsorption/desorption measurements were carried out using a 

Quantachrome Autosorb IQ2 Automated Gas Sorption System at 77 K (N2 

sorption experiments) in the pressure range of 0.025 bar to 1 bar. Before 

sorption measurements, compounds were degassed for 5 h at 348 K with 

increasing rate of 5°C min
-1

. 
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4.3.12 HPLC Analysis 

A Dionex HPLC-Ultimate 3000 (High Performance Liquid 

Chromatography) pump was used to analyze products. 20 μL of sample 

was injected onto a Dionex Acclaim ® 120 C18 column of 250 mm length 

with an internal diameter of 4.6 mm and 5 μm fused silica particles at a 

flow rate of 1 mL min
-1

 (linear gradient of 40% v/v acetonitrile in water 

for 35 min, gradually rising to 100% (v/v) acetonitrile in water at 35 min). 

This concentration was kept constant until 40 min when the gradient was 

decreased to 40% (v/v) acetonitrile in water at 42 min. The sample 

preparation involved mixing of 100 μL emulsion-gel in 900 μL 

acetonitrile-water (50: 50 mixtures) solution containing 0.1% trifluroacetic 

acid. The samples were then filtered through a 0.45 μm syringe filter 

(Whatman, 150 units, 13 mm diameter, 2.7 mm pore size) prior to 

injection. The products were identified by using Ultimate 3000 RS 

Variable Wavelength Detector at 280 nm. 

4.4 Results and Discusson 

In this chapter, tri-functional amphiphile 1,3,5-tris[2-(4-

pyridyl)ethenyl]benzene (12) and di-functional pyridyl 1,4-bis[2-(4-

pyridyl)ethenyl]benzene (13) have been used to achieve bicomponent 

SONs through gelation/emulsification. The emulsions are generally 

dispersion of droplet (composed of tiny fiber, colloidal particle or fibrillar 

aggregates) of one liquid in another solution.
[48-50]

 Further, emulsification 

can lead to form self-supporting gel which is referred as emulsion-gel.
[51]

 

This approach suggests the development of distinct supramolecular 

assemblies through non-covalent interactions of tpeb with complementary 

1,3,5-benzene tricarboxylic acid (BTC) and 1,4-benzene dicarboxylic acid 

(BDC). 
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Table 4.1. Composition of the bicomponent systems and physical appearance 

Amphiphiles Complementary acids 
Physical 

Appearance 

 
tpeb (12) 

 BTC  

Emulsion-gel 6 

(tpeb-BTC) 

 BDC  

Emulsion-gel 7 

(tpeb-BDC) 

 
BCA  

None 

  
SA  

None 

 
bpeb (13) 

 BTC  

Emulsion 

(bpeb-BTC) 

 BDC  

Emulsion 

(bpeb-BDC) 

 
BCA  

None 

 
SA  

None 

 

Among a series of bicomponent systems (Table 4.1), only tpeb-BTC and 

tpeb-BDC form emulsion-gels in water:hexane (7:3) and bpeb-BTC, 

bpeb-BDC form emulsions. The gelation was confirmed through test tube 

inversion study (Figure 4.5) and the rheological experiments depict the 

mechanical (viscoelastic) properties of the emulsion-gels. Though both 

emulsion-gels are eminently stable for several days (30 days), acidity and 

basicity affect the emulsion-gels. tpeb-BTC emulsion-gel shows pH ~7 

and tpeb-BDC emulsion-gel shows pH ~6.5. Both emulsion-gels were 

deformed with the increase in pH at 8 (Figure 4.5). Similar observations 

were also found for lowering the pH to 5 for both the emulsion-gels. The 

deformation of the emulsion-gels was also observed on treatment with 100 

μL of 100 mM NaCl solution (Figure 4.5).  
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Figure 4.5. Optical images of emulsion gels of (a) tpeb-BTC at different pHs 

show deformation of emulsion-gels to emulsions. Addition of 100 mM NaCl, the 

emulsion-gel turns into two phases. (b) Optical images of tpeb-BDC also show 

the deformation of emulsion-gels to emulsions on variation of pH as well as on 

the treatment with 100 mM NaCl. (c) Optical images of tpeb-BTC and tpeb-BDC 

in hexane or in water. tpeb-BTC and tpeb-BDC don't produce self-supporting gel 

in a particular solvent. 

4.4.1 Rheological Study 

A rigid gel is defined in practice as having a storage modulus (G′) that 

exceeds to the loss modulus (G′′) by an order of magnitude.
[28]

 The storage 

moduli of both tpeb-BTC and tpeb-BDC emulsion-gels are higher than 

pH = 5

pH = 8
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the loss modulii throughout the frequency regime (Figure 4.6). The value 

of storage modulus (G′) of tpeb-BDC emulsion-gel exceeds that of loss 

modulus (G″) by a factor of 10 throughout the oscillating frequency, 

whereas the factor is only about 5 (Figure 4.6) for tpeb-BTC emulsion-

gel. However, both signified the formation of strong and rigid gels. The 

tpeb-BDC emulsion-gel is much stronger than tpeb-BTC emulsion-gel as 

the storage modulus (G = 8880 Pa) is much higher for tpeb-BDC 

compare to the storage modulus (G = 872 Pa) of tpeb-BTC. 

 

Figure 4.6. (a) and (b) represent the frequency sweep experiment of tpeb-BTC 

and tpeb-BDC emulsion gels respectively. Both signify rigid gel formation.  

4.4.2 Morphogical Study 

To investigate nanostructural insight of the emulsion-gels and emulsions, 

transmission electron microscopy experiments were carried out. tpeb-

BTC shows twisted fibrillar bundle with an average diameter of 200 nm 

(Figure 4.7a). The fibrillar bundle is composed of small width (25-40 nm) 

fibers (Figure 4.7a, Figure 4.8a).  
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Figure 4.7. (a) TEM image of tpeb-BTC shows nanofibrillar network structures 

and (b) HR-TEM image of tpeb-BTC shows the supramolecular arrangement of 

fibers having diameter of 3 nm. (c) Supramolecular organic nanofibers show 

parallel alignment in the tpeb-BDC and (d) higher magnification on the side by 

side aligned molecular fibers of tpeb-BDC shows the average diameter of 6 nm. 

The small width fibers are also composed of narrow fibers with an average 

diameter of 3 nm (Figure 4.7b). tpeb-BDC emulsion-gel forms aligned 

supramolecular organic nanofibers which was observed from TEM image 

(Figure 4.7c). HR-TEM gives a clear account for side by side alignment of 

the molecular fibers of diameter ~6 nm (Figure 4.7d).
[52]

 Rod structures 

with an average diameter of 200 nm are responsible for the formation of 

bpeb-BTC emulsion (Figure 4.8c). bpeb-BDC forms linear molecular 

complex that is unable to form any significant nanostructure on 

aggregation (Figure 4.8d). 
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5.9 nm
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Figure 4.8. TEM images (a), (b) show fibrillar bundle formation by tpeb-BTC 

and narrow fibers (diameter 25-40 nm) get separated from bundles. (c) TEM 

image shows nanorod of bpeb-BTC and no significant morphology was observed 

for bpeb-BDC (d). 

4.4.3 Mechanistic Study 

The mechanistic aspect of supramolecular interactions involved in the 

formation of the nanostructures was investigated using FT-IR 

experiments. Both BTC and BDC exhibited with a broad band at around 

2984 cm
-1

 due to strong intermolecular hydrogen bonded carboxylic acid 

groups. Strong intense peaks at 1687 cm
-1

 and 1700 cm
-1

 are assigned to 

stretching vibrations of the C=O group of carboxylic acid in more 

associated state through intermolecular hydrogen bonding in both BDC 

and BTC respectively (Figure 4.9).
[53,54]

 The peaks at 1597, 1544, and 

1480 cm
-1

 (Figure 4.9) are attributed to the ring vibration of the pyridine 

of aromatic pyridyl amphiphiles (bpeb and tpeb). The pyridinium 

carboxylate formation was established due to the appearance of a peak at 

500 nm 500 nm

(c)

500 nm 500 nm

(a) (b)

(d)
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1634 cm
-1

 for both tpeb-BTC (Figure 4.9a) and tpeb-BDC (Figure 4.9b) 

xerogels.
[55,56]

  

 

Figure 4.9. (a), (b), (c) and (d) show the overlaid plot of the IR spectra of tpeb-

BTC, tpeb-BDC, bpeb-BTC and bpeb-BDC emulsions respectively. 

The protonation of pyridyl N-atom was also supported by the presence of 

a peak at 3400 cm
-1

 for N-H of pyridinium carboxylate of the composites 

of tpeb-BTC and tpeb-BDC xerogels. Both tpeb-BTC and tpeb-BDC 

xerogels show a C=O stretching vibration at 1710 cm
-1

, which revealed 

that the carbonyl group is in a less associated state as compared to the 

precursor acids (BTC and BDC). These results suggest that few pyridyl 

groups are involved in hydrogen bonding interactions with acid groups. 

Remaining acid groups are involved in intermolecular hydrogen bonding 

interactions with another BDC (in case of tpeb-BDC). Here, 

supramolecular complexes are constructed through protonation of pyridine 

as well as hydrogen bonding interactions. Both bpeb-BTC and bpeb-

BDC (Figure 4.9c,d) emulsions exhibit two peaks at 1710 cm
-1

 and 1620 

cm
-1

. These two peaks with equal intensity signify that complexes which 
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formed in the emulsions are equilibrated between protonated as well as 

hydrogen bonded pyridyl group with an equal extent.
[55-57]

  

4.4.4 UV-Vis Spectroscopic Study 

UV-Vis spectroscopic analyses have been implemented to study the 

aggregation pattern. BTC, BDC (Figure 4.10) exhibit peaks at 280 nm, 

240 nm respectively and amphiphiles tpeb and bpeb (Figure 4.10) show 

broad peaks at 300 nm and 310 nm respectively. UV-Vis spectrum of 

tpeb-BTC (Figure 4.10a) shows two peaks at 293 nm, 313 nm with a 

shoulder at 325 nm whereas tpeb-BDC exhibits a broad peak at 315 nm 

with a broad shoulder at 359 nm (Figure 4.10b).  

 

Figure 4.10. (a), (b), (c) and (d) describe UV-Vis spectra of tpeb-BTC, tpeb-

BDC, bpeb-BTC and bpeb-BDC systems. 

A concomitant bathochromic shift is noticed after gelation for both tpeb-

BTC and tpeb-BDC. bpeb-BTC (Figure 4.10c) complex clearly exhibits 

a peak at 304 nm whereas a peak is observed at 306 nm for bpeb-BDC 

(Figure 4.10d). No significant red-shift is observed for bpeb-BTC and 
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bpeb-BDC emulsions. The red-shift in UV-Vis spectra is attributed to the 

π-π* transition between aromatic groups in the formed complexes through 

co-assembly and self-assembly of amphiphiles. According to exciton 

theory, in-line transition dipole eases to a spectral red-shift for transition in 

the dimer or complexes formed in the system and higher red-shift in 

wavelength signifies the higher extent of charge transfer in the aggregated 

state.
[58]

 Bathochromic shift in emulsion-gels indicates that the emulsion-

gel is formed through J-type of aggregation.
[26,58]

 

4.4.5 Powder X-ray Diffraction Study 

Powder X-ray diffraction (PXRD) study of tpeb-BTC (Figure 4.11a) 

xerogel reveals the appearance of peaks at 2θ of 6.61, 18.41, 20.31 and 

27.88 which are different from the parent tpeb and BTC molecules. 

These peaks correspond to the d spacing of 1.33 nm, 0.48 nm, 0.43 nm 

and 0.32 nm. The disappearance of the peaks in dried tpeb-BTC 

emulsion-gel within the 2θ range of 10° to 15° corresponding to BTC 

suggests the formation of new material. The presence of a peak at 2θ of 

6.61° (d = 1.33 nm) indicates the diameter of columnar aggregates of the 

formed complexes whereas the d spacing of 0.48 nm and 0.43 nm indicate 

inter columnar distances. π-π stacking interaction between the complexes 

was supported by the peak corresponding to the d spacing of 0.32 nm. 

PXRD of tpeb-BDC (Figure 4.11b) complex appeared with peaks at 2θ of 

2.82°, 5.5°, 6.76°, 18.37°, 19.48° and 26° which corroborate to the d-

spacing of 3.13 nm, 1.6 nm, 1.3 nm, 0.48 nm 0.46 nm and 0.34 nm. The 

disappearance of sharp peak which were present in both tpeb and BDC 

suggested the formation of new material in tpeb-BDC. Similar columnar 

packing is also described for tpeb-BDC. A peak at 2θ of 26° (d = 0.34 

nm) indicates the distance between two aromatic groups (π-π stacking 

interaction).
[52]
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Figure 4.11. (a), (b), (c) and (d) show the overlaid plot of the XRD patterns of 

tpeb-BTC, tpeb-BDC, bpeb-BTC and bpeb-BDC systems respectively. 

The dried emulsion of bpeb-BTC (Figure 4.11c) shows peaks at 2θ value 

of 9°, 18.07°, 19.64° and 26.16° which correspond to the distance of 0.98 

nm, 0.49 nm, 0.45 nm and 0.34 nm. The π-π stacking interaction is 

confirmed by the distance of 0.34 nm. However, the dried emulsion of 

bpeb-BDC (Figure 4.11d) attributes only three peaks at 2 value of 8.9° 

(d = 0.99 nm), 19.57° (d = 0.45 nm) and 26.16° (d = 0.34 nm). The peak at 

2θ of 26.16° (d = 0.34 nm) corresponds to the π-π stacking interaction of 

the linear complexes and the peaks at 2θ = 8.9° (d = 0.99 nm) and 19.57° 

(d = 0.45 nm) signify the interlayer distances. The presence of the discotic 

amphiphiles leads to the formation of a columnar stack.
[60-62]

 The 

combination of linear amphiphile and complementary acids does not form 

columnar packing.  

4.4.6 Porosity Study 

Small angle X-ray scattering (SAXS) experiments of the dried emulsion-

gels of tepb-BTC (Figure 4.12a) and tpeb-BDC (Figure 4.12b) were 

performed to find out the inner diameter of the nanoarchitectures. tpeb-
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BTC only shows a peak with a calculated d value of 3.1 nm whereas tpeb-

BDC shows a peaks at d = 5.6 nm associated with the porous SONs.
[63-68]

  

 

Figure 4.12. (a) and (b) are the SAXS spectra of both tpeb-BTC and tpeb-BDC 

respectively. Both the data shows the size of the nanostructures formed in the 

system. (c) and (d) show the pore size distribution obtained from N2 adsorption of 

tpeb-BTC and tpeb-BDC respectively which matches with the calculated data 

obtained from SAXS. 

The thermogravimetric analysis (TGA) was performed to show the 

thermal stability of tpeb-BTC and tpeb-BDC. Both tpeb-BTC and tpeb-

BDC were heated at 10 °C min
−1

 under nitrogen atmosphere. The tpeb-

BTC is stable upto 117 °C whereas tpeb-BDC is stable up to the 

temperature of 135 °C (Figure 4.13). The BET N2 adsorption gives type 

IV isotherm plot (Figure 4.13c,d) and both emulsion gels (tpeb-BTC and 

tpeb-BDC) dominant with the presence of mesopores.  
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Figure 4.13. (a) and (b) show the thermogravimetric analysis (TGA) of tpeb-

BTC and tpeb-BDC respectively. N2 adsorption in (c) tpeb-BTC and (d) tpeb-

BDC system signify the formation of porous supramolecular organic 

nanostructures.  

The surface area is calculated as 11 m
2
/g for tpeb-BTC and 71 m

2
/g for 

tpeb-BDC from N2 adsorption isotherm which is a direct consequence of 

higher N2 adsorption by tpeb-BDC. The large hysteresis loop formation in 

tpeb-BDC is a consequence of capillary condensation. The pore size is 

calculated on the basis of NLDFT (nonlocal density functional theory) 

from BET N2 adsorption (Figure 4.12c,d). The pore sizes are calculated as 

2.88 nm for tpeb-BTC and 6.2 nm for tpeb-BDC.  

4.4.7 Mechanism of Nanostructure Formation  

UV-Vis analysis suggests aromatic -* transition that is responsible for 

the formation of complexes through the self-assembly and co-assembly of 

amphiphiles.  
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Figure 4.14. (a) Cartoon representation of molecular complexes of 

emulsions-gel tpeb-BTC, tpeb-BDC and emulsions bpeb-BTC and bpeb-

BDC. (b) The molecular complex of tpeb-BTC elongated vertically 

through columnar π-π stacking which forms fibril. Then the fibers 

composed to form nano-fibrillar bundle. (c) Molecular complex of tpeb-

BDC with large cavity through columnar stacking forms aligned 

supramolecular organic nanofibrillar structure. (d) The complex of bpeb-

BTC elongates through π-π stacking interactions forms supramolecular 

rods.  
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The extent of hydrogen bonding (1710 cm
-1

) is characterized by FT-IR 

spectroscopy, which is responsible for the formation of molecular 

complexes in tpeb-BTC and tpeb-BDC emulsion-gels. The PXRD 

patterns of columnar stacks (d spacing of 1.33 nm, 0.48 nm, 0.43 nm for 

tpeb-BTC and 1.3 nm, 0.48 nm, 0.46 nm for tpeb-BDC) suggest the 

elongation of molecular complexes (Figure 4.14a) and the formation of 

nanofibers through columnar stacking of molecular complexes. The 

internal distance of nanofibers for both tpeb-BTC (3 nm) and tpeb-BDC 

(6 nm) is considered as the distance between two edges of molecular 

complexes. The distance between two edges is confirmed from SAXS 

spectra (3.1 nm for tpeb-BTC and 5.6 nm for tpeb-BDC). However, the 

extent of protonation is more in case of tpeb-BDC emulsion-gel which 

might have higher aggregation rate compared to tpeb-BTC emulsion-gel. 

tpeb-BTC complex forms long fibers with average width of 25-40 nm 

which are evidenced by HR-TEM (Figure 4.7a, Figure 4.8a). After 

formation of long fibers with shorter width, they assemble to form twisted 

fibrillar bundle with an average diameter of 200 nm (Figure 4.8). tpeb-

BDC molecular complexes (6 nm) are elongated to form fibers by π-π 

stacking (Figure 4.14c) interactions through J-type aggregation which is 

understood from UV-Vis spectroscopy. Further, the elongated fibers are 

aligned side by side (Figure 4.14c) with a diameter of 6 nm which is 

exhibited from HR-TEM (Figure 4.7).
52

 FTIR spectra support equal 

participation (1:1) of hydrogen bonding and protonation for bpeb-BTC 

and bpeb-BDC complexes. The molecular complex of bpeb-BTC is 

elongated vertically through π-π stacking interaction (Figure 4.14d). 

Further, elongation led to the formation of supramolecular rods (Figure 

4.14d). bpeb-BDC forms linear molecular complex (Figure 4.14) and no 

significant nanostructures were observed.  
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4.4.8 Enzymatic Reaction  

Micro or nanoporous architectures were used as templates for various 

enzymatic reactions.
[69,70]

 Due to the presence of large pores in the SOFs, 

various reactions could be done into the cavity. Enzymatic esterification 

reaction was performed in supramolecular host-guest system.
[71]

 However, 

porous SONs were not yet used as the template for enzymatic 

esterification reactions. Here, the porous architectures were used for the 

enzymatic esterification reactions where lipase was used as a catalyst.  

 

Figure 4.15. (a) Real time images of tpeb-BDC emulsion-gel for lipase catalyzed 

esterification reaction. After 10 hours of enzymatic reaction, tpeb-BDC 

emulsion-gel converted to sol-emulsion. At 16 hours of the reaction, the 

emulsion-gel converted into two phases. (b) Rheological analysis of emulsion-gel 

to sol-emulsion transition. (c) HPLC chromatograms at different reaction time 

and (d) real-time enzymatic conversion of mono-ester, di-ester. The colors in the 

graph signify different physical states (emulsion-gel, emulsion and separation of 

two phases).  
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Lipase from Candida rugosa (CRL) and p-hydroxybenzyl alcohol (p-

HBA) were dispersed for dissolution into tpeb-BTC and tpeb-BDC 

before attending the formation of emulsion-gels. Initially, 4.56 U-45.6 U 

of lipase was used for esterification reaction (Figure 4.16a). However, an 

efficient result was obtained with 22.8 U of lipase. Higher amount of p-

HBA influences the emulsion-gel to deform into sol-emulsion as the 

emulsion-gel is composed by ionic and hydrogen-bonding interactions. O-

H groups of p-HBA have a significant impact on hydrogen bonding of the 

formed complexes, which weaken the network structures. Therefore, an 

equivalent amount of p-HBA offers better conversion. The emulsion-gel 

started to degrade upon enzymatic esterification reaction as the acid group 

was gradually converted to p-HBA esters. tpeb-BDC emulsion-gel was 

found to be more efficient for the conversion of terephthalate diester from 

terephthalic acid. The formation of diester leads to the phase separation 

(Figure 4.15a). tpeb-BTC and tpeb-BDC complexes were studied by time 

dependent rheological experiments during the enzymatic reaction.
[72]

 

tpeb-BTC emulsion-gel lost its storage modulus significantly at a reaction 

time of 7.5 hours (Figure 4.16b) and converted to sol-emulsion whereas 

tpeb-BDC held the gelation property up to 9.75 hours (Figure 4.15b). 

Initially, tpeb-BDC emulsion-gel exhibits 10 times higher storage 

modulus (G') value than loss modulus (G"). As the reaction time increases, 

the separation between G' and G" decreases and finally the emulsion-gel 

was converted to a solution at 9.75 hours with a loss factor or damping 

factor (tan δ) of 0.5. Time sweep rheological experiment for tpeb-BTC 

emulsion-gel shows the crossing of G' and G" at 7.5 hours (Figure 4.16b). 

The reaction was monitored by HPLC analysis (Figure 4.15c). 

The tpeb-BTC emulsion-gel network yielded monoester, and other two 

acid groups of BTC remain unreacted which were also monitored by 

HPLC. tpeb-BTC emulsion was not separated into two phases. A higher 

lipase catalyzed esterification reaction within the tpeb-BDC complex in 



     

Chapter 4 
 

185 
 

comparison to tpeb-BTC complex is concluded as the diameter of the 

pore is 6.2 nm for tpeb-BDC complex and the diameter of lipase is 5 

nm.
[73]

  

 

Figure 4.16. (a) Standardization of enzyme concentration used for esterification 

of BDC in tpeb-BDC emulsion gel. (b) Rheological analysis of gel to sol 

transition of tpeb-BTC. (c), (d) are the HPLC chromatograms of different 

enzymatic esterification cycles and corresponding histogram plot of the formed 

BDC-diester. (e) shows the overlaid plot of HPLC chromatograms of BTC 

monoester formation. (f) Plot of conversion of BTC monoester in tpeb-BTC 

emulsion-gel. 
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Figure 4.17. Overall enzymatic esterification cycle of BDC in emulsion-gel 

(tpeb-BDC). (i) Formation of emulsion-gel with lipase and p-HBA, (ii) phase 

separation after esterification, (iii) product isolation and (iv) reformation of 

emulsion-gel after stirring in presence of additional BDC.  

Also, SONs formed by the tpeb-BDC emulsion-gel have larger surface 

area to interact with enzyme more as compare to fiber of tpeb-BTC. The 

pore diameter of tpeb-BTC complex is 2.88 nm which is found from BET 

isotherm. The optical images of tpeb-BDC complex show emulsion-gel to 

sol-emulsion transition after completion of 10 hours enzymatic reaction 

(Figure 4.15a). Further progress of the reaction to 16 hours, tpeb-BDC 

emulsion-gel was separated into biphasic layers (Figure 4.15a) and the 

conversion of diester was 75%. At 24 hours, the conversion of diester was 

80% (Figure 4.15c,d). On esterification reaction, emulsion-gel (tpeb-

BDC) was separated into two phases and the phase separation led to the 

excellent recyclability of pyridyl amphiphiles (Figure 4.17) and the 

enzyme lipase. After 5 reaction cycles, 77% of tpeb was recovered. The 

biocatalyst lipase was also recycled for 5 times. 42% diester of BDC was 

obtained after fifth cycle (Figure 4.16c,d). The turnover frequency (TOF) 

of lipase is calculated as 1.24 × 10
4
 s

-1
. In contrast, tpeb-BTC emulsion-

gel turned to emulsion within 7.5 hours with the formation of 47% 

monoester (Figure 4.16e,f).  
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Figure 4.18. 
1
H NMR spectrum of BDC diester formed after enzymatic reaction 

in emulsion-gel tpeb-BDC. Peak at δ = 5.23 signifies the formation of ester. To 

enhance the solubility, 2:1 CDCl3 and DMSO-d6 was used for 
1
H NMR analysis. 

The mixture (tpeb-BTC/enzyme/p-HBA hybrid emulsion) was kept for 30 

days. However, the conversion was only increased to 49% monoester 

formation. The BDC diester was also separated and characterized by 
1
H 

NMR spectroscopy (Figure 4.18). The corresponding peaks at 5.23 ppm 

signify the esterification of BDC. bpeb-BTC and bpeb-BDC emulsions 

were unable to give any kind of lipase catalyzed esterified product. Upon 

addition of p-HBA to bpeb-BTC, and bpeb-BDC, the interaction between 

the acid and amphiphile gets interrupted due to the involvement of 

hydrogen bonding (as both don’t form strong network like emulsion-gel) 

interaction using additional hydroxyl group of p-HBA. 

4.5 Conclusion  

In conclusion, we have successfully developed different linear and discotic 

amphiphiles based bicomponent systems with tunable nanostructures and 

pore sizes. Different architectural building blocks have been formed with 

significant pore sizes. The pores formed by molecular complexes traps a 

large amount of immiscible water and organic solvents to form emulsion-

gels. Molecular complexes were co-assembled to form emulsion-gels for 

tpeb-BTC and tpeb-BDC systems through J-type aggregation. bpeb-

BTC and bpeb-BDC emulsions are not strong enough to hold the enzyme 

and gastrodigenin into the formed microscopic architectures. As a result, 

the esterification reaction was not observed in emulsions. Whereas, the 
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emulsion-gels are able to produce esters and the porous architectures in 

emulsion-gel act as a template for lipase-catalyzed inclusion of 

gastrodigenin. Larger pore size (tpeb-BDC) permits enzyme molecules to 

insert into the cavity whereas small pores resist the large enzyme to come 

into the smaller cavity (tpeb-BTC). As a result, the enzyme functions on 

the surface of the smaller porous nanostructures. The enzyme lipase fits 

into the larger cavity and larger surface area of porous SONs of tpeb-BDC 

to yield the terephthalate diester with an excellent conversion. In contrast, 

tpeb-BTC emulsion-gel forms only monoester during enzymatic 

esterification as the enzyme come contact to a small area as compare to 

tpeb-BDC. Enzymatic esterification reaction leads to the breakdown of 

the emulsion-gel tpeb-BDC into two phases and phase separation permits 

for the recyclability of the pyridyl amphiphile. These porous 

nanostructures open a new path for various enzymatic reactions into the 

soft material at a mild aqueous-organic condition with a faster rate. 
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5.1 Introduction 

Hydrogels are soft materials which can be developed by several ways 

including inclusion of stimuli,
[1-3]

 enzymatic reaction,
[4-7]

 photo induced 

assembly
[8-9]

 and also by integration of multiple components. 

Multicomponent cooperative self-assembly is enlightened as one of the 

significant tool to design and control such soft materials with 

distinguishable properties.
[10-13]

 The incorporation of multiple components 

dispenses controlled self-assembly and gelation by self-sorting of the 

components.
[14-15]

 The bicomponent systems are the simplest 

multicomponent systems, which steer the self-assembling property of the 

components and to evolve supramolecular hydrogels.
[16-20]

 Generally, low 

molecular weight hydrogelators bearing complementary functionality were 

integrated to achieve the desired bicomponent cooperative self-assembled 

system.
[21-26]

 The cooperative self-assembly (co-assembly) between two 

amphiphile changes with the change in complementary functionality and 

the gelation ability of the composites.
[27-28]

 These cooperative self-

assembly rely on several non-covalent interactions including hydrogen-

bonding and π-π stacking interactions,
[29]

 Therefore fine tuning of 

functionality leads to large change in property of bicomponent system. So, 

it is considered as molecular remote control for self-assembly.
[30-31]

 Self-

assembled hydrogels are promising materials for several bioapplications 

due to their eminent biocompatibility having controlled 

nanoarchitectures.
[32-34]

 The bioapplications include cell culture
[35]

, tissue 

engineering
[36]

, drug delivery
[37]

 and several biocatalytic reactions
[38]

 

inside the gel matrix. Enzymes are the prime candidate as biocatalyst. 

Immobilization or entrapment into crosslinked fibriller network of 

hydrogel is of particular interest.
[39]

 Recently, we reported controlled 

supramolecular organic nanostructured emulsion-gel was developed for 

biocatalytic inclusion of gastrodigenin using bicomponent co-assembled 

system.
[40]

 The co-assembly between two complementary amphiphile can 
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be tuned very easily. This makes the materials more demanding as 

medium of biocatalytic reaction as the product separation becomes easier 

subsequent to the enzymatic catalysis. In this work, we focused to evolve 

bicomponent co-assembled hydrogel as a medium for the selective 

biocatalytic production of L-DOPA in peptide sequence.  

L-DOPA, the precursor of neurotransmitters dopamine and a series of 

other catecholamines, has important role in neurotrophic factor release in 

brain and central nervous system. L-DOPA is also known as a drug which 

is used in the treatment of Parkinson’s diseases.
[41]

 In living organisms, L-

DOPA is produced by the biocatalytic reaction of an amino acid tyrosine 

with an enzyme tyrosinase. The chemical synthesis of L-DOPA in 

laboratory involves complicated procedures.
[42]

 The metal catalysts and 

expensive chemicals are used to work under harsh conditions to produce 

L-DOPA with a low enantiomeric excess and low conversion rate.
[43]

 

Therefore, enantioselective production of L-DOPA with a high conversion 

seems necessary and encapsulation of enzyme into supramolecular gel 

would be a great approach to get the work done.  

Development of desired co-assembled bicomponent systems as hydrogel 

matrix for enzymatic reaction inspired us to choose multifunctional 

amphiphiles. Amine functionalized multifunctional amphiphiles with 

complementary group serves maximum interaction to control co-

assembly.
[44-45]

 Bifunctional (BDC) and trifunctional (BTC) acids are 

well-known for the co-assembly due to their multiple hydrogen bonding 

unit.
[46-48]

 Therefore, controlled co-assembly can be achieved easily by 

integrating the multifunctional amphiphiles with their complementary 

functionalities. Biocatalytic reaction template i.e. bicomponent hydrogel 

was developed. An hydroxylase enzyme tyrosinase was incorporated into 

the gel to carry out the synthesis L-DOPA from L-tyrosine. To achieve our 

goal, L-tyrosine (Y) and Y appended peptide Phe-Tyr (FY) were also 

taken.  
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5.2 Experimental 

Scheme 5.1 Synthetic scheme of compound 14 

 

5.2.1 Synthesis of Boc-Phe-OH (xiii) 

A solution of phenylalanine (2 g, 12.1 mmol) in a mixture of 1,4-dioxane 

(20 mL), 1(N) sodium hydroxide (20 mL) was stirred and cooled in an ice 

bath. Bocanhydride (3.06 mL, 13.31 mmol) was added and stirring was 

continued at room temperature for overnight. The reaction mixture was 

diluted with 100 mL of water and dioxane was evaporated under vaccum. 

The aqueous layer was washed with diethyl ether. The aqueous layer was 

collected the pH was adjusted to 2 with 2(N) hydrochloric acid. The 

aqueous phase was extracted with ethyl acetate (3 x 50 mL) and dried with 

Na2SO4. The collected ethyl acetate was concentrated in vacuo to obtain 

product (xiii) as colorless oil. Yield= 3.09 g (11.65 mmol, 96%) 
1
H NMR 

(400 MHz, DMSO-d6): δ 7.28 (m, 5H), 7.11 (d, 1H, NH), 4.09 (q, 1H, 

C

H of Phe), 3.00 (d, 2H, C

β
H of Phe), 1.32 (s, 9H, CH3) ppm. 

5.2.2 Synthesis of Boc-Phe-Tyr-OMe (xiv) 

0.5 g (1.88 mmol) of Boc-(L)-Phe-OH was dissolved in 2 mL dry DMF in 

a 100 mL R.B. flask. The (L)-Tyr-OMe was extracted from the 

corresponding methyl ester hydrochloride salt 0.65 g (2.82 mmol). The 

extracted (L)-Tyr-OMe was diluted a small volume of ethyl acetate and 

finally added into Boc-Tyr-OH solution in stirring condition. Then 0.43 g 

(2.06 mmol) DCC was added followed by the addition of 0.28 g (1.88 

mmol) of HOBt and the reaction was kept overnight to stir. The reaction 

progress was checked by TLC. On completion of the reaction 50 mL ethyl 

acetate was added into the reaction mixture and then filtered through the 

suction pump. The filtrate was successively washed with 1 (N) HCl (3×50 
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mL), saturated Na2CO3 (3×50 mL) and brine into a separating funnel. The 

ethyl acetate part was collected, and the dried ethyl acetate (over Na2SO4) 

was evaporated by rotary evaporator. The product was collected and 

purified through silica gel column chromatography (100-200 mesh) using 

hexane: ethyl acetate as eluent. Yield: 0.0.85 g (1.7 mmol, 89%), 
1
H NMR 

(400 MHz, DMSO-d6): δ 9.24 (s, 1H, -OH of Tyr), 8.24-8.22 (d, 1H, -

NH), 7.28-7.20 (m, 5H, aromatic ring Hs of Phe), 7.02-7.00 (d, 2H, 

aromatic ring Hs of Tyr), 6.88-6.85 (d, 1H, -NH), 6.68-6.66 (d, 2H, 

aromatic ring Hs of Tyr), 4.46-4.40 (m, 1H, C

H of Phe), 4.22-4.16 (m, 

1H, C

H of Tyr), 3.59 (s, 3H, Hs of -OCH3), 2.98-2.65 (m, 4H, C


H of 

Phe and Tyr), 1.30 (s, 9H, Hs of BOC) ppm. MS (ESI) m/z for 

C24H30N2O7 [M + Na]
+
 calcd: 465.2002, found: 465.2153. 

 

Figure 5.1. 
1
H NMR spectrum of Boc-Phe-Tyr-OMe (xiv) in DMSO-d6 

 

Figure 5.2. Mass spectrum of Boc-Phe-Tyr-OMe (xiv). 

5.2.3 Synthesis of Boc-Phe-Tyr-OH (xv) 

0.6 g (1.35 mmol) of Boc-Phe-Tyr-OMe in 10 mL MeOH was taken in a 

round bottom flask and 1 M NaOH was added to it dropwise. The reaction 

mixture was stirred and was continuously monitored by thin layer 
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chromatography (TLC) till the completion of the reaction. The reaction 

was completed after 6 hours. Then MeOH was removed under vacuo and 

10 mL of distilled water was added to the reaction. The aqueous part was 

washed with diethyl ether (2 x 30 mL). Then the collected aqueous layer 

was cooled under ice-water bath for 10 minute and then pH was adjusted 

to 1 by drop wise addition of 1M HCl. It was extracted with ethyl acetate 

(3 x 50 mL) and then the ethyl acetate part was dried over anhydrous 

Na2SO4 and evaporated in vacuo to yield Boc-FY-OH as a white solid. 

Yield = 0.54 g (0.13 mmol, 94%), 
1
H NMR (400 MHz, DMSO-d6): δ 9.23 

(s, 1H, -OH of Tyr), 8.02-8.0 (d, 1H, -NH), 7.28-7.16 (m, 5H, aromatic 

ring Hs of Phe), 7.05-7.03 (d, 2H, aromatic ring Hs of Tyr), 6.90-6.88 (d, 

1H, -NH), 6.69-6.66 (d, 2H, aromatic ring Hs of Tyr), 4.42-4.37 (m, 1H, 

C

H of Phe), 4.20-4.14 (m, 1H, C


H of Tyr), 2.99-2.66 (m, 4H, C


H of 

Phe and Tyr), 1.30 (s, 9H, Hs of BOC) ppm. MS (ESI) m/z for 

C23H28N2O6 [M + Na]
+
 calcd: 451.1845, found: 451.2060. 

 

Figure 5.3. 
1
H NMR spectrum of Boc-Phe-Tyr-OH (xv) in DMSO-d6 

 

Figure 5.4. Mass spectra of Boc-Phe-Tyr-OH (xv). 
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5.2.4 Synthesis of H2N-Phe-Tyr-OH (14) 

Boc-Phe-Tyr-OH (0.3 g, 0.7 mmol) was taken in a 100 mL round bottom 

flask. 2 mL TFA was added into the round bottom flak and stirred for 12 h 

under argon at room temperature. The excess TFA removed under vacuum 

and the oily residue was taken in 25 ml of water. The aqueous layer was 

washed with diethyl ether (2 x 25 ml) white product was obtained after 

lypholization. Yield: 0.22 g (96%, 0.67 mmol), 
1
H NMR (400 MHz, 

DMSO-d6): δ 9.21 (s, 1H, -OH of Tyr), 8.00-7.98 (d, 1H, -NH), 7.26-7.14 

(m, 5H, aromatic ring Hs of Phe), 7.03-7.01 (d, 2H, aromatic ring Hs of 

Tyr), 6.88-6.86 (d, 1H, -NH), 6.67-6.64 (d, 2H, aromatic ring Hs of Tyr), 

4.40-4.35 (m, 1H, C

H of Phe), 4.18-4.12 (m, 1H, C


H of Tyr), 2.97-2.64 

(m, 4H, C

H of Phe and Tyr) ppm. 

13
C NMR (400 MHz, DMSO-d6): 

172.55, 170.57, 170.57, 156.36, 130.39, 129.98, 129.85, 127.27, 127.12, 

115.12, 114.80, 53.62, 53.22, 36.06, 35.80 δ ppm. MS (ESI) m/z for 

C18H20N2O4 [M + K]
+
 calcd: 367.1055, found: 367.1800. 

 

Figure 5.5. 
1
H NMR spectrum of H2N-Phe-Tyr-OH (14) in DMSO-d6. 

 

Figure 5.6. 
13

C NMR spectrum of H2N-Phe-Tyr-OH (14) in DMSO-d6. 
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Figure 5.7. Mass spectra of H2N-Phe-Tyr-OH (14). 

5.3 Gel Preparation and Characterization 

Techniques 

5.3.1 Preparation of hydrogel  

To prepare hydrogel, first 6.2 mg (30 mM) of trimesic acid (BTC) was 

dissolved by sonication in a 5 mL borosilicate vial with a cap containing 1 

mL of TNE buffer solution (10 mM, pH = 7.4) and later 7.1 mg (45 mM) 

of DAN was added. The resultant mixture was then sonicated for 5 

minutes and vortexed for 30 seconds to obtain a homogeneous mixture. 

After 1-2 minutes, gelation was observed. Other composites do not form 

any gel. 

5.3.2 Preparation of hydrogels for Enzymatic Reaction 

The enzyme (5 mg/mL) was dissolved in 1 mL 100 mM TNE buffer (pH = 

7.4). Y (14.4 mg, 80 mM) and FY (26.2 mg, 80 mM) were individually 

dispersed into 400 L of TNE buffer (25 mM, pH = 7.4). The hydrogel 

was then prepared with the same amount of DAN and BTC mentioned 

above in the hydrogel preparation in 700 L of TNE buffer. Then 100 L 

of Y/FY and 200 L of tyrosinase solution were added to the gel. The 

resultant solution was vortexed well and the product conversion was 

monitored by HPLC. 

[M+K]+

m/z
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5.3.3 Separation of Product after Esterification  

After completion of hydroxylation reaction of Y and FY, the reaction 

mixture was acidified with 0.5 N HCl. The resultant solution was washed 

with 20 mL of ethyl acetate into a separating flask. BTC was extracted and 

aqueous layer was collected. The aqueous layer contains DAN and L-

DOPA/F-(L)-DOPA. The aqueous layer was again basified with 0.5 M 

Na2CO3 and was washed by ethyl acetate which separates DAN from the 

mixture. The aqueous layer which contains DOPA/F-(L)-DOPA, was then 

neutralized by KHSO4 solution. The aqueous layer was lyophilized to 

obtain L-DOPA/F-(L)-DOPA as off-white solid.  

5.3.4 Compound characterization 

All NMR spectra were recorded with 400 MHz Bruker AV spectrometer 

at 300 K. Compound concentrations were in the range of 1-10 mM
 
in 

DMSO-d6. Mass spectra were recorded on Bruker micrOTOF-Q II by 

positive mode electrospray ionization.  

5.3.5 Rheological Study 

Rheological experiment was assessed using an Anton Paar Physica 

Rheometer (MCR 301, Austria) with parallel plate geometry (25 mm in 

diameter, 1 mm gap) and temperature was controlled at 25 C. The 

dynamic modulus of the hydrogel was measured as a function of 

frequency in the range of 0.05-100 rad s
-1

 with a constant strain value 

0.1%. The dynamic behavior of hydrogel during enzymatic reaction was 

performed with constant strain of 0.1% and constant angular frequency of 

10 Hz. 200 μL of hydrogel was prepared in glass vial and transferred it 

over the plate using microspatula to proceed for rheological 

measurements.  
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5.3.6 Morphological study 

Field emission scanning electron microscope (FE-SEM Supra 55 

Zeiss) instrument was used for SEM study. Gels were dried on cover 

slip and coated with gold for SEM analysis with an operating voltage 

of 5 kV. Field Emission Gun-Transmission Electron Microscope 

(model: Tecnai G2, F30), operated on a voltage of 300 kV. 100 μL 

of gel was dissolved in 200 μL of water and the dilute solution of the 

hydrogels was dried on carbon-coated copper grids (300 mesh) by 

slow evaporation in air and then allowed to dry separately in a 

vacuum at room temperature.  

5.3.7 FT-IR Spectroscopy 

All reported FT-IR spectra were recorded with a Bruker (Tensor 27) FT-

IR spectrophotometer. The solid-state measurements were performed 

using the KBr pellet technique with a scan range between 400 and 4000 

cm
-1

 over 64 scans at a resolution of 4 cm
-1

 and an interval of 1 cm
-1

. The 

hydrogel was dried in vacuum prior to the experiment. 

5.3.8 UV-Vis Spectroscopy  

UV-Vis absorption spectra were recorded using a Varian Cary100 Bio 

UV-Vis spectrophotometer at a concentration of 5 M of hydrogel 8 in 2 

mL of tris buffer solution (10 mM).  

5.3.9 Powder X-ray Diffraction 

The XRD measurements were carried out using a Bruker D8 Advance X-

ray diffractometer. The X-rays were produced using a sealed tube, and the 

wavelength of the X-rays was 0.154 nm (Cu Ka). The X-rays were 

detected using a fast counting detector based on silicon strip technology 

(Bruker LynxEye detector). 
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5.3.10 HPLC Analysis 

A Dionex HPLC-Ultimate 3000 (High Performance Liquid 

Chromatography) pump was used to analyze products. 20 μL of sample 

was injected onto a Dionex Acclaim ® 120 C18 column of 250 mm length 

with an internal diameter of 4.6 mm and 5 μm fused silica particles at a 

flow rate of 1 mL min
-1

 (linear gradient of 20% v/v acetonitrile in water 

for 4 minutes, gradually rising to 80% (v/v) acetonitrile in water at 35 

min). This concentration was kept constant until 40 min when the gradient 

was decreased to 20% (v/v) acetonitrile in water at 42 min. The sample 

preparation involved mixing of 100 μL hydrogel in 900 μL acetonitrile-

water (50: 50 mixtures) solution containing 0.1% trifluroacetic acid. The 

samples were then filtered through a 0.45 μm syringe filter (Whatman, 150 

units, 13 mm diameter, 2.7 mm pore size) prior to injection. The products 

were identified by using Ultimate 3000 RS Variable Wavelength Detector 

at 280 nm. 

5.4 Results and discussion 

In this chapter, the bifunctional amphiphile 1,5-diaminonapthalene (DAN) 

was used to attain bicomponent self-assembly and gelation.  

Table 5.1. Composition of the bicomponent systems and physical appearance 

Amphiphile Complementary acids Physical appearance 

 

DAN  

BTC  

Hydrogel 8 

(DAN-BTC) 

BDC  
Sol 

BCA  
Sol 

 

SA  
Sol 
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Figure 5.8. Schematic representation of molecular complexes of hydrogel 8 

(DAN-BTC). Molecular complex of DAN-BTC elongated vertically through 

columnar π-π stacking interaction, which forms a fibril. Then the fibers on going 

through higher order self-assembly form a nanofibrillar bundle and finally 

crosslinked fibriller network was formed. 

Among a series of complementary acids (Table 5.1), only 1,3,5-

benzenetricarboxylic acid (BTC) co-assembles with DAN to produce self-

supporting hydrogel 8 (Figure 5.8) in tris-buffer solution (10 mM, pH 7.4). 

A rigid hydrogel formation was confirmed by test tube inversion study 

(Figure 5.8).  

 

Figure 5.9. Optical imaged of other bicomponent system. DAN: 1,5-

diaminonaphthalene, BDC: 1,4-benzenedicarboxylic acid, SA: succinic acid and 

BCA: Benzene carboxylic acid. All are equimolar mixture 30 mM of DAN and 30 

mM of acid. 

Molecular

complex

π-π

stacking 

Crosslinked 

fiber 

Molecular

complex

Growth

of fiberColumnar

stacking

DAN-BDC 

(1:1)
DAN-SA 

(1:1)

DAN-BCA 
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The composites DAN-BDC, DAN-SA and DAN-BCA does not form any 

gel at the same condition (Figure 5.8). The pH becomes 7.22 after 

attaining the rigidity of the hydrogel 8 (DAN-BTC). The hydrogel 8 is 

sufficiently stable for several (30) days. The external ions interfere in co-

assembly of the bicomponent system. Therefore, upon exposure with 

aqueous solution of NaCl (100 mM), 1 (N) HCl and 1 (N) Na2CO3, gel to 

sol transition was observed. All other bicomponent system did not form 

hydrogel (Figure 5.9). 

5.4.1 Rheological Study 

The rheological experiments illustrate the mechanical (viscoelastic) 

property of the hydrogel. Amplitude sweep rheological experiments were 

performed to know the linear viscoelastic region (LVE) and it was found 

as strain of 0.1% for the hydrogel 8 (Figure 5.10). Then 0.1% strain was 

used to perform frequency sweep experiment. A rigid hydrogel is defined 

in practice of having a storage modulus (G′) higher than the loss modulus 

(G″) at variable angular frequency regime. The storage modulus of the 

hydrogel is higher than the loss modulus throughout the frequency range 

(Figure 5.10) which depicts the formation of strong and rigid hydrogel. 

 

Figure 5.10. (a) Amplitude sweep rheological data showing gel deformation 

after an applied strain 10%. (b) represents the frequency sweep experiment of 

hydrogel 8 which signifies rigid gel formation.  
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5.4.2 Photophysical Study 

UV-vis spectroscopic analyses were carried out to study the aggregation 

pattern. The BTC (Figure 5.11) exhibits peaks at 280 nm and the 

amphiphile DAN (Figure 5.11) shows a peak at 320 nm. The UV-vis 

spectrum of hydrogel 8 (Figure 5.11) shows more intense peak at 325 nm.  

 

Figure 5.11. (a) The comparison of UV-Vis spectra of hydrogel 8 (DAN-BTC). 

(b) Comparative fluorescence spectra of hydrogel 8 (DAN-BTC). 

A concomitant hyperchromic shift is noticed after gelation. The red shift 

in UV-vis spectra is attributed to the π-π* transition between aromatic 

groups in the formed complexes through the co-assembly and self-

assembly of amphiphiles. The hyperchromic shift in the hydrogel implies 

that the hydrogel 8 is formed by π-π stacking interaction.
[49-51] 

Photophysical study gives more insight about the mechanism for the 

bicomponent hydrogel 8. The precursor acid BTC (Figure 5.11) is unable 

to show any peak whereas DAN (Figure 5.11) exhibits emission maximum 

at 398 nm. Hydrogel 8 (Figure 5.11) exhibits two peaks at 380 nm and a 

remarkable red-shifted peak at 419 nm in comparison to the precursor acid 

and amphiphile. The significant red-shift in emission band is an account 

for the hybrid complex formation and strong π-π stacking interaction.
[52]
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5.4.3 Mechanistic Study  

The mechanistic aspect of the co-assembly involved in the formation of 

hydrogel was investigated using Fourier Transform infrared (FT-IR) 

experiments. The BTC exhibits a broad band at around 2984 cm
-1

 due to 

the presence of strong intermolecular hydrogen-bonded carboxylic acid 

groups. Strong intense peaks at 1700 cm
-1

 is assigned to stretching 

vibration of the C=O group of carboxylic acid in associated state through 

intermolecular hydrogen bonding in BTC (Figure 5.12).
[53]

 

Figure 5.12. (a) The overlaid FT-IR spectra of DAN-BTC showing significant 

change in peaks. (b) The overlaid PXRD plot of DAN-BTC, DAN and BTC. 

DAN exhibits a peak at 1629 cm
-1

 assigned to –NH bending frequency and 

a broad peak at 3441 cm
-1

 appeared attributed to –NH stretching 

frequencies. After formation of hydrogel 8 the peak appeared for 

carboxylic C=O of BTC shifted to 1687 cm
-1

 is due to hydrogen bonding 

with DAN in the composite hydrogel.
[54]

 The pattern of –NH stretching 

band of DAN is also changed from broad to sharp peak at 3377 and 3473 

cm
-1

 due to hydrogen bonding interactions. A powder X-ray diffraction 

(PXRD) study of the dried hydrogel 8 (Figure 5.12) reveals the appearance 

of peaks at 2θ of 6.43 (d = 1.37 nm), 11.04 (d = 0.8 nm), 11.91 (d = 

0.74 nm), 13.86 (d = 0.63 nm), 17.17 (d = 0.51 nm), 19.69 (d = 0.45 

nm), 25.03 (d = 0.35 nm) and 34.82 (d = 0.25 nm) which are different 

from those of the precursors DAN and BTC. The disappearance of the 

peaks in the dried hydrogel 8 within the 2θ range of 7-10° corresponding 
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to DAN suggests the formation of a new material. The presence of a peak 

at 2θ of 6.43° (d = 1.37 nm) depicts the diameter of columnar aggregates 

of the molecular complexes, whereas the d spacing of 0.51 and 0.45 nm 

designate the intercolumnar distances.
[55-56]

 The π-π stacking interaction 

between the formed complexes is supported by the peak corresponding to 

the d spacing of 0.35 nm.
[57]

 The d spacing 0.25 nm indicates the 

formation of hydrogen bonding into the hydrogel.
[58-59]

 

5.4.4 Microscopic Study 

 

Figure 5.13. (a) SEM image of hydrogel 8 showing fibrillar bundle. (b) Fibrillar 

nanostructures were observed from TEM image of hydrogel 8. 

Morphological insight was investigated by the Scanning electron 

microscopy (SEM). The SEM image clearly shows the crosslinked fibriller 

network formation into the hydrogel 8 (Figure 5.13). Initially narrow 

fibers in width are formed. On higher order self-assembly it forms wider 

fibers. Transmission electron microscopy was performed for deeper 

understanding about the formed morphology. The transmission electron 

microscopy image shows nanotubular fiber formation in the hydrogel 8 

(Figure 5.13).  

5.4.5 Enzymatic reaction  

Previously, supramolecular system was used as a template for enzymatic 

reactions.
[60]

 The enzymes either entrap into the crosslinked fibriller 
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network or into the formed nanostructures.
[61]

 In both the cases, the 

entrapped enzymes shows excellent activity.  

 

Figure 5.14. (a) showing the substrate chosen for the tyrosinase catalyzed DOPA 

formation. (b) shows the detailed mechanistic aspect of tyrosinase enzyme 

activity on tyrosine functionalized peptide. Which shows dopaquinone formation 

and further origomerization occurs to form melanin. (c) Tyrosinase selectively 

forms L-DOPA functinalized peptide and no further oxidation occurs to form 

dopaquinone in hydrogel 8.  

Here, enzymatic reaction was carried out into the bicomponent co-

assembled hydrogel. The hydrogel was not affected by the formation of L-

DOPA from tyrosinase. The product conversion (%) was monitored by 

high performance liquid chromatography (HPLC). The previous methods 

with inhibitor molecule (ascorbic acid) shows less conversion of L-DOPA 

with less selectivity and also formation of oxidized dopaquinone is another 

problem (Figure 5.14).
[63]

 The conversion for L-DOPA from Y was 95% 

whereas in FY peptide the product F-(L)-DOPA conversion was 84% 

(Figure 5.15). In hydrogel after completion of the reaction oxidized peak 

was not observed from HPLC chromatogram (Figure 5.16). The HPLC 

chromatogram shows only a new peak formation at lower retention time in 
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comparison to Y and FY. No other product was formed in the hydrogel 

medium.  

 

Figure 5.15. (a) Shows optical images of Y in buffer before (colourless) and after 

the reaction (dark brown). (b) Optical images of DAN-BTC hydrogel showing no 

color change before and after the conversion of L-DOPA from tyrosine. (c) 

Conversion of L-DOPA from tyrosine in hydrogel observed by HPLC 

chromatogram. (d) Optical images of FY in buffer solution before and after the 

reaction showing significant color change due to oxidation and oligomerization 

of DOPA (e) Optical images of DAN-BTC hydrogel showing no color change 

before and after the conversion of F-(L)-DOPA from FY. (f) Conversion of F-(L)-

DOPA from FY in hydrogel observed by HPLC chromatogram. 

The ESI mass spectrometry data confirmed the formation of a new peak 

having the mass (m/z) of [M-H]
-
 is 196.1 (Figure 5.17) corresponding to 

L-DOPA and [M+K]
+
 383.1512 (Figure 5.18) due to the formation of F-

(L)-DOPA. The whole reaction was completed in a short time range of six 

hours. In both the cases, the selective formation of L-DOPA in the 

hydrogel medium is confirmed.  
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Figure 5.16. HPLC chromatogram of the formation of L-DOPA in hydrogel. 

 

Figure 5.17. Mass spectrum of L-DOPA synthesized in hydrogel medium. 

 

Figure 5.18. Mass spectrum of F-(L)-DOPA synthesized in hydrogel medium. 

5.5 Conclusion 

In conclusion, we have successfully integrated small amphiphilic 

molecules 1,5-DAN and BTC to obtain a self-supporting hydrogel. Small 

molecular building blocks co-assemble through hydrogen bonding and π-π 

stacking interaction. The FT-IR spectroscopy and PXRD analysis account 
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for the detail mechanism of the cooperative self-assembly. The co-

assembled hydrogel is strong enough to hold tyrosinase enzyme within the 

crosslinked fibriller network. Y and FY were immobilized into the 

hydrogel to obtain L-DOPA and peptide F-(L)-DOPA. This method is very 

efficient to produce L-DOPA in the gel medium with an excellent 

conversion (95% for L-DOPA and 84% for F-(L)-DOPA). This hydrogel 

helps to form tyrosine to L-DOPA without the formation of dopaquinone 

and other higher oligomeric fragments directly in peptide with an easy 

separation technique within a short time range.   
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6.1 General Conclusions 

The thesis work embodies integration of bicomponent systems to achieve 

controlled co-assembly and gelation. The bicomponent co-assembled 

hydrogels exhibit distinguished mechanical property, controlled 

nanostructures in gel state.
[1-4]

 The formed supramolecular gels are very 

labile to the exposure of chemical as well as physical stimuli such as pH, 

sonication and light.
[5-7]

 Thus the tuning ability was used to explore the 

nanoarchitectural diversity.
[8-9]

 In this thesis, we have exploited the co-

assembly of several amphiphilic building blocks. Specific as well as 

random co-assembly process was used to develop self-supporting 

supramolecular gel by traditional N-terminal protected amphiphiles, 

bolaamphiphiles and discotic amphiphile. The co-assembled molecular 

gels were also utilized for biocatalytic reactions. 

Chapter 1 described the general introduction to the co-assembly of various 

amphiphilic molecules, formed nanoarchitectures in the gel medium and 

applications of the co-assembled nanostructures. 

Chapter 2 demonstrated blue light emitting self-healable GQDs embedded 

Amoc capped aromatic amino acid based hydrogels at physiological pH. 

Aromatic Amoc amino acids based hydrogels formed nanofibrillar 

networks. Morphological changes of hydrogel 1 and 2 were observed due 

to the change in gelator structure and the random co-assembly of GQDs in 

the 3D network of gels. Hydroxyl group in tyrosine affects significantly to 

the mechanical property of the hydrogel. Aromatic π–π stacking 

interactions within GQDs and Amoc amino acids and hydrogen bonding 

interactions are the driving force to stabilize the GQDs by the nanofibrillar 

networks. Fluorescence quenching reveals strong π-π stacking interactions
 

within GQDs and Amoc-amino acids. GQDs embedded Amoc-amino 

acids based hydrogels afford thixotropic in nature. The hydrogel 

composites of Amoc-F-OH and GQDs deliver excellent entropy driven 
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self-healable behavior, which can be used in drug delivery, tissue 

engineering and cell damage repairing in biological systems in future. 

Chapter 3 depicted the development of bicomponent hydrogels with 

controlled right-handed and left-handed twisted fibers. L-leucine based 

bolaamphiphile co-assembled to form hydrogel. The overall chiral sense 

of D/L-tartaric acid was transferred to bolaamphile and nucleation of small 

chiral unit takes place to control the supramolecular chirality. This 

nucleation has taken place via the co-assembly of D/L-tartaric acid with 

the bolaamphiphile through an extensive hydrogen bonding interaction. 

The small nucleated helical unit again integrated to form narrow helical 

fibers. L-leucine based peptide bolaamphiphile and D/L-tartaric acid 

synergistically stabilize to form co-assembled hydrogels. The 

nanostructures from sphere to desired left-handed and right-handed 

nanofibers were successfully tuned in hydrogel state.  

Chapter 4 revealed the development of different linear and discotic 

amphiphile based bicomponent systems with tunable nanostructures and 

pore sizes. The pores formed by molecular complexes traps a large amount 

of immiscible water and organic solvents to form emulsion-gels. 

Molecular complexes were co-assembled to form emulsion-gels through J-

type aggregation. The emulsion-gels are able to produce esters and the 

porous architectures in emulsion-gel act as a template for lipase-catalyzed 

inclusion of gastrodigenin. Larger pore size (tpeb-BDC) permits enzyme 

molecules to insert into the cavity whereas small pores resist the large 

enzyme to come into the smaller cavity (tpeb-BTC). As a result, the 

enzyme functions on the surface of the smaller porous nanostructures. The 

enzyme lipase fits into the larger cavity and larger surface area of porous 

SONs of tpeb-BDC to yield the terephthalate diester with an excellent 

conversion. Enzymatic esterification reaction leads to the breakdown of 

the emulsion-gel tpeb-BDC into two phases and phase separation permits 

for the recyclability of the pyridyl amphiphile.  
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Chapter 5 describes small molecular building blocks co-assemble to 

produce self-supporting hydrogel through hydrogen bonding and π-π 

stacking interaction. The co-assembled hydrogel is strong enough to hold 

tyrosinase enzyme within the crosslinked fibriller network. Y and FY were 

immobilized into the hydrogel to obtain L-DOPA and peptide F-(L)-

DOPA. This method is very efficient to produce L-DOPA in the gel 

medium with an excellent conversion (95% for L-DOPA and 84% for F-

(L)-DOPA). This hydrogel helps to form tyrosine to L-DOPA without the 

formation of dopaquinone and other higher oligomeric fragments directly 

in peptide with an easy separation technique within a short time range.   

6.2 Perspectives 

The bicomponent system could merge in several ways such as self-sorting, 

covalent conjugation and co-assembly to produce self-supporting gels. 

Nevertheless, the mechanical, physical and chemical properties of the co-

assembled gel are very easy to tune as two components combine through 

the non-covalent interactions. Multiple stimuli i.e. pH, light or sonication 

could be used to tune the properties of the co-assembled gels. Finally, co-

assembled gel has gained interest for various potential applications 

including drug delivery and 3D cell culture. Amphiphilic molecules are 

the building blocks for the self-assembly process to generate distinct 

nanostructures. These amphiphilic building blocks are perfect for 

designing self-assembled gels through hydrogen bonding and π–π stacking 

interactions. Meanwhile, integration of two amphiphilic molecules in a 

same pot could provide co-assembled supramolecular gels. There are 

countless scopes of such co-assembled systems to exploit the soft 

biomaterials. The complementary chemical functionality of two 

amphiphile can be varied to tune the co-assembly behavior of the 

composite. The bicomponent co-assembly approach was found to be 

appropriate to tune the mechanical,
[10]

 photophysical
[11]

 or chemical 

properties.
[12]

 These co-assembled materials are highly active in tuning the 
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nanostructural morphology. Therefore the co-assembly study could help to 

study the complexity of natural systems such as cellular machinery.  

Recently there is a tremendous interest to develop hydrogels through co-

assembly having excellent catalytic activity for multistep reaction as well 

as used as a template for complex reactions. We have reported co-

assembled emulsion-gel having controlled supramolecular organic 

nanostructure shows excellent recyclable lipase catalyzed inclusion of 

gastrodigenin. The co-assembled system helps to tune the nanostructures. 

Therefore, it would apply to study the amyloid fibril inhibition through co-

assembly by adding complementary foreign substances. The 

biocompatible co-assembled hydrogels also have potential applications in 

biotechnology i.e. tissue engineering, cell culture etc.  
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