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PREFACE 

 
The thesis entitled “Cyclic Dipeptide and Silk Fibroin-based (Bio)materials and 

Their Applications” is divided into six chapters. 

  
Chapter 1 introduces the general structure and functions of natural peptides and 

proteins. An overview of the recent developments and potential applications of 

peptide and protein-based systems for material, biomedical applications is 

presented. The major emphasis is given to the design strategies utilized for the 

development of cyclic dipeptide, silk fibroin-based systems for material, biomedical 

and tissue engineering applications. 

           Chapter 2 presents the molecular design strategy, synthesis and 

hydrogelation properties of cyclic dipeptides (CDPs).  Chapter 2.1 deals with the 

synthesis and hydrogen bond directed self-assembly of cyclo(Gly-L-Lys) with ε-

amino group functionalized using aliphatic (tert-butyloxycarbonyl) and aromatic 

(fluorenylmethoxy carbonyl) moieties into low molecular weight organo- and 

hydrogels. The detailed study emphasized the significance of secondary interactions 

in driving the molecular gelation and crucial role of aromatic π-π interactions in 

facilitating the hydrogelation of designed CDPs. The potential application of CDP gels 

for drug and dye loading is presented.  Chapter 2.2 presents a rational design 

strategy for the development of ambidextrous CDP supergelators and in situ 

hydrogelation under physiological conditions. Detailed CDP structure-gelation 

studies revealed the significance of tert-butyloxycarbonyl group in driving the 

gelation through attractive van der Waals interaction. Cyclo(L-Phe-L-Glu(OtBu)) 

forms hydrogels in situ, in phosphate buffered saline (PBS), when injected from its 
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N-methyl-2-pyrrolidone (NMP) solutions. The potential of non-cytotoxic cyclo(Phe-

Glu(OtBu) for possible parenteral drug delivery applications is demonstrated 

through in situ hydrogelation in presence of incorporated anticancer molecule 

curcumin.  

 Chapter 3 presents molecular design strategy employed to understand and 

mimic the observed homochirality in nature. L-Lysine containing CDPs with varying 

chiral and achiral amino acids are employed as chiral auxiliaries for orchestrating 

the homochiral self-assembly of CDP functionalized napthalenediimides (NCDPs). 

NCDPs form a novel molecular platform to engineer chiral assembly of the synthetic 

small molecule through aromatic, hydrogen bonding interactions and influence of 

external stimuli. The detailed self-assembly study using NCDPs emphasized the 

significance of nature of chirality in CDP auxiliaries and decisive role played by 

solvent composition in modulating the helical self-assembly of chromophores, and in 

mastering the handedness of chiral assemblies. 

 Chapter 4 deals with the synthesis and applications designed CDPs 

containing proteinogenic and non-proteinogenic phenolic amino acids with strong 

radical scavenging properties. CDPs showed amino acid-dependent antioxidant 

properties along with good cytocompatibility in murine brain PC12 cells. 

Preliminary studies with amyloid beta (Aβ) indicated the potential of antioxidant 

CDPs to modulate the toxic aggregates. The strong antioxidant properties and ability 

to modulate the protein aggregates emphasizes their potential for biomedical 

applications. 

 Chapter 5 presents the design strategies for the development of electroactive 

and free radical scavenging biomaterial scaffold films and electrospun mats for 

skeletal muscle tissue engineering (SMTE) using silk fibroin (SF) protein. The 
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electroactive and free radical scavenging properties were imparted to the silk using 

naturally occurring biodegradable pigment melanin. The detailed studies using 

murine myoblasts (C2C12) highlighted the improved myoblast assembly and 

formation of aligned high aspect ratio myotubes on silk fibroin/melanin composite 

nanofibrous scaffolds. Thus, the potential application of silk fibroinmelanin 

composite electrospun mats as a bio-derived electroactive platform for proliferation 

and differentiation of myoblasts into myotubes for tissue engineering applications is 

demonstrated. 

 Chapter 6 deals with the development of surface functionalized silk fibroin 

films (SFFs) for adult stem cell differentiation applications. Surface functionalization 

of SFFs with laminin-β1 derived peptide (GYIGSR) sequence modulated the 

transdifferentiation of human mesenchymal stem cells (hMSC) into neuronal cells. 

The detailed studies including gene expression analysis for neuronal markers 

highlighted the potential application of surface functionalized SFFs as bio-derived, 

biomaterial scaffolds for stem cell differentiation. These silk-biomaterials will have 

implications in stem cell differentiation and regenerative therapy applications.  

 In summary, low molecular weight CDP derivatives were designed in a 

minimalistic rational design and employed for the preparation of molecular gels for 

drug delivery (Chapter 2), as chiral auxiliaries for homochiral helical assembly of 

naphthalenediimides (Chapter 3) and as antioxidant molecules for biomedical 

applications (Chapter 4). SF-based electroactive and antioxidant scaffolds were 

employed for skeletal muscle tissue engineering (Chapter 5) and surface 

functionalized SF films for directed transdifferentiation of hMSCs into neuron-like 

cells (Chapter 6).  
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1.1 Peptides and Proteins 

Polypeptides (peptides and proteins) are polymers of amino acids connected through 

amide bonds also referred as peptide bonds. Peptides and proteins are essential 

biomolecules with a wide range of biological functions necessary to maintain the normal 

physiology and growth of an organism. The essential functions carried out by peptides 

and proteins include but not limited to enzymatic catalysis, molecular recognition, ion or 

biomolecule transportation, hormonal activity, immunomodulation, radical scavenging, 

cytoskeleton and structural maintenance of the organism.
1-4

 The polypeptides are 

synthesized in living organisms through a multi-step process. Peptide biosynthesis begins 

with the transcription of genetic information coded in DNA to messenger RNA (mRNA), 

which is followed by the translation of information coded in mRNA into polypeptides 

with the help of ribosomal machinery.
2,4

 Ribosomal synthesis is the most common 

biosynthesis of peptides in nature and the majority of the peptides and proteins are 

produced through this translational process. There also exists non-ribosomal peptide 

synthesis (NRPS) which is facilitated by class of enzymes known as peptide synthetases 

(PSs) in an alternative pathway allowing the production of peptides without going 

through the translational process. NRPS mostly results in the production of indispensable 

secondary metabolites with few amino acid residues (2-50).
5-7

  

 The structure and functions of peptides and proteins solely depend on their amino 

acid composition. Amino acids are chemically aminoalkanoic acids with an amine (-NH2) 

and acid (-COOH) functionalities along with chemically diverse side chain at α-carbon 

(R) (Figure 1.1). There are twenty proteinogenic L-amino acids with varying 

physicochemical properties. Depending on the nature of side chain (R), proteinogenic 

amino acids are categorized as nonpolar (aliphatic and aromatic), polar (uncharged,  
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Figure 1.1 Classification and chemical structures of  20 proteinogenic amino acids. Amino acid 

three letter (blue) and single letter (red) codes are indicated in parenthesis. 

 

positively and negatively charged) R-group containing amino acids and the molecular 

structures are shown in Figure 1.1, along with their three letter and single letter codes.
1-4

 

 Proteins exhibit different levels of organization namely primary, secondary, 

tertiary and quaternary structures. The primary structure of a polypeptide is the sequence 

and composition of amino acids, which at large determines the next level of peptide chain 

organization. The secondary structure constitutes noncovalent interaction, especially 

hydrogen bond driven specifically ordered structures. The major secondary structures 
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observed are either α-helical structures that are stabilized by intramolecular hydrogen 

bonding or β-sheet structures that are stabilized by intra- and intermolecular hydrogen 

bonding along with other noncovalent interactions defined by the amino acid 

composition.
1-4

 The other less commonly observed secondary structures of peptides and 

proteins include turns and coils.
1-4,8

 The tertiary structure of polypeptides in functional 

proteins refers to the three-dimensional organization of polypeptide units driven by 

hydrophobic and hydrophilic interactions facilitating the packing of hydrophobic units of 

peptide chain inside the structure and exposing only hydrophilic groups on the surface. 

The quaternary structure of a protein represents the three-dimensional orientation of 

multi-subunit proteins or the multimeric association of individual proteins into a 

functional structure. The quaternary structure is stabilized by secondary interactions such 

as hydrophobic, electrostatic interactions, disulfide, and salt bridges.
1-4,8

  

 The subtle difference in the nature of noncovalent interactions defined by their 

amino acid composition directs the organization of proteins into globular and fibrous 

forms with varying biophysical properties. Globular proteins are polypeptides formed by 

about 1000 amino acids and are mainly involved in the cellular biochemical functions. 

Whereas the fibrous proteins are very high molecular weight (up to ~300000 kDa) 

polypeptides formed by few thousand of amino acids and are mostly associated with the 

structural maintenance.
2,9,10

 The intrinsic aggregation propensity of polypeptides is 

reflected in the formation of exceptionally marvel structures and materials such as silks 

under physiological conditions.
11-14

 On the other hand, misfolding and aggregation of 

polypeptides is responsible for pathological outcomes as seen in neurodegenerative 

disorders such as Alzheimer’s, Prion and Parkinson diseases.
15-19
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 Inspired by the diverse structure and functions of peptides and proteins, there is an 

increased interest in developing either natural or synthetic peptide-based materials for a 

wide range of material and biological applications. Peptide-based materials have been 

used for the development of therapeutics, templated synthesis of nanomaterials, drug 

delivery agents, biomaterials for tissue engineering and many other biomedical 

applications.
20-29

 The potential advantages of peptide-based materials over other 

biomolecules include, 

i. The large scale availability from renewable sources such as biomass and ease of 

large-scale production by genetic engineering or recombinant DNA 

nanotechnology and chemical synthesis. 

ii. Versatility to modify the structure and function through chemical synthesis.  

iii. Relative stability under ambient conditions as compared to other biomolecules, 

facilitating the ease of handling. 

iv. Inherent biocompatibility, biodegradability, and bioresorbability. 

v. Molecular recognition through noncovalent interactions. 

vi. Inherent aggregation propensity with the availability of diverse chemical 

functionalities with respect to amino acid composition, to modulate 

physicochemical and biological properties. 

vii. The possibility of processing peptides in aqueous and organic solvents into 

various physical formats including gels, films, nanofibres foams, porous systems 

and non-woven mats for various applications. 

 

 Peptidomimetics are the class of organic molecules that mimic a natural peptides 

structure and function and retains the ability to interact with a biological target and to 

produces the similar or sometimes better biological effect.
30-33

 Peptidomimetics 
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circumvents some of the limitations of peptides such as physiological enzymatic 

degradation and poor bioavailability. Peptidomimetics have been used as synthetic tools 

for drug discovery applications among other biomaterials applications. Apart from the 

superior biological activity, peptidomimetics such as foldamers help in understanding the 

fundamental phenomenon of peptide and protein folding into 3D compact structures 

orchestrated by noncovalent interactions. These foldamers have shown potential 

applications in understanding the natural peptide assembly and in designing the materials 

for biomedical applications.
34,35.

  

 

1.2 Self-assembly 

Self-assembly is the process of spontaneous organization of individual components into 

ordered structural and functional entities using attractive noncovalent interactions.
23

 

Nature employs self-assembly to orchestrate the elegant biological machinery which 

includes functional systems such as DNA double helical structure, quaternary structure of 

enzymes, ribosomes (the protein synthesizing complex) and biological structural entities 

such as cell membranes, cytoskeleton and triple helical structure of collagen and their 

biomineralized forms.
4,36,37

 The process of molecular self-assembly is driven by weak yet 

powerful and attractive secondary or noncovalent interactions such as hydrogen bonding, 

aromatic π-π interactions, van der Waals forces, electrostatic and ionic interactions.
37-40

 

The nature and outcome of the self-assembly process exclusively depend on the 

information encoded in the individual molecular building blocks i.e. molecular synthons 

or scaffolds. The self-assembly process and applications of the resulting structural or 

functional systems can be modulated by the judicious design of molecular synthons.
37
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 Nature judiciously engages biomolecules such as peptides, proteins, RNA, DNA, 

phospholipids and carbohydrates for the self-assembly to construct its functional systems 

and materials. On the other hand, synthetic organic and inorganic molecular building 

blocks have been utilized for the preparation of self-assembled systems having material 

and biological applications.
38-40

 Apart from organic molecular building blocks, peptides, 

and their derivatives are promising molecular synthons because of their inherent 

biological relevance to functional and pathological conditions.
22,23,41-46

 

 

1.3 Molecular Gels 

Low molecular weight gels (LMWGs) formed by the entrapment of liquids through self-

assembled three-dimensional (3D) networks of small organic molecules are an important 

class of soft materials.
47

 Unlike the polymeric gelators wherein high molecular weight 

macromolecules drives the gelation, the LMWGs are formed by noncovalent interaction-

driven self-assembly of designed small molecules. Ease of synthesis, wide range 

availability of chemical modification procedures and functionalities to tune the physical 

and chemical properties, makes small molecules promising gelators for both material and 

biomedical applications. Similarly, small peptide-based gelators are indispensable 

subgroup of organic molecular gelators for various material, biological and biomedical 

applications owing to their biological relevance, biocompatibility, tunable properties by 

the virtue of employing desired amino acids in the sequence.
48-57 

 Aromatic protecting groups such as fluorene (Fmoc) and naphthalene (Nap) in the 

N-terminus of peptides are used routinely to assist the intermolecular interactions in the 

form aromatic π-π attractions in addition to other noncovalent interactions to facilitate the 

organo- and hydrogelation. N-Terminal modified peptides and their derivatives have met 
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with reasonably good success, for applications such as synthesis of inorganic 

nanomaterials, drug delivery and as scaffolds for cell culture and tissue engineering. Ulijn 

et.al have pioneered the self-assembly of N-terminal Fmoc-(fluorenemethyloxy carbonyl) 

functionalized short peptide into stimuli-responsive molecular gels for material and 

biomedical applications.
20,58-60

 Supergelators are a class of LMWGs that comprises more 

than 99% of the liquid yet behaves as solids and are promising candidates for biomedical 

and tissue engineering applications because of their resemblance to in vivo extracellular 

matrix (ECM).
61

 

In situ forming, LMWGs are a special class of soft materials that are promising 

candidates for the parenteral administration of biologically important molecules and drug 

delivery with minimal invasion.
53 

The in situ formed gels acts as a local depot for the 

incorporated cargo and facilitates its controlled release because of the inherently dynamic 

nature of the molecular gels. Further, the delivery pattern can be tuned by modulating 

stimuli-responsive nature of the gelator. Leroux et.al have employed in situ gelation 

approach and successfully demonstrated the loading and delivery of drugs such as 

rivastigmine using amino acid derived organogels.
41,62-64

 

 

1.4 Cyclic Dipeptides 

Cyclic dipeptides (CDPs) are the smallest cyclic form of peptides containing a 6-

membered core heterocyclic lactam ring and are also known as 2,5-diketopiperazines 

(DKPs) (Figure 1.2). CDPs are secondary metabolites that are ubiquitously seen in nature 

ranging from bacteria to humans and they are conserved through the course of 

evolution.
65

 Cyclodipeptide synthases (CDPSs) and non-ribosomal peptide synthetases 

(NRPSs) carry out the biosynthesis of a number of unmodified and modified CDPs.
66,67

 

The commonly employed methods for the chemical synthesis of desired CDPs include the  



Chapter 1 
 

 

10 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 General chemical structure of CDP (A) and molecular structures of bioactive CDPs 

(B). R
1
, R

2
 in (A) represents the side chain R-group of proteinogenic or non-proteinogenic amino 

acids. 

 

condensation of individual amino acids either at high temperature in solid-state or under 

reflux conditions in solution for preparation of symmetric CDPs and intramolecular head-

to-tail cyclization of linear dipeptides for the preparation of both symmetric and 

asymmetric CDPs.
68-70

 CDPs and their derivatives obtained either from natural sources or 

chemical synthesis are an important class of active molecules with biological functions 

such as bacterial quorum sensing, antibacterial, antimicrobial, anticancer properties, 

neuroprotective functions and even developed as carriers of biologically active molecules 

across the blood-brain barrier (BBB).
71-74

  CDPs, unlike their linear counterparts, resist 

fast enzymatic degradation because of their rigid cyclic structure, which further augments 

the development of CDP-based systems for biomedical applications.
70,71
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 CDPs exhibit amino acid-dependent biological activity, which provides the 

opportunity to modulate their activity by judicious incorporation of desired amino acids 

into the structure. The most commonly observed amino acids in natural CDPs in both 

lower microorganisms such as bacteria with quorum sensing properties for 

communication and in human brain with anti-inflammatory and neuroprotective functions 

is L-proline.
70-74

 CDPs are considered as promising scaffolds for designing a variety of 

active compounds because of their unique biological properties and versatility of 

chemical modification. The general chemical structures of CDP, the bioactive cyclo(L-

Pro-L-His) along with their derivatives such as tadalafil, restobisan, epelsiban, aplaviroc 

and gliotoxin that are either commercialized or in different phases of clinical trials are 

shown in Figure 1.2. 

 Apart from the biological activity, CDPs are ideal candidates for engineering 

functional architectures through molecular self-assembly, because of their unique 

properties. CDPs are bestowed with molecular rigidity owing to the cyclic structure and 

superior hydrogen bonding ability i.e. presence of four hydrogen bonding sites (two donor 

and two acceptor) from two amide bonds, unlike only two hydrogen bonding sites (an 

acceptor and a donor) in corresponding linear dipeptide with one amide bond (Figure 

1.3A).
75,76

 Along with hydrogen bonding interactions, other noncovalent interactions that 

are useful for driving molecular self-assembly such as aromatic π-interactions, van der 

Waals forces, electrostatic and ionic interactions can be incorporated with ease by the 

choice of amino acid composition in the CDP. The versatile CDP molecular platform 

facilitates the self-assembly either by the formation of 1D molecular chains or 2D layers 

depending on the type of amino acids and the stereochemistry at -carbons (Figure 

1.3B,C).
68,69,77-79
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Figure 1.3 Molecular self-assembling patterns of CDPs. Hydrogen bonding propensity of linear 

dipeptide and CDP (A), a schematic representation of hydrogen bonded CDP molecular chains 

(B) and molecular layers (C). X and Y in (A) represent the protecting groups or extended 

structures. 

 

 The versatile molecular platform to harness requisite secondary interactions and a 

tendency to self-assemble, because of rigid cyclic structure and propensity to form 

hydrogen bond mediated self-assembled molecular chains and layers inspired the 

development of CDP-based systems for several applications. In one of the earliest reports 

on CDP-based molecular gels Hanabusa et.al have systematically studied the effect of 

alkyl side chain substitution to harden organic fluids.
80-82

 Further, they have developed 

ionogels from CDPs containing cationic side chains with promising applications in  
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Figure 1.4 Molecular structures and self-assembled nano- and mesostructures of CDPs. 

Molecular structure of cyclo(L-Phe-L-Phe) (A), photograph (B) and SEM image (C) of its self-

assembled hierarchical fiber bundles.  Reproduced with permission from reference 68. Molecular 

structure cyclo(L-Phg-L-Phg) (D), FESEM (E) and HRTEM (F) images of 2D nanosheets. Inset in 

(F) shows the shows layered hierarchy (upper) and amorphous nature (lower) of mesosheets. 

Molecular structure cyclo(L-Phg-D-Phg) (F), crystalline rhomboidal sheets (G) and Ortep 

diagram and molecular layers (H). Reproduced with permission from reference 69. 

 

energy storage.
83

 Feng et.al have developed a series of symmetric and asymmetric CDP-

based derivatives with a strong propensity to form ambidextrous supergelators for various 

biomedical applications.
84,85

 Further, CDP derivatives have been used for the 

development of soft materials, nanoarchitectures for biomedical and material 

applications, respectively.
86-88

  

 Our group reported the self-assembly of designed CDPs cyclo(L-Phe-L-Phe) and 

cyclo(D-Phe-D-Phe) into hierarchical fiber bundles and molecular gels in organic solvents 

(Figure 1.4A-C).
68

 The concept of fine tuning the formation of technologically important 
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hierarchical nanostructures i.e. biomimetic fiber bundles and molecular gels of CDPs 

containing phenylalanine would be useful in understanding the natural hierarchical 

architectures and developing self-assembled materials with a nanoscale order for material 

and biomedical applications. Further, diastereomeric CDPs of unnatural and simplest 

aromatic amino acid phenylglycine cyclo(L-Phg-L-Phg) and cyclo(D-Phg-D-Phg)  were 

designed and studied their stereochemical effects on the solution-phase self-assembly into 

two-dimensional (2D) nano- and mesosheets (Figure 1.4D-E).
69

 Further, the exfoliation of 

hierarchical meshosheets into nanosheets and star-like hierarchical structure under acidic 

conditions was demonstrated. The self-assembly is governed by solvent nature and 

formation of star-like hierarchical structures were observed in HFIP from cyclo(L-Phg-L-

Phg).
89

 The formation of large hierarchical rhomboidal amorphous mesosheets and single 

crystals from the simplest cyclo(D-Phg-L-Phg), highlights the crucial role of the 

stereochemistry of constituting amino acids, along with orthogonal aromatic and 

hydrogen bonding interactions in engineering the molecular architectures for various 

biomaterial and bionanotechnology applications (Figure 1.4F-H).
89,90

  

 Our group engineered the self-assembly of cyclo(L-Phg-L-Phg), cyclo(L-Phg-D-

Phg),  cyclo(L-Ala-L-Ala) and cyclo(L-Ala-D-Ala) into solid-state structures with 

exceptional mechanical properties.
88

 The crystallization of low molecular weight CDPs 

into structures with mechanical properties comparable and even better than those 

observed in nature with very high molecular weight such as silks and other man-made 

materials was achieved by simple evaporation of the corresponding CDP solutions from 

dichloromethane and methanol (v/v: 1:1). The homochiral stereochemistry in CDPs 

cyclo(L-Phg-L-Phg) and cyclo(L-Ala-L-Ala) favored the formation of 1D molecular 

chains and heterochiral stereochemistry in cyclo(L-Phg-D-Phg) and cyclo(L-Ala-D-Ala) 

facilitated the formation of 2D molecular layered arrangement (Figure 1.5), highlighting  
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Figure 1.5 Chemical structures, single crystalline self-assembled architectures and mechanical 

properties of CDPs. (A)-(D) molecular structures (E)-(H) optical microscope images of cyclo(L-

Phg-L-Phg), cyclo(L-Phg-D-Phg),  cyclo(L-Ala-L-Ala) and cyclo(L-Ala-D-Ala). Crystal packing 

structures of hydrogen bonded 1D chains of cyclo(L-Phg-L-Phg) (I), 2D layers of cyclo(L-Phg-D-

Phg) (J), 1D chains of cyclo(L-Ala-L-Ala) (K), 2D layers of cyclo(L-Ala-D-Ala) (L). Mechanical 

property comparison plot showing elastic modulus versus strength for CDPs with known strong 

materials (M). Reproduced with permission from reference 88.  
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Figure 1.6 Self-assembled CDP architectures. Evaporation-induced cyclization of 

diphenylalanine into cyclo(Phe-Phe) (A) and schematic representation of its self-assembly 

nanotubes. Tapes and spheres in (B) represent the linear and cyclic diphenylalanine respectively. 

Reproduced with permission from reference 93.  Amide N-substituted tryptophan CDP (C) 

self-assembly into spherical architectures. SEM images of spherical structures (D), (E). 

Reproduced with permission from reference 94. 

 

the crucial role of stereochemistry in controlling the molecular self-assembly. Cyclo(L-

Phg-D-Phg) with heterochiral Phg exhibited surpassing mechanical properties among the 

other CDPs owing to strong C-H--O, C-H--π and N-H--O interactions along with 

stereochemically controlled molecular packing with strong aromatic interactions. The 

simple solution processed CDPs showing exceptional mechanical properties demonstrate 

the potential of bioinspired design strategies in engineering the molecular self-assembled 

material for bionanotechnology and biomaterial applications.  

 Gazit et.al pioneered the self-assembly of short peptides into functional 

architectures.
91,92

 Evaporation of linear dipeptide H-L-Phe-L-Phe-OH at 220 ºC under 
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vacuum facilitated its intramolecular cyclization to CDP and in situ formation of 

micrometer long aligned and oriented nanotubes on the collector placed vertically above 

the heater (Figure 1.6A-C).
93

 Further, the aromatic phenyl groups and nanotextured 

surface resembling that of lotus leaf imparted the surfaces modified with nanotubes 

coating the hydrophobic property. These hydrophobic coatings of cyclo(L-Phe-L-Phe) 

nanotubes have used in the preparation of self-cleaning surfaces, and for tailoring the 

properties of microfluidic devices for diagnostic applications.
94

 Verma et.al have 

systematically studied the effect of substitution on CDP self-assembly both in solution 

and solid-state into 1D and 2D nanostructures. Interestingly, the CDP amide substitution 

facilitated the self-assembly of CDPs into spherical aggregates (Figure 1.6C-E).
94

 These 

results highlighted the crucial role of nature and position of substitution on CDP self-

assembly.
79

  

   

1.5 Silk Fibroin 

Silk fibroin (SF) is a high molecular weight (~400 kDa) fibrous protein produced by 

silkworms.
95,96

 Other than silkworms, silk proteins are secreted by members of 

Arthropoda include bees and spiders. Silks are produced inside the specialized glands in 

arthropods and each type of silk is characterized by specific amino acid sequence and 

composition. Territorial and cannibalistic nature of spiders limits the large-scale arability 

of spider silks for biomaterial applications.
97,98

 On the other hand, domesticated silkworm 

Bombyx mori (B. mori) silks are readily available in large scale from sericulture farms. 

Silk fibroin is natural biopolymers characterized by unique physicochemical properties 

including water stability, modular mechanical properties, and resistance to fast enzymatic 

degradation owing to the presence of high β-sheet content in the structure.
99,100

 Silkworm 

silk fibers have been used for centuries as textile fiber and suture material.  
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Figure 1.7 Structure and composition of silk fibroin (SF). (A) Segregated hydrophobic crystalline 

β-sheet and amorphous regions of SF. Blue dots in the structure indicate water molecules. 

Reproduced with permission from reference 100. (B) Chemically modifiable amino acids in the 

SF, threonine, serine, aspartic acid, glutamic acid and tyrosine.  

 

 The natural silk fibers produced by silkworms (B. mori) consist of two triangular 

crystalline silk fibroin (SF) strands glued together by an amorphous sericin protein. 

Sericin acts as an adhesive for SF strands and helps in maintaining the structure of 

cocoon, hence protects the silk moth inside from adverse environmental conditions. SF is 

extracted from silkworm cocoons and sericin which is believed to cause immunogenic 

response is removed during the process of SF extraction. Regenerated SF solutions from 

B. mori cocoons have been used for the fabrication of a variety of biomaterials with 

potential applications in tissue engineering and regenerative medicine.
101

 SF is bestowed 

with unique properties, which include biocompatibility, controlled proteolytic 

biodegradability, bioresorbability, modular mechanical properties and malleability into 

various physical formats. SF fibers are composed of β-sheet content arising from the anti-

parallel chains of the protein through hydrogen bonding. SF is a block-co-polymer 

consisting large hydrophobic crystalline domains interspaced with short hydrophilic  
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Figure 1.8 Preparation of regenerated silk fibroin solution, fabrication of biomaterial scaffolds 

and their functional applications. Reproduced with permission from reference 101.  

 

amorphous domains that facilitate the assembly of silk and confers the strength and 

resiliency to the natural silk fibers (Figure 1.7A).
99,100

  Apart from, providing structural 

hierarchy to the silk fibers, the hydrophilic domains are bestowed with functionalizable 

amino acids such as threonine, serine, aspartic acid, glutamic acid and tyrosine through 

diverse chemical modifications for requisite biomedical applications (Figure 1.7B).
102

 

Besides, the chemical modification the physicochemical and biological properties of SF 

can be modulated by simple physical mixing with desired materials.  
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Figure 1.9 General chemical structure of melanin showing conjugated aromatic structure along 

with catechol moieties. 

 

 The promising properties of SF have inspired the design of scaffolds for many 

materials and biological applications. Kaplan et.al have developed SF scaffolds for tissue 

engineering, regenerative medicine, storage and stabilization of sensitive biomolecules at 

room temperature and for biophotonic and bioelectronic applications.
102.103

 More recently, 

SF has been used as an edible coating for the storage of perishable fruits.
104

 Han et.al 

have developed a simple way of producing the intrinsically colored and luminescent silk 

fibroin by feeding silkworms with dyes such as rhodamines, acridine orange, and 

fluorescein sodium along with mulberry leaves. These intrinsically colored and 

luminescent silks are promising candidates for textile and biological applications.
105,106

 

Regenerated SF either from natural silk fibers or genetically engineered silks have been 

used for the preparation of biomaterial scaffolds such as gels, films, non-woven fibers, 

porous sponges, 3D printed microfluidics (Figure 1.8).
101
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1.6 Melanins 

Melanins are naturally occurring polymeric pigments having functionalities responsible 

for structural coloration to protection from sunlight and radicals.
107

 Melanins are naturally 

synthesized by the organisms in a two-step enzyme catalyzed reactions. The first step 

involves the enzymatically-controlled oxidation of phenyl moieties from amino acids and 

in a second step, the oxidized intermediate undergoes uncontrolled oxidative 

polymerization resulting in the formation of melanins. Chemically, synthetic melanins are 

prepared by the oxidation of tyrosine followed by oxidative polymerization.
108

 Melanins 

are heterocyclic in nature and contain repeating units of 5,6-dihydroxyindole and 5,6-

dihydroxyindole-2-carboxylic acid, a general structure of melanin is shown in Figure 1.9. 

Melanins owing to their polyphenolic nature and presence of catechol groups are redox 

active and shows excellent free radical scavenging properties.
107

 Melanins are bestowed 

with electrical conducting property because of the oligomeric aromatic backbone and 

hydration dependent ionic conduction.
108-111 

Therefore, melanin is a promising material 

for the preparation of biomaterial scaffolds for tissues that respond to electrical stimuli 

and in bioelectronic applications, owing to its biocompatibility, biodegradability, and 

electroactive nature.
111

 

 

1.7 Helical Chirality 

Helical chirality is widely found in biological systems such as in DNA and proteins.
112-114

 

The helical conformations adopted by synthetic oligomers and polymers are pertinent to 

various applications, such as chiral recognition, asymmetric catalysis, chiral separation, 

and chiroptical switching.
115-117

 In recent times, helical chirality in self-assembled 

systems has attracted considerable interest due to the intrinsic dynamic nature of such 

materials and the ease with which their structural and functional properties may be tuned 
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compared to covalent polymers.
118-121

 Induction of helical chirality in self-assembled 

molecular polymers through structural variations at the molecular self-assembly level is 

challenging due to the interplay of multiple noncovalent interactions. In general, the 

noncovalent synthesis of self-assembled polymers can be modulated through external 

stimuli capable of influencing the mode of molecular self-assembly. In this context, 

literature reports suggest that helical handedness in a self-assembly system can be 

achieved by employing similar external stimuli and chiral auxiliaries.
122-123

 External 

stimuli such as temperature, light, solvent, and additives have been successfully used to 

control the chiral handedness of synthetic oligomers and polymers. Some of the 

successful reports on chiral modulation in noncovalent systems have dealt with solvent-

modulated chirality of merocyanines, squarine dyes, and benzenetricarboxylic acid 

assemblies.
124-126

 Faul et. al employed sugars as chiral auxiliaries for the self-assembly of 

perylenediimides into homochiral helical assemblies.
127 

Developing such systems using 

short peptides as chiral auxiliaries would aid in understanding the homochiral assemblies 

that exist in nature and for material applications as well. 

 

1.8 Antioxidants 

A critical amount of free radicals is essential to maintain certain biochemical functions 

under normal physiological conditions. However, the presence of excessive reactive 

radical species beyond the critical concentration that cannot be controlled by natural 

antioxidant mechanisms adversely affect almost every organ function and pose severe 

health problems.
128-133

 Oxidative stress due to excessive free radicals causes cellular and 

tissue damage leading to cancer, inflammatory bowel disease and responsible for various 

neurodegenerative disorders including Alzheimer’s disease (AD), Parkinson disease (PD), 

multiple sclerosis, amyotrophic lateral sclerosis (ALS).
134,135

 Among all the 
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neurodegenerative disorders, AD is the most common form of dementia epitomized by 

the progressive impairment of cognitive ability leading to death.
135

 AD is associated with 

the production of excessive reactive species by metal associated Aβ aggregates. The 

toxicity in AD is multifactorial and many in vitro studies on the disease models and 

clinical studies have demonstrated that Aβ aggregate-induced oxidative stress plays a key 

role in the loss of cognitive function and disease progression.
136

 Natural polyphenolic 

compounds such as non-flavonoid curcumin, resveratrol, tannic acid, melanins and 

flavonoid quercetin, epigallocatechin gallate (EGCG), silibinin and few synthetic 

polyphenolic compounds have been studied for modulating the oxidative stress associated 

toxicity in AD.
136

 The major problem associated with the existing natural or synthetic 

molecules for controlling oxidative stress in disease conditions such as AD is their limited 

bioavailability, blood-brain barrier (BBB) crossing ability along with other unwanted 

health effects. 

 

1.9 Tissue Engineering 

Tissue engineering (TE) is an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that can 

restore, maintain, or improve tissue function.
137

 The rapidly developing field of (TE) aims 

to regenerate damaged tissues by combining cells from the body with appropriate 

scaffolds known as biomaterials that function as templates for tissue growth or 

regeneration in the presence of suitable biochemical cues or signaling molecules. Cells, 

scaffolds, and signaling molecules together are considered as the TE triad.
137,138

 

 Biomaterial scaffold characteristics such as stiffness, wettability, topography, 

magnetic, and conducting properties along with soluble growth factors play a pivotal role 

in cellular adhesion, proliferation, and differentiation for tissue engineering (TE) 
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applications.
138

 Further, biomaterials with specific scaffold properties are required for the 

TE of specific tissues. Developing scaffolds for soft tissue regeneration is more 

challenging because of the unique properties of corresponding extracellular matrix (ECM) 

in the organism. Electroactive biomaterial scaffolds have drawn enormous attention in 

tissue engineering and regenerative medicine applications for tissues, whose functions are 

highly coordinated by endogenously generated electric fields (bioelectricity).
139,140

 

Cardiac myocytes, skeletal myoblasts, neurons, and osteoblasts are the examples of cells 

that respond to electric stimuli.
141

 Developing biomaterial scaffolds with preferred 

physical and chemical cues from peptides and proteins are very much in demand for 

tissue engineering and regenerative medicine owing to their unique biocompatibility and 

biodegradability.  

 

1.10 Objective  

Motivated by the unparalleled biological functions of natural peptides and proteins and 

potential applications of naturally derived and synthetically prepared peptide-based 

materials for various (bio)material applications, we have studied the (bio)material 

applications of designed small cyclic dipeptides (CDPs) and silk fibroin (SF) protein. 

Specifically, low molecular weight cyclic dipeptides and large molecular weight 

biopolymer silk were chosen to harness the differential potential of small peptides in 

biomimetic reductionistic approach and high molecular weight protein, in material 

fabrication for biomedical applications 

 In this thesis, CDP and SF based materials were prepared and explored their 

potential for various material and biomedical applications. CDP-based molecular gelators 

were designed for organic and aqueous solvents that are capable of entrapping 

biologically active molecules are presented in Chapter 2.1. Further, CDP ambidextrous 
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supergelators were developed through structure-gelation studies and in situ hydrogelation 

ability of CDPs with loaded drug molecules with potential applications for parenteral 

drug delivery are presented in Chapter 2.2. In chapter 3, CDPs were employed as chiral 

auxiliaries for the first time to orchestrate the homochiral helical assembly of functional 

aromatic molecules with relevance to the existence of homochiral biomolecules and their 

assemblies in nature. CDPs with antioxidant properties were developed from 

proteinogenic and non-proteinogenic phenolic amino acids, their applications for 

scavenging free radicals and the preliminary studies indicating the modulation of toxic 

protein aggregates are presented in Chapter 4. In Chapter 5, antioxidant and 

electroactive composite electrospun scaffolds were fabricated from the silk 

fibroin/melanin composite and successfully utilized for the in vitro skeletal muscle tissue 

engineering using murine myoblasts. In Chapter 6, surface functionalized smart SF films 

with laminin-derived short peptides were fabricated and successfully utilized as 

biomaterial platform for the directed transdifferentiation of human mesenchymal stem 

cells (hMSC) into neuron-like cells with potential applications in regenerative therapy. 
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Chapter 2.1 Hydrogen Bond Directed Self-Assembly of Designer Cyclic 

Dipeptide Derivatives: Gelation and Ordered Hierarchical 

Architectures 

 

2.1.1 Introduction 

In recent years, the scientific community has shown strong interest in the development of 

low molecular weight (LMW) organo- and hydrogelators as a class of soft materials.
1-4

 

The LMW gelators can be prepared with ease starting from easily accessible starting 

materials. Unlike in the case of high molecular weight polymeric gelators, wherein 

covalent bonding and large association constants are required for gelation, the LMW gels 

are formed by noncovalent interaction-driven self-assembly of designed small molecules. 

Noncovalent interactions such as hydrogen bonding, aromatic π–π interactions and van 

der Waals forces are mainly responsible for the self-assembly of small molecules.
5
 The 

self-assembled fibrillar structures then entangle the solvent molecules owing to high 

surface tension and capillary action and forms molecular gels.
6
 Temperature, light, 

enzymes, pH and shear force can be used as external stimuli for triggering the process of 

gelation.
7-14

 The LMW gels formed through supramolecular self-assembly are reversible, 

the property which makes them most interesting soft materials. The applications of 

LMWgels are vast and includes drug delivery, cell culture, templates for the synthesis and 

stabilization of inorganic nanomaterials.
15-22

 Among LMW gelators, small peptide-based 

gels are promising owing to their structural similarity with various beneficial biological 

materials as well as those implicated in disease states such as Alzheimer’s, Parkinson, 

type II diabetes and Prion diseases.
23-27

  

 The well-ordered hierarchical architectures are of great importance in the field of 

nanoscience owing to their numerous applications. The top-down approach, classic way 
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of preparing such architectures, limits the synthesis of ordered architectures in the case of 

organic molecules owing to their instability. A self-assembly based bottom-up approach 

for the synthesis of ordered microporous hierarchical architectures is increasingly 

attracting the interest of researchers owing to its ease of preparation and solution phase 

processing in comparison to the expensive and tedious procedures involved in top-down 

approaches. These ordered microporous structures will find potential applications as 

catalysts, microreactors, and scaffolds for tissue engineering.
28-30 

Despite the advantage of 

bottom-up approaches over top-down approaches, there are only a few reports available 

for the synthesis of regular hierarchical structures using small molecules and peptides in 

the literature.
31,32

 

 Amongst the peptide-based LMW gelators, dipeptide and cyclic dipeptide (CDP) 

derived molecules presents a class of efficient gelators for organic solvents, organic 

fluids, and ionic liquids.
6,33,34

 In particular, CDPs also familiar as diketopiperazines 

(DKP) are the smallest possible cyclic form of peptides and are known to form 

intermolecular hydrogen bonded molecular ladders and layers.
35-39

 CDPs are quite often 

observed in nature with a specific biological activity and in vitro CDPs are being 

exploited as antibiotics and asymmetric catalysts.
40-45

 The outstanding structural stability 

and resistance towards the proteolytic enzymes make them attractive materials for the 

preparation of soft materials. The molecular self-assembly CDPs was tuned into robust 

two-dimensional nano- and meso-sheets and one-dimensional fibre bundles with 

structural hierarchies similar to that of graphene and natural fibres respectively by the 

judicious choice of amino acid composition.
38,39

 Similar to any LMW gelators, 

noncovalent interactions are the main driving force behind the gelation using CDPs, 

which are further strengthened by their unique structural features. The rigid structure and 
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strong intermolecular interactions through hydrogen bonding among other noncovalent 

interactions enable CDPs to form ordered morphologies. 

 Herein, we have synthesized and studied the gelation of CDP 1 (cyclo(L-

Lys(tBoc)-Gly)) and CDP 2 (cyclo(L-Lys(Fmoc)-Gly)). The effect of side chain 

protection group (tBoc or Fmoc) in driving the organo- hydrogelation is studied. 

 

Scheme 2.1.1 Synthesis of CDPs 1 and 2. Reagents and conditions. (i) Fmoc-L-Lys(tBoc)-OH, 

EDC.HCl, HOBt, DIPEA, DCM, 0 ºC- RT, 5 h. (ii) 20% piperidine in DCM, RT, 24 h. (iii) TFA-

H2O (v/v, 1:1), TIPS, RT, 4 h. (iv) Fmoc-OSu, NaHCO3, 1,4-dioxane, H2O, 0 ºC-RT, 4 h. 

EDC.HCl = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride; HOBt = 1-

hydroxybenzotriazole; DIPEA = N,N-diisopropylethylamine; DCM = dichloromethane. TFA = 

trifluoroacetic acid, Fmoc-OSu = N-(9-fluorenylmethoxycarbonyloxy) succinimide; TIPS = 

triisopropylsialne, RT = room temperature. 

 

2.1.2 Results and Discussion 

2.1.2.1 Synthesis of CDPs 

CDP 1 is prepared by the robust method of solution phase linear dipeptide synthesis 

followed by cyclization using piperidine in dichloromethane. CDP 2 is prepared by 
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coupling N-(9-Fluorenylmethoxycarbonyloxy) succinimide (Fmoc-OSu) with CDP 1 after 

ε-amine deprotection. (Scheme 2.2.1). Chemical purity and integrity of the prepared 

peptides was evaluated using NMR, mass spectrometry, and elemental analysis. 

  

2.1.2.2 Gelation studies 

CDPs 1 and 2 form molecular gels through non-covalent secondary interaction driven 

self-assembly process. The gelation ability of CDPs in various organic- and aqueous 

solvents was studied by heating and cooling cycle through inversion tube method. 

Specifically, organo gelation was achieved by heating a specified amount of CDP 

dispersed in the solvent of interest in a closed vial at around 45-50 ºC and cooling the 

obtained clear solution to room temperature under ambient conditions. The ability of  

 

Table 2.1.1 Gelation test results of CDP 1 and 2.
a
 

Solvent Minimal Gelation Concentration (wt%) 

            CDP 1                  CDP 2 

Hexane              G (5.5)           I 

CCl4              G (4.4)           I 

Toluene              G (2.6)           G (3.2) 

CHCl3              G (3.2)           VL 

DMF              CS           CS 

H2O              CS           G (2.5) 

a
G: gel; CS: clear solution; I: insoluble; VL: viscous liquid 

 

CDPs 1 and 2 to form organogels was eventually determined qualitatively by inverting 

the vial upside down (inversion tube method). The absence of any solvent flow in the vial 

confirmed the formation of the organogel. Table 2.1.1 shows the minimum gelation  



CDP Molecular Gels 

 

43 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1 Photographs of CDP molecular gels and drug loading. CDP 1 in (A) carbon 

tetrachloride (4.4 wt%), (B) toluene (2.6 wt%), (C) chloroform (3.2 wt%), CDP 2 in (D) toluene 

(3.2 wt%), (E) water (2.5 wt%); (F) CDP 1 organogel in hexane (5.5 wt%), formed over a large 

area petri dish, lifted using a spatula. (G), (H) Rhodamine B and curcumin entrapped organogels 

of CDP 1 in chloroform under visible light and (I), (J) under UV light (λ = 365 nm). 

 

concentrations (MGCs) of CDPs in different solvents which were obtained through the 

inversion tube method and the corresponding gel images are shown in Figure 2.1.1 The 

organogels of CDP 1 in chloroform and other solvents were found to be stable for several 

weeks while that of CDP 2 only for few weeks. CDP 1 organogel in hexane was 

facilitated over a large area petri dish. The formed gel is mechanically stable and could be 

lifted using a spatula without any deformation or loss of structural integrity of the soft 

material (Figure 2.1.1F).  CDP 1 failed to form hydrogels under the studied experimental 

conditions, which is attributed to the absence of additional secondary interactions other 

than H-bonding. Interestingly, CDP 2 the structural analog of CDP 1 containing Fmoc-

group in place of Boc-group facilitated the formation of hydrogels at 2.5 wt% MGC. The 

formation of hydrogels selectively by CDP 2 is attributed to the presence of additional 
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aromatic interactions and highlights the significance of chemical structure of gelator for 

designing molecular gels. 

 

2.1.2.3 Dye and drug entrapment 

The potential of CDP gels for biomedical applications is demonstrated by the physical 

entrapment of biologically important dye, drug molecules rhodamine B and curcumin, 

respectively. The loading concentrations were optimized and CDP 1 containing 0.1 wt% 

of rhodamine B and curcumin was found to undergo gelation in chloroform, physically 

entrapping the dye and drug molecules as indicated by their visible and fluorescent colors 

(Figure 2.1.1G-J).  

 

 

 

Figure 2.1.2  Emission spectrum of CDP 2 in chloroform with increasing concentration (10 μM-

100 μM). Excitation wavelength (λex) is 310 nm. 

 

2.1.2.4 CDP 2 aggregation studies  

CDP 2 in its molecularly dissolved state (10 µM) in chloroform showed emission band 

(λmax) at 310 nm and a weak emission band at 460 nm when excited at 260 nm (Figure 

2.1.2). The fluorescence emission band at 310 nm red-shifted (15 nm) and the intensity  
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Figure 2.1.3 Microscopy analysis of CDP self-assembly. FESEM images of xerogels of CDP 1 in 

(A) chloroform, (B) carbon tetrachloride, (C) hexane, (D) toluene, CDP 2 (E) toluene and (F) 

ordered microporous hierarchical arrays of CDP 2 in chloroform.  Inset in (D) shows bundled 

nanoribbon structures of CDP 1 in toluene. 

 

decreased gradually with a large enhancement at 460 nm as a function of concentration 

(10-100 µm). The emission peak at 460 nm is the characteristic excimer emission of the 

Fmoc-group along with the J-type aggregation which is an indication of strong 

intermolecular interaction.
46

  

 

2.1.2.5 FESEM analysis 

LMW gelators enable their molecular self-assembly into gels by the formation of 

nanofibres, nanoribbons or nanosheets. Insight into the morphology of self-assembled 

CDP organogelators in different solvents was obtained by field emission scanning 

electron microscopy (FESEM) analysis. The xerogel of CDP 1 in chloroform revealed the 

presence of an entangled network of nanofibers having a diameter of a few nanometers 

and extending to >100 µm in length (Figure 2.1.3A). The xerogel morphology of CDP 1 
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in carbon tetrachloride, hexane and toluene were found to be nanoribbons extending to 

>100 µm length scale (Figure 2.1.3B-D). The nanoribbons were very closely entangled 

and formation of bundled structures was observed in the case of CDP 1 toluene xerogel 

(inset, Figure 2.1.3D) The xerogel morphology of CDP 2 in toluene showed the presence 

of tightly packed nanofibers (Figure 2.1.3E). FESEM analysis of self-assembled 

structures of CDP 2 from chloroform (100 µM) showed a uniform distribution of 

microporous hierarchical architectures (Figure 2.1.3F). The ordered microporous 

hierarchical structures observed in FESEM analysis were of 1-2 µm in size. The presence 

of nanostructural 3D networks in CDP xerogels elucidates the molecular self-assembly of 

CDPs at micro scale resulting in the formation of macroscopic organogels. The formation 

of hierarchical architectures by CDP 2 in chloroform further corroborates the strong 

intermolecular aromatic interaction leading to the excimer-like emission (Figure 2.1.2). 

 

2.1.2.5 NMR studies 

The crucial role of hydrogen bonding and aromatic π-π interactions in the formation of 

network of self-assembled nanostructures leading to the formation of organogels was 

validated by concentration and temperature dependent 
1
H NMR studies of CDPs.

6,47
 

1
H 

NMR spectra of CDP 1 recorded at 298 K with varying concentrations (3.5 to 56.0 mM) 

in deuterated dimethyl sulfoxide (DMSO-d6) showed linear downfield shift of amide and 

carbamate protons (Figure 2.1.4A). Such downfield shift of protons with an increase in 

concentration is a clear evidence of intermolecular hydrogen bonding between CDP units. 

CDP 1 forms a molecular ladder through amide-protons (-NH
1
 and -NH

2
) and amide-

carbonyls via a pair of intermolecular hydrogen bonding to two of its neighbors. (Figure 

2.1.5) Similarly, carbamate-proton (-NH
3
) and carbamate-carbonyl were involved in the 

formation of another linear chain of single intermolecular hydrogen bonding. 
1
H NMR  
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Figure 2.1.4 NMR studies of CDP 1. (A) Concentration dependant 
1
H NMR spectra of CDP 1 in 

DMSO-d6 at 298 K and (B) Temperature dependent 
1
H NMR spectra of CDP 1 in DMSO-d6.  i: 

3.5 mM, ii: 9.8 mM, iii: 21.7 mM, iv: 33.6 mM , v: 56.0 mM; I: 298 K, II: 303 K, III: 313 K, IV: 

323 K. 

 

spectra of CDP 1 (56.0 mM) recorded as a function of temperature (298 K to 323 K) 

showed an overall upfield shift of 0.12 ppm for amide protons (Figure 2.1.4B). Such an  
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Figure 2.1.5 Pictorial representation of hydrogen bond directed self-assembly of CDP 1 into 

nanofibres which subsequently form organogels. 

 

upfield shift of amide protons was attributed to the weakening of intermolecular hydrogen 

bonding at high temperatures. Thus, the observed downfield and upfield shift of amide- 

and carbamate-protons with an increase in concentration and temperature respectively, 

strongly support the presence of intermolecular hydrogen bonding and its role in the self-

assembly of CDP 1 to form supramolecular nanostructures (Figure 2.1.3A-D).  

 Similarly, concentration-dependent 
1
H NMR spectra of CDP 2 (2.9-24.5 mM) 

were recorded at 298 K. Splitting and downfield shifts of amide- and aromatic protons 

(Fmoc-) of CDP 2 with increasing concentration was observed (Figure 2.1.6A). The 

downfield shift of amide protons (0.03 ppm and 0.01 ppm) as a function of concentration 

was attributed to the presence of strong intermolecular hydrogen bonding. The splitting of 

Fmoc-protons, as indicated in Figure 2.1.6A, was attributed to the presence of strong  
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Figure 2.1.6 NMR studies of CDP 2. (A) Concentration dependent 
1
H NMR spectra of CDP 2 in 

DMSO-d6 at 298 K and (B) temperature dependent 
1
H NMR spectra of CDP 2 in DMSO-d6.  i: 

2.9 mM, ii: 4.9 mM, iii: 7.6 mM, iv: 12.0 mM, v: 24.5 mM vi: 24.5 mM of CDP 2 after one day 

aging. I: 298K, II: 303 K, III: 313 K, IV: 323 K, V: 333 K. 
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aromatic π-π interactions. Interestingly, a doublet (2H, 7.66-7.69 ppm) appeared for two 

aromatic protons of Fmoc-functionality as depicted in Figure 2.1.6A split into two 

separate doublets for each proton along with the doublet corresponding to one of the 

protons being downfield shifted from 7.67-7.69 to 7.83-7.85 ppm (H) at a 24.5 mM 

concentration of CDP 2 (Figure 2.1.6A(v)). Further, we observed the downfield shift and 

merging of the previously unaffected doublet with that of the already downfield shifted 

aromatic proton doublet after aging the NMR sample for one day (Figure 2.1.6A(vi)). 

This is an indication of time-dependent strengthening and stabilization of aromatic 

interactions. Furthermore, merging of the unaffected proton with an already downfield 

shifted proton after aging the sample clearly indicates the initial J-type aggregation 

followed by transformation towards excimer-like arrangement as indicated by the excimer 

emission of CDP 2 (Figure 2.1.2). The temperature dependent 
1
H NMR spectra recorded 

for CDP 2 (24.5 mM) from 298 K to 333 K showed an upfield shift of CDP core amide-

protons, and two of them merge with other upfield aromatic proton signals at 

temperatures 313 K (Figure 2.1.6B). Overall, the concentration and temperature 

dependent 
1
H NMR studies confirm the presence of strong intermolecular hydrogen 

bonding and aromatic π-π interactions and play a major role in the molecular self-

assembly of CDP 1 and 2. As shown in Figure 2.1.5, we propose a model for the self-

assembly of CDP 1 and subsequent formation of nanofibers. The hydrophobic Boc-group 

of CDP 1 is presumed to be the driving force for the organization of [-N-H--O] hydrogen 

bonded molecular chains into fibrillar structures. These self-assembled nano-fibrillar 

structures then entangle the solvent molecules owing to high surface tension and capillary 

action to form a nanofibrous network as found in the organogels.
6
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2.1.3 Conclusion 

In summary, we have demonstrated intermolecular hydrogen bond directed self-assembly 

of cyclic dipeptide derivatives CDP 1 and 2 into nanofibres, nanoribbons, and their 

subsequent gelation. Concentration and temperature dependent NMR studies clearly 

demonstrate the involvement of strong intermolecular hydrogen bonding and aromatic π-

π interactions in the molecular self-assembly of CDP 1 and 2. Aromatic and hydrogen 

bond interactions render the self-assembly of CDP 2 into an ordered microporous 

hierarchical architecture, which corresponds to excimer emission in chloroform. We have 

also demonstrated that organogels can be used to physically entrap dye and drug 

molecules such as rhodamine B and curcumin. The gels reported herein might have 

potential applications as entrapping agents, drug delivery systems and thermoresponsive 

soft materials for various (bio)material applications. 
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Chapter 2.2 Cyclic Dipeptide-based Ambidextrous Supergelators: 

Minimalistic Rational Design and In Situ Hydrogelation 

 

2.2.1 Introduction 

Low molecular weight gels (LMWGs) formed by the entrapment of liquids through self-

assembled three-dimensional (3D) networks of small organic molecules are important 

class of soft materials.
1
 Self-assembly of small molecules is driven by the weak, yet 

powerful noncovalent interactions such as hydrogen bonding, aromatic, electrostatic, 

attractive van der Waals and host-guest interactions.
48,49

 Ease of synthesis, wide range 

availability of chemical modification procedures and functionalities to tune the physical 

and chemical properties, makes small molecules promising gelators for both material and 

biomedical applications. Similarly, small peptide-based gelators are indispensable 

subgroup of organic molecular gelators for various material, biological and biomedical 

applications owing to their biological relevance, biocompatibility, tunable properties by 

the virtue of employing desired amino acids in the sequence.
50-54

 Aromatic protecting 

groups such as fluorene (Fmoc) and naphthalene (Nap) in the N-terminal of peptides are 

used routinely to assist the intermolecular interactions in the form aromatic π-π attractions 

in addition to other noncovalent interactions to facilitate the organo- and hydrogelation. 

N-Terminal modified peptides and their derivatives have met with reasonably good 

success, for applications such as synthesis of inorganic nanomaterials, drug delivery and 

as scaffolds for cell culture and tissue engineering.
55-59

 The dynamic and noncovalent 

nature of LMWGs offers flexibility to employ various physical and chemical stimuli to 

modulate the sol-gel transformation in a solvent of interest.
60-62

 Supergelators are a class 

of LMWGs that comprises more than 99% of the liquid yet behaves as solids and are 
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promising candidates for biomedical and tissue engineering applications because of their 

resemblance to in vivo extracellular matrix (ECM).
63,64

 

Small molecule or peptide supergelators that facilitate loading of biologically 

important molecules such as drugs and capable of forming in situ gels upon injection into 

the site of the requirement have attracted the attention of researchers on the account of 

their diverse applications.
16,65,66

 In situ forming LMWGs are special class of soft 

materials that are promising candidates for the parenteral administration of biologically 

important molecules and drug delivery with minimal invasion.
67-70 

The in situ formed gels 

acts as a local depot for the incorporated cargo and facilitates its controlled release 

because of the inherently dynamic nature of the molecular gels. Further, the delivery 

pattern can be tuned by modulating stimuli-responsive nature of gelator. Jean-Christophe 

Leroux and coworkers have used similar in situ gelation approach and successfully 

demonstrated the loading and delivery of drugs such as rivastigmine using amino acid 

derived organogels. In situ gelation was achieved by injecting the gelators from their 

organic solutions containing N-methyl-2-pyrrolidone (NMP), an FDA approved 

biocompatible solvent used for administration of leuprolide acetate through subcutaneous 

injection for the treatment of prostate and breast cancer.
71-73

 

Cyclic dipeptides (CDPs) are heterocyclic 2,5-diketopiperazines (DKPs), the 

smallest form of cyclic peptides formed mostly through head-to-tail intramolecular 

cyclization of the corresponding linear dipeptides.
74

 CDPs are ubiquitously found in 

nature ranging from bacteria to humans with diverse biological functions.
41,75,76

 CDPs are 

structurally rigid owing to their cyclic conformation and demonstrate resistance towards 

the enzymatic hydrolysis compared to their linear counterparts. The propensity to self-

assemble both in solution and solid-state through strong intermolecular hydrogen bonding 
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and other secondary interactions associated with the nature of amino acids incorporated 

makes the CDP molecules potential candidates in designing soft materials for numerous 

applications.
37,77,78

 CDP derivatives have successfully been used for the gelation of many 

organic and aqueous solvents by employing physical stimuli such as temperature, shear 

force and pH.
33,38,39,43,79-82

 We anticipated that CDPs owing to their unique physical and 

chemical properties can be used for the development of in situ gelation for parenteral 

administration of biologically important molecules. Herein, we have designed and 

synthesized four CDPs with variable chemical modifications and studied their gelation 

propensity in a range of solvents that include organic, aqueous and phosphate buffer 

saline (PBS) solutions at physiological conditions. Parameters such as minimum 

structural requirements for the gelation in both organic and aqueous media, ability to form 

in situ gelation when injected from the biocompatible solvent, entrapment of drug 

molecules were studied.  CDP gels were thoroughly characterized to understand the 

molecular mechanism inducing gelation, thermal stability, gel strength and 

biocompatibility using nuclear magnetic resonance (NMR) spectroscopy, gel melting 

temperature (Tg), rheology analysis and cytotoxicity with murine PC12. To the best of our 

knowledge, this is the first report showcasing the ambidextrous supergelation propensity 

of CDPs with in situ gelation property at physiological pH and temperature. 

  

2.2.2 Results and Discussion 

2.2.2.1 Synthesis of CDPs 

CDPs 3 [cyclo(L-Tyr-L-Glu(OtBu))], 4 [cyclo(L-Phe-L-Glu(OtBu))], 5 [cyclo(L-Phe-L-

Asp(OtBu))] and 6 [cyclo(L-Leu-L-Glu(OtBu))] were prepared through the robust 

syntheses routes which invovled synthesis of Fmoc- protected linear dipeptide followed  
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Scheme 2.2.1 Synthesis of CDP 3. Reagents and conditions: (i) EDC.HCl, HOBt, DIPEA, DCM, 

0 ºC- RT, 5 h. (ii) 20% piperidine in DCM, RT, 12 h. (iii) TFA-H2O (v/v, 1:1), TIPS, RT, 4 h. 

EDC.HCl = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, HOBt = 1-

hydroxybenzotriazole, DIPEA = Diisopropylethylamine, DCM = dichloromethane, TFA = 

trifluoroacetic acid, RT = room temperature. 

 

 

 

 

 

 

 

 

Scheme 2.2.2 Synthesis of CDP 4. Reagents and conditions: (i) EDC.HCl, HOBt, DIPEA, DCM, 

0 ºC- RT, 5 h. (ii) 20% piperidine in DCM, RT, 12 h. (iii) TFA-H2O (v/v; 1:1), TIPS, RT, 4 h. 
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Scheme 2.2.3 Synthesis of CDP 5. Reagents and conditions: (i) EDC.HCl, HOBt, DIPEA, DCM, 

0 ºC- RT, 5 h. (ii) 20% piperidine in DCM, RT, 12 h. (iii) TFA-H2O (v/v; 1:1), TIPS, RT, 4 h. 

 

 

 

 

 

 

 

 

 

Scheme 2.2.4 Synthesis of CDP 6. Reagents and conditions: i) EDC.HCl, HOBt, DIPEA, DCM, 0 

ºC- RT, 5 h. ii) 20% piperidine in DCM, RT, 12 h. iii) TFA-H2O (v/v; 1:1), TIPS, RT, 4 h. 

 

by the cyclization of linear dipeptide into corresponding CDP using piperidine in 

dichloromethane (Scheme 2.2.4-2.2.6).
80,81

 The chemical purity and integrity of the 

prepared peptides and CDPs was evaluated using NMR, mass spectrometry, and 
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elemental analysis. CDPs 3 and 4 were designed based on the fact that aromatic amino 

acid derivatives facilitate the self-assembly to form injectable organogels.
71-73,80,81

 The 

other two CDPs 5 [cyclo(L-Phe-L-Asp(OtBu))] and 6 [cyclo(L-Leu-L-Glu(OtBu))] with 

varying amino acid composition were chosen to understand the significance of amino acid 

composition on the gelation propensity of  CDPs in organic and  aqueous solvents as well 

as in situ gelation ability under physiological conditions. Tertiary butyloxycarbonyl 

(tBoc) moiety was chosen for side chain protection of   L-glutamic acid (3, 4 and 6) and 

L-aspartic acid (CDP 5) owing to the ability of tertiary butyl group in driving molecular 

gelation of peptide derivatives.
80 

 

2.2.2.2 Gelation studies 

The gelation ability of CDPs in various organic- and aqueous solvents was studied by 

heating and cooling cycle through inversion tube method also known as table top 

rheology as explained in detail, in the experimental section.  CDP 3 showed ambidextrous 

gelation behavior and formed gels in both organic- and aqueous solvents at less than 1 

wt% gelator concentration (Table 2.2.1). The corresponding photographs of gels (inverted 

vials) are shown in Figure 2.2.1 (upper panel). Thus, CDP 3 behaves as supergelator 

(MGC <1 wt%), which infers that one molecule of CDP 3 entraps approximately 6500 

water molecules and results in the formation of hydrogels.  

 The gelation ability of CDPs 4, 5 and 6 was studied to probe the significance of 

each structural unit in driving the gelation. CDP 4 with L-phenylalanine and keeping all 

other functionalities same as CDP 3 is expected to provide insight into the significance of 

tyrosine (phenolic-OH group) for gelation. CDP 4 showed excellent gelation property 

similar to CDP 3 and formed gels in both organic- and aqueous solvents at gelator  
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 Table 2.2.1 Gelation properties of CDPs 3-6.
a  

 

 

 

 

 

 

 

 

 

 

 

a

TG - transparent gel; OG - opaque gel; tG - translucent gel; LG - loose gel; VL - viscous liquid; 

CS - clear solution; I - insoluble mass. Numbers in parentheses indicate the minimal gelation 

concentration (MGC, wt%). 

 

concentrations less than 1 wt%, qualifying it as a supergelator (Table 2.2.1). The 

photographs of inverted vials containing organo- and hydrogels of CDP 4 are shown in 

Figure 2.2.1 (lower panel). Similar gelation properties of CDP 3 and 4 revealed that 

phenolic –OH has a minimal role in driving the gelation. The significance of ethylene 

linker on the side chain of CDPs (CDP 3 and 4) was evaluated by carrying out the 

gelation studies of CDP 5 containing L-aspartic acid (methylene side chain) in place of L-

glutamic acid (ethylene side chain). CDP 5 was found to be poor gelator as it formed a  

 

 

Solvent 
 

 

Minimal Gelation Concentration (wt%) 

 

       CDP 3               CDP 4       CDP 5            CDP 6 

 

 

Toluene 

 

 

TG (0.4) 

 

TG (0.3) 

 

I 

 

 

TG (0.3) 

Chloroform 

 

TG (0.2) TG (0.3) CS 

 

CS 

Ethylacetate 

 

TG (0.2) TG (0.2) I VL 

Dichlomethane TG (0.2)  TG (0.3) I CS 

 

1,2-Dichloro benzene 

 

TG (0.1) 

 

TG (0.1) 

 

LG (4.6) 

 

TG (0.6) 

 

tert-BuOH 

 

 

TG (0.5) 

 

TG (0.4) 

 

I 

 

 

VL 

sec-BuOH 

 

TG (1.0) TG (0.3 ) I CS 

Acetonitrile 

 

TG (0.4) TG (0.4) I tG 

Glycerol (50%) tG (0.7) tG (0.4) I OG (1.3) 

 

H2O 

 

 

tG (0.3) 

 

OG (0.3) 

 

I 

 

OG (2.0) 

PBS (pH 7.4) OG (0.4) OG (0.5) VL OG (2.0) 
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Figure 2.2.1 Photographs of organo- and hydrogels of CDP 3 (upper panel) and CDP 4 (lower 

panel) at their minimal gelation concentration under ambient conditions. i: toluene, ii: chloroform, 

iii: ethylacetate, iv: dichloromethane, v: 1,2-dichlorobenzene, vi: tert-butanol, vii: sec-butanol, 

viii:  acetonitrile, ix: 50% glycerol, x:  water and xi: 1X phosphate-buffered  saline (PBS, pH 7.4). 

 

loose gel only with aromatic solvent 1,2-dichlorobenzene at a very high concentration (45 

mg/mL) (Table 2.2.1). Subsequently, we studied gelation propensity of CDP 6 with L-

leucine to probe the role of aromatic interactions (as in the case of CDP 3 and 4) in 

driving gelation. However, we kept the second amino acid (L-glutamic acid with Boc- 

protection) intact as in CDP 3 and 4. The studies revealed poor gelation properties of 

CDP 6 compared to CDP 3 and 4. However, CDP 6 showed relatively good gelation 

property compared to CDP 5 in terms of a number of solvents that can be gelled. CDP 6 

gelates selectively aromatic solvents at lower concentrations and aqueous solvents at 

relatively higher concentrations (Table 2.2.1). Nevertheless, the gels formed from CDP 6 

were found to be relatively less stable at ambient conditions. 
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Figure 2.2.2 Self-assembled nanostructures of CDPs. FESEM images of  CDP 3 xerogels in 

toluene (A), chloroform (B), water (C), CDP 4 xerogels in toluene (D), chloroform (E) and water 

(F). 

 

The gelation study described above exemplified the significance of ethylene linker as in 

L-glutamic acid in facilitating the formation of LMWGs from the CDPs (3, 4, 6). The 

gelation ability of CDPs was further improved by the presence of aromatic moiety in the 

second amino acid, as evident from the excellent gelation properties of CDP 3 and 4 

(Table 2.2.1) compared to CDP 6 which has aliphatic L-leucine. The Boc-deprotected 

CDPs with free carboxylic acid functionality (3a, 4a, 5a, and 6a; Scheme 2.2.1-2.2.4) 

were found to be non-gelators in both organic and aqueous solvents under the similar 

gelation conditions studied at physiological pH and temperature in agreement with the 

earlier reports from literature.
83,84

 Thus, we chose CDP 3 and 4 for further gel 

characterization, in situ gelation and cytocompatibility studies because of their 

ambidextrous supergelation properties. 
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2.2.2.3 FESEM analysis 

The self-assembled nanostructures of CDPs encapsulate solvent molecules to form 

molecular gels were visualized by field emission scanning electron microscopy (FESEM). 

Figure 2.2.2 show the FESEM images of CDP 3 and 4 xerogels from toluene, chloroform, 

and water. CDP 3 toluene xerogel showed the presence of bundled fiber assemblies with 

nanometer fiber diameter and length of several microns (Figure 2.2.2A). The 

morphological analysis of CDP 3 xerogels in chloroform and water revealed the presence 

of interpenetrated 3D network of nanofibers (Figure 2.2.2B,C). Similarly, CDP 4 xerogels 

from toluene, chloroform and water showcased the presence of entangled 3D nanofiber 

networks (Figure 2.2.2D-F). The presence of extended nanostructure network in xerogel 

samples confirmed the noncovalent interaction driven self-assembly of CDPs in organic 

and aqueous solvents.  

 

 

 

 

  

Figure 2.2.3 Thermal stability of CDP gels. Gel melting curves of CDP 3 (A), CDP 4 (B) 

organogels from chloroform and hydrogels at different concentrations. 

 

2.2.2.4 Thermal stability of CDP gels 

Thermal stability of CDP organogels (chloroform) and hydrogels (water) was evaluated 

by measuring the corresponding melting temperature (Tg) of gels prepared at various  
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Figure 2.2.4 Visco-elastic properties of CDP gels. Storage (G’) and loss modulus (G”) of CDP 3 

organogel (A) and hydrogel (B); CDP 4 organogel (C) and hydrogel (D). The frequency sweep 

measurements were carried at 1 wt% gel concentration and 0.1% strain under ambient conditions. 

 

gelation concentrations (Figure 2.2.3). A steady increase in Tg value with increase in CDP 

concentration was observed for both organo- and hydrogels of CDP 3 and 4, indicating 

the presence of strong intermolecular interactions. High Tg values for CDP gels 

ascertained the presence of strong attractive interactions of gelators with solvent 

molecules. 

 

2.2.2.5 Visco-elastic properties of CDP gels 

The visco-elastic properties and physical strength of organo- and hydrogels of CDP 3 and 

4 were evaluated by measuring the storage (G’) and loss modulus (G”) using oscillatory 

rheology measurements under ambient conditions. Frequency sweep experiments at 0.1%  
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Figure 2.2.5 NMR studies of CDP 3. Temperature dependent 
1
H NMR spectra of CDP 3 in 

DMSO-d6 at 57.4 mM concentration. I: 300 K, II: 310 K, III: 320 K, IV: 330 K, V: 340 K and VI: 

350 K. 

 

strain was conducted for 1 wt% CDP gels at room temperature. The storage modulus of 

CDP 3 organo- and hydrogels were found to be in the range of 10
4
-10

5
 Pa and were 

nearly one order greater than the corresponding loss modulus (Figure 2.2.4A, B). 

Similarly, organo- and hydrogels of CDP 4 exhibited one order higher G’ than G’’  

(Figure 2.2.4C, D). Overall, the viscoelastic measurements showed that G’ is greater than 

G” which confirmed the formation of strong CDP organo- and hydrogels. 

 

2.2.2.6 NMR studies 

The presence of strong intermolecular hydrogen bonding interactions, the major driving  
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Figure 2.2.6  NMR studies of CDP 4. Temperature dependent 
1
H NMR spectra of CDP 4 in 

DMSO-d6 at 31.9 mM concentration. I: 300 K, II: 310 K, III: 320 K, IV: 330 K, V: 340 K and VI: 

350 K. 

 

force for the self-assembly of CDPs was evaluated by the concentration and temperature-

dependent 
1
H NMR studies. 

1
H NMR spectra of CDP 3 recorded in DMSO-d6 at 300 K 

showed a marginal downfield shift of amide protons as a function of increased 

concentration from 3.18 to 28.7 mM (data not shown). The temperature-dependent 
1
H 

NMR spectra of CDP 3 (57.4 mM) recorded at 300, 310, 320, 330, 340, 350 K showed an 

upfield shift of amide protons from 8.10 ppm to 7.78 ppm ( = 0.31 ppm),  8.02 to 7.82 

ppm ( = 0.20 ppm) with an increase in temperature confirming the presence of strong 

intermolecular hydrogen bonding interactions (Figure 2.2.5). Similarly, amide protons of 

CDP 4 (31.8 mM) at 8.20 and 8.03 ppm upfield shifted to 7.90 ( = 0.30 ppm) and 7.83 

ppm ( = 0.20 ppm) respectively as a function of increased temperature from 300 K to 

350 K (Figure 2.2.6). Therefore, concentration and temperature dependent 
1
H NMR  
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Figure 2.2.7 Host-guest induced reversible gelation studies of CDP 4. Photographs of CDP 4 

hydrogel (0.5 wt%) (A), transformed to sol after β-CD (50 mol%) addition (B) and reformed gel 

after the addition of AC (50 mol%) (C). Schematic representation of non-covalent molecular 

interactions in CDP 4 hydrogel (D), β-CD induced gel disruption by the host-guest interaction of 

β-CD and CDP 4 (E) and reformation of the gel by the addition of AC a known competitor to 

form stronger host-guest complex with β-CD. β-CD: beta-cyclodextrin, AC: 1-adamantane 

carboxylic acid. 

 

spectroscopy analysis confirmed the presence of strong intermolecular hydrogen bonding 

in CDP 3 and 4. 

  

2.2.2.7 Host-guest interactions 

The significant contribution of tertiary butyloxycarbonyl (Boc) moiety in driving the CDP 

hydrogelation through van der Waals interactions alongside hydrogen bonding of the core 

lactam ring was evaluated by using β-cyclodextrin (β-CD) based host-guest chemistry 
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experiments. β-Cyclodextrin was chosen as host to encapsulate CDP Boc-moiety. β-CD 

encapsulates selectively Boc-moiety over benzyl group, and 1-adamantane carboxylic 

acid (AC) was selected as competing guest to release the Boc-moiety from the β-CD 

cavity.
85

 CDP 4 hydrogel (0.5 wt%) turned to sol upon the addition of β-CD (50 mol% of 

gel) and further attempts to convert it to gel were unsuccessful even after 24 h of 

incubation under the studied experimental conditions (Figure 2.2.7A, B). However, the 

hydrogel was effectively restored by the addition of competing guest such as AC (50 

mol% of gel), which can release the bound CDP 4 by replacing Boc-moiety encapsulated 

in the β-CD cavity and re-facilitating the self-assembly of CDPs followed by gelation 

(Figure 2.2.7C). The loss of gelation ability upon the addition of β-CD indicates the host-

guest complexation of CDP 4 with β-CD through the encapsulation of Boc-moiety in the 

β-CD cavity. This host-guest complexation was further confirmed by the recovery of 

gelation ability upon addition of competing guest AC to the sol as depicted in Figure 

2.2.7D-F). Overall, the β-CD-CDP 4 host-guest study confirmed the contribution of Boc-

moiety in driving the molecular gelation of CDPs (3 and 4) and further explains the 

inability of CDPs with free carboxylic acid groups (3a and 4a) to form molecular gels. 

  

2.2.2.8 In situ gelation studies 

The ability to form in situ gels was evaluated by studying the gelation of CDPs upon 

injecting their N-methyl-2-pyrrolidone (NMP) solutions into PBS (10 mM, pH 7.4, 37 

ºC).  NMP was chosen as the preferred solvent to dissolve the CDPs and for in situ 

gelation studies because of its proven biocompatibility (FDA approved) and established 

use in subcutaneous injection formulations (ELIGARD™).
71-73

 The concentration of 

CDPs in NMP was optimized to achieve in situ gelation upon injection into a vial 

containing PBS at 37 ºC. CDP 3 failed to form in situ gelation even at very high  
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Figure 2.2.8 In-situ gelation studies of CDP 4. Photographs showing the formation of (A-D) 

pristine and (E-H) curcumin loaded (10 wt% of CDP) hydrogels of CDP 4 (2.8 wt%) in PBS (10 

mM, pH 7.4, 37 ºC). 

 

concentrations studied. On the other hand, CDP 4 (2.8 wt% in NMP) instantaneously 

formed a gel upon injection into PBS solution using a commercially available syringe 

(Figure 2.2.8A-D), and the solid gel formed in solution was found to be stable for months 

under ambient conditions. The inability of CDP 3 to form gels in situ is attributed to the 

differential self-assembly patterns of peptides containing phenylalanine and tyrosine, 

because of the variation in electron density on the side chain aromatic group (-H on Phe; -

OH on Tyr).
86

 The possible application of CDP 4 for the parenteral administration of 

biologically important molecules was demonstrated by loading hydrophobic curcumin, an 

anticancer molecule and the propensity for in situ gelation was studied. As shown in 

Figure 2.2.8E-H curcumin (10 wt% of CDP) loaded CDP 4 instantaneously formed in situ  
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Figure 2.2.9 Cytocompatibility of CDP 4 studied in murine PC12 cells. MTT assay results 

showing % of viable cells treated with different concentration of CDP 4 for 24 h. All data points 

represent mean ± SD (n=3). MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 

 

gels in PBS solution upon injection. The ability of CDP 4 to form in situ gels alone and 

with loaded cargo (Figure 2.2.8A-H) highlighted its potential use for parenteral 

administration of drugs and biomolecules. The in situ formed gels may be employed as 

the local depot of drugs and biomolecules for their controlled and sustained long term 

release.  

 

2.2.2.9 Cytotoxicity study 

The cytocompatibility of CDP 4 was evaluated by mitochondrial activity 3(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in murine adrenal 

medulla derived PC12 (pheochromocytoma) cells. The metabolic activity of PC12 cells in 

presence of different concentrations of CDP 4 was assessed. Figure 2.2.9 show the results 

of cytotoxicity studies in PC12 cells treated with different concentration of CDP 4 after 

24 h in culture. The viability of cells treated with CDP 4 for 24 h was found to 

comparable to the untreated control cells (Figure 2.2.9). The PC12 cells treated with CDP 
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4 showed >95% viability and hence confirmed its cytocompatible nature. Thus, the 

cytotoxicity study has clearly demonstrated that CDP 4 is a potential candidate for the 

applications involving live cells. 

 

2.2.3 Conclusion 

In summary, CDPs were designed by the minimalistic rational approach to obtain low 

molecular weight organic gelators. The significance of each functional moiety of CDP in 

driving the gelation is demonstrated in a range of organic- and aqueous solvents through 

structure-gelation studies. CDP 3 and 4 with optimal structural units were found to be the 

best gelator molecules. The self-assembly of CDPs into nanofibrous networks resulted in 

the formation of molecular gels as shown by vial inversion gelation experiments and 

scanning electron microscopy study. Concentration and variable temperature-dependent 

1
H NMR studies were performed to demonstrate the presence of strong intermolecular 

hydrogen bonding which leads to the formation 3D network of nanofibers, which in turn 

encapsulates the solvent molecules to form a gel. The viscoelastic and thermal stability 

measurements asserted the formation stable organo- and hydrogels. Among all the CDPs, 

4 found to be the supergelator in both organic- and aqueous solvents with in situ 

hydrogelation ability. The cytocompatibility of supergelator CDP 4 was demonstrated 

using murine brain PC12 cells in vitro. The ability of a small molecule to form in situ gels 

upon injection from their organic solutions under physiological temperature and pH in 

case of CDPs was demonstrated with CDP 4. Further, we have successfully shown that 

bioactive molecules like curcumin can be loaded and used for in situ gelation, which is 

useful in creating local depots for long-term drug release. The ambidextrous supergelation 

and in situ hydrogelation ability of CDP 4 and associated good cytocompatibility may 

find potential applications in drug delivery and tissue engineering applications. This study 
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may inspire the design of injectable molecular supergelators for numerous biomedical 

applications.  

 

2.2.4 Experimental Section 

Materials. Fmoc-protected amino acids were obtained from Novabiochem, coupling 

reagents and other chemicals were obtained from Spectrochem India. All the solvents 

used for synthesis and gelation studies were spectroscopic grade and used as received 

from Spectrochem (India) without any further purification. Milli-Q water was used for 

extractions during synthesis, for gelation studies, and for the preparation of phosphate 

buffered saline (PBS) solutions. Thin Layer Chromatography (TLC) was performed using 

TLC Silica gel 60 F254 silica plates from Merck and visualization of the compounds was 

achieved using UV light (254 and 365 nm) and ninhydrin treatment. Purification of 

compounds by column chromatography was carried using 60-120 mesh Silica gel 

obtained from ACME chemicals.  

NMR spectroscopy. 
1
H and 

13
C NMR spectra were recorded on a Bruker AV-400 

spectrometer in CDCl3, DMSO-d6 or D2O at 300 K. Chemical shifts (δ) are reported in 

parts per million (ppm) with respect to residual solvent peak and coupling constant (J) 

values are reported in hertz (Hz). The multiplicity of NMR signal are represented as s = 

singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet and m = multiplet.  

NMR experiments. Concentration-dependent 
1
H NMR experiments of CDPs were 

performed by recording the NMR spectra with various defined concentrations of CDPs at 

300 K in DMSO-d6. Variable-temperature 
1
H NMR (VT-NMR) experiments for CDPs 

were performed at temperatures 300, 310, 320, 330, 340 and 350 K using DMSO-d6 as 

solvent at a specified concentration. 
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Elemental analysis. Elemental analysis of vacuum dried CDPs was carried out on a 

Thermo Scientific FLASH 2000 organic element analyzer. 

Mass spectrometry (MS). Mass spectra were obtained on a Bruker Ultraflex II MALDI-

TOF spectrometer and high resolution mass spectra (HRMS) were recorded on Agilent 

6538 UHD HRMS/Q-TOF spectrometer either in acetonitrile or methanol using positive 

ion electrospray ionization method. 

Absorption spectroscopy. UV-vis spectra were recorded on a Perkin Elmer Model 

Lambda 900 spectrophotometer. CDP solutions at specified concentrations were analyzed 

using a quartz cuvette of 10 mm path length under ambient conditions. 

Fluorescence spectroscopy. Fluorescence spectra were recorded on a Perkin Elmer 

Model LS 55 spectrophotometer. CDP solutions at specified concentrations were 

analyzed using a quartz cuvette of 10 mm path length with the mentioned excitation and 

emission wavelengths under ambient conditions. 

Preparation of CDP gels. CDP organogels were prepared using the heating-cooling 

method. Briefly, organogels of CDPs were prepared by dispersing the specified amount of 

CDP in one centimeter cube (1 mL) organic solvent and heated to get a clear solution. 

The obtained clear solution was cooled to room temperature under ambient conditions. 

The ability of CDPs to form gels was eventually determined qualitatively by inversion 

tube method. Upon the vial inversion, if there is no solvent flow under gravity the sample 

is assigned as a gel. Hydrogels were prepared by dissolving CDPs in DMSO (<10 vol%) 

at high concentration and then diluting to the required concentration using the aqueous 

solvents (water, PBS buffer, 50% glycerol). The obtained loose gels (semi-gels) were 

heated to get a clear solution and the resulting clear solution was allowed to cool to room 

temperature and the gelation was confirmed by inversion tube method.  
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Determination of minimal gelation concentration. Minimal gelation concentration 

(MGC) of organo- and hydrogels of CDPs were measured by preparing the gels at high 

concentration (1 wt%) and diluting the gels to a concentration where no gelation is 

observed through inversion tube method. 

Determination of gel melting temperature. The gel melting temperature (Tg) was 

measured for varying gel concentrations in organic (CHCl3) and aqueous (water) solvents 

using inversion tube method. Briefly, CDP organo-, hydrogel vials were immersed in a 

water bath and heated 5 min at each temperature measured and the temperature at which 

the gel started melting was assigned as its Tg, for each gel studied. It is to be noted that 

15-30 min of heating is required at Tg to completely convert the gel to sol.  

Rheology studies. The visco-elastic properties of CDP gels were characterized using 

oscillatory rheometry analysis. CDP gels (organo- and hydrogels) at 1 wt% gel 

concentration were placed in the gap between cone and plate of the rheometer (Anton 

Paar MCR 52)  and the amplitude sweep between 0.1 rad/sec to 100 rad/sec was carried 

out at a fixed amplitude of 0.1% under ambient conditions. 

Field emission scanning electron microscopy. Samples for field emission electron 

microscopy (FESEM) analysis were prepared by placing an aliquot of the CDP hot clear 

solution onto a clean, one side polished single crystalline silicon(111) surface, dried at 

ambient conditions overnight and then under vacuum before sample analysis. 

Microscopic imaging at nanoscale was carried out using FESEM, FEI Nova nanoSEM-

600 equipped with field emission gun operating at 5 kV. 

In situ gelation studies. CDP gelators from N-methyl-2-pyrrolidone (NMP) were 

injected into phosphate buffered saline (PBS; pH 7.4, 37 ºC) at indicated concentrations 

using commercially available, disposable syringes under ambient conditions. The 
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formation of solid (gel-like) mass was evaluated through visual inspection. Similarly, 

drug loaded in situ gelation was studied by using a physical mixing of curcumin (10 wt% 

of CDP) with CDP 4 in NMP. 

Cell culture. Murine adrenal medulla derived PC12 cells were used to evaluate the 

cytocompatibility of CDP 4. The cells from cryopreserved stock were revived and grown 

in complete growth medium containing Roswell Park Memorial Institute (RPMI, Gibco) 

1640 media supplemented with 10% heat-inactivated horse serum, 5% fetal bovine serum 

(Gibco), 1% antibiotic-antimycotic solution (Sigma). Cell cultures were maintained at 37 

ºC, 95% humidity and 5% CO2 using a humidified CO2 incubator and the culture media 

was changed every alternate day of culture. Cells were detached from the tissue culture 

flasks upon reaching 70-80% of the confluence using 0.05% trypsin-EDTA (Gibco) and 

harvested by neutralizing with the complete media and centrifugation at 1500 rpm for 5 

min. The cells were then subcultured for further use as required. 

Cell viability studies. The cytotoxicity of CDP 4 was evaluated by measuring the 

viability of PC12 cells treated with increasing concentrations (0-80 µM) for 24 h in 

culture. MTT interacts with mitochondria of live cells and the resulting change in the 

optical density give the number of live cells. Approximately l0
4
 cells/well were seeded 

into 96 well plate and incubated for 24 h in humidified CO2 incubator. 10% MTT 

(5mg/mL, Sigma) reagent was added and incubated for 3 h at 37 ºC. The purple colored 

formazan crystals formed were solubilized using high purity DMSO (Merck) and the 

intensity of color was measured by recording the optical density (570 nm with 690 nm 

reference) using a microplate reader (Infinite® 200 PRO, TECAN). The measured optical 

intensity of CDP 4 treated cells containing wells in comparison to the control wells 

received only complete media gives the percentage of cell viability. 
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Preparation of Fmoc-L-Lys(Boc)-Gly-OCH3 (1). Fmoc-L-Lys(tBoc)-OH (200.0 mg, 

0.42 mmol), hydroxybenzotrizole (68.0 mg, 0.51 mmol) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC. HCl; 98.0 mg, 0.51 mmol) were 

dissolved in dichloromethane (DCM; 8 mL) and cooled to 0 ºC. Glycine methyl ester 

hydrochloride (53.0 mg, 0.42 mmol) and N,N-diisopropylethylamine (DIPEA; 176.0 mg, 

1.36 mmol) were added and the reaction mixture was stirred at ice cold temperature for 1 

h and then at room temperature for 5 h. The reaction progress was monitored by thin layer 

chromatography (TLC). Reaction mixture was evaporated to dryness and extracted from 

dichloromethane, washed with water, dried over anhydrous sodium sulfate and purified 

using silicagel coloumn chromatography with MeOH/CHCl3 (v/v: 0.8/99.2) as eluent to 

obtain 1 in quantitative yield (218.0 mg, 92%). 
1
H NMR (CDCl3, 400 MHz) δppm 1.43 (s, 

3H), 1.50 (b, 4H), 1.70 (s, 3H), 1.88 (s, 1H), 3.10-3.11 (d, J = 5.2 Hz, 2H), 3.73 (s, 3H), 

4.03 (s, 2H), 4.19-4.22 (t, J = 6.4 Hz, 2H), 4.40 (s, 2H), 4.65 (s, 2H), 5.52 (s, 1H), 6.68 (s, 

1H), 7.28-7.32 (dt, J = 7.6 Hz, J = 0.8 Hz, 2H), 7.37-7.41 (t, J = 7.6 Hz, 2H), 7.58-7.59 

(d, J = 7.2 Hz, 2H), 7.75-7.76 (d, J = 7.6 Hz, 2H); 
13

C NMR (CDCl3, 100 MHz) δppm 

22.4, 28.5, 29.7, 32.0, 39.9, 41.2, 47.3, 52.5, 54.8, 67.2, 79.3, 120.1, 125.2, 127.2, 127.8, 

141.4, 143.9, 156.3, 170.1, 172.1. 

Preparation of cyclo(L-Lys(tBoc)-Gly) (CDP 1): The linear dipeptide Fmoc-L-

Lys(tBoc)-Gly-OCH3 (1) (200.0 mg, 0.37 mmol) was dissolved in piperidine-DCM (v/v, 

20:80, 6 mL) and stirred at room temperature for 24 h and the reaction progress was 

monitored by thin layer chromatography. Reaction mixture was evaporated to dryness and 

purified using silicagel coloumn chromatography with MeOH/CHCl3 (v/v: 1.6/98.4) as 

eluent to obtain CDP 1 in quantitative yield (65.0 mg, 62%). 
1
H NMR (DMSO-d6, 400 

MHz). δppm 1.20-1.33 (m, 4H), 1.36 (s, 9H), 1.59-168 (m, 2H), 2.86-2.91 (q, J = 2 Hz, 

2H), 3.62-3.79 (m, 3H), 6.74-6.77 (t, J = 4.8 Hz, 1H), 7.97 (s, 1H), 8.14 (s, 1H); 13C 
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NMR (DMSO-d6, 100 MHz) δppm 21.3, 28.2, 29.2, 32.4, 44.2, 54.0, 77.3, 166.6, 167.9; 

MALDI-TOF-MS = m/z 288. 39 [M+3H]
+
; Elemental analysis. Found: C 54.75, H 8.15, 

N 14.75, O 22.35; Calcd: C 54.72, H 8.12, N 14.73, O 22.43 for C13H23N3O4. 

Preparation of cyclo(L-Lys-Gly) (2). cyclo(L-Lys(tBoc)-Gly) (CDP 1) (100.0 mg, 0.35 

mmol) was dissolved in trifluoroacetic acid-water (TFA; v/v, 1:1, 6 mL) and catalytic 

amount of triisopropylsilane (TIPS) was added and the resulting reaction mixture was 

stirred at room temperature for 4 h. The reaction progress was monitored by thin layer 

chromatography. Reaction mixture was evaporated to dryness and co-evaporated with 

toluene to obtain 2 in quantitative yield (99.0 mg, 95%). 
1
H NMR (DMSO-d6, 400 MHz) 

δppm 1.27-1.490 (m, 2H), 1.50-1.62 (m, 2H), 1.63-1.74 (m, 2H), 3.66-3.80 (m, 3H), 7.74 

(s, 3H), 8.01 (s, 1H), 8.51 (s, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 20.9, 26.7, 32.1, 

43.6, 44.2, 53.8, 166.0, 167.8. 

Preparation of cyclo(L-Lys(Fmoc)-Gly) (CDP 2). Sodium hydrogen carbonate (56.0 

mg, 0.66 mmol) was added to cyclo(L-Lys-Gly) (2) (100.0 mg, 0.33 mmol) in water (5 

mL) and cooled to ice cold temperature. N-(9-Fluorenylmethoxycarbonyloxy) 

succinimide (Fmoc-OSu; 135.0 mg, 0.40 mmol) in 1,4-dioxane (5 mL) was added drop 

wise to the above solution over a period of 30 min under ice cold conditions. The 

resultant solution was stirred at 0 ºC for 30 min, then at room temperature for 4 h. 

Reaction progress was monitored by thin layer chromatography. The resultant solution 

was washed with ethylacetate thrice. Combined layers of ethylacetate were back extracted 

with saturated sodium hydrogen carbonate solution. Combined layers of sodium hydrogen 

carbonate, aqueous layers were combined and acidified to pH 1 using 10% HCl. The 

acidified solution was thrice extracted into ethylacetate, combined layers of ethylacetate 

were dried over anhydrous sodium sulfate evaporated to dryness and purified using 
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silicagel coloumn chromatography with MeOH/CHCl3 (v/v: 1.8/98.2) as eluent to obtain 

CDP 2 in quantitative yield (130.0 mg, 96%). 
1
H NMR (DMSO-d6, 400 MHz) δppm 1.23-

1.42 (m, 2H), 1.59-1.70 (m, 2H), 2.94-2.99 (q, J = 6.4 Hz), 3.64-3.81 (m, 3H), 4.19-4.22 

(t, J = 6.8 Hz, 1H), 4.28-4.30 (d, J = 6.8 Hz, 2H), 7.26-7.29 (t, J = 11.2 Hz, 1H), 7.31-

7.35 (dt, J = 7.6 Hz, J = 1.2Hz, 2H), 7.39-7.43 (t, J = 7.6 Hz, 2H), 7.67-7.69 (d, J = 7.2 

Hz), 7.88-7.89 (d, J = 7.6 Hz, 2H), 7.93 (s, 1H), 8.16 (s, 1H); 
13

C NMR (DMSO-d6, 100 

MHz) δppm 21.3, 29.0, 32.4, 44.2, 46.7, 54.0, 65.1, 120.1, 125.1, 127.0, 127.5, 140.7, 

143.9, 156.0, 166.1, 167.9 ; MALDI-TOF-MS = m/z 430.18 [M+Na]
+
, 446.16 [M+K]

+
. 

Elemental analysis. Found: C 67.78, H 6.12, N 10.28, O 15.82; Calcd: C 67.80, H 6.18, N 

10.31, O 15.71 for C23H25N3O4. 

Preparation of  Fmoc-L-Glu(OtBu)-L-Tyr-OCH3 (4). Fmoc-L-Glu(OtBu)-OH (1.0 g, 

2.4 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC. HCl; 

0.75 g, 3.8 mmol), hydroxybenzotrizole (HOBt; 0.52 g, 3.8 mmol) and  were dissolved in 

dichloromethane (40 mL) at  ice cold temperature. L-Tyrosine methyl ester hydrochloride 

(3) (0.6 g, 2.6 mmol) and N,N-diisopropylethylamine (DIPEA; 0.92 g, 7.1 mmol) were 

added and the reaction mixture was stirred at ice cold temperature for 1 h and then 

continued at room temperature for 4 h. TLC was used to check the progress of reaction. 

Reaction mixture was evaporated to dryness and residue was extracted from 

dichloromethane, washed with water, dried over anhydrous sodium sulphate. Solvent was 

evaporated under vacuum and the crude product was purified on silicagel column 

chromatography with  CH3OH/CHCl3 (v/v: 1.2/98.8) as eluent to obtain 4 as a white 

powder in moderate yield (0.71 g, 50%). 
1
H NMR (CDCl3, 400 MHz) δppm  1.44 (s, 9H), 

1.86-2.09 (m, 2H), 2.28-2.41 (m, 2H), 2.96-3.10 (m, 2H), 3.71 (s, 3H), 4.17-4.21 (m, 2H) 

4.30-4.40 (m, 2H) 4.76-4.81 (m, 1H), 5.48 (b, 1H), 5.68 (b, 1H), 6.64-6.67 (d, J = 8.4 Hz, 

2H), 6.82 (b, 1H), 6.93-6.95 (d, J =  8.04 Hz, 2H), 7.28-7.32 (t, J = 7. 44 Hz, 2H), 7.37-
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7.41 (t, J = 7.4 Hz, 2H), 7.57-7.58 (m, 2H), 7.75-7.76 (d, J = 7.6 Hz, 2H); 
13

C NMR 

(CDCl3, 100 MHz) δppm 28.2, 31.7, 37.1, 47.2, 52.5, 53.6, 54.2, 67.3, 81.3, 115.7, 120.1, 

125.2, 127.2, 127.4, 127.8, 130.4, 141.4, 141.4, 143.9, 155.2, 171.2, 171.8, 173.0. 

Preperation of cyclo(L-Glu(OtBu)-L-Tyr) (CDP 3). The linear dipeptide Fmoc-L-

Glu(OtBu)-L-Tyr-OCH3 (4) (0.4 g, 0.6 mmol) was dissolved in piperidine-DCM (v/v, 

20:80, 10 mL) and stirred at room temperature for 12 h. TLC was used to monitor the 

progress of reaction. Solvent was evaporated under vacuum and the crude product was 

purified on silicagel column chromatography using CH3OH/CHCl3 (v/v: 4.0/96) as eluent 

to obtain CDP 3 as a white powder in good yield (0.18 g, 78%). 
1
H NMR (DMSO-d6, 400 

MHz) δppm 1.12-1.21 (m, 1H), 1.31-1.33 (m, 1H), 1.36 (s, 9H), 1.65-1.70 (m, 2H), 2.69-

2.74 (dd, J = 4.76 Hz, 1H), 2.99-3.04 (dd, J = 3.8 Hz, 1H), 3.67-3.69 (m, 1H), 4.08-4.09 

(m, 1H), 6.61-6.64 (d, J = 8.52 Hz, 2H), 6.91-6.93 (d, J = 8.48 Hz, 2H), 8.02 (b, 1H), 8.10 

(b, 1H), 9.11 (s, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 27.6, 28.6, 29.7, 37.1, 53.0, 

55.4, 79.3, 114.7, 125.8, 131.1, 156. 3, 166.3, 166.4, 171.5. HRMS: m/z Found: 371.1563 

[M+Na]
+
, Calcd: 371.1583 [M+Na]

+
. Elemental analysis. Found: C, 58.10; H, 6.45; N, 

7.84; Calc: C, 58.21; H, 6.51; N, 7.54 for C18H24N2O5. 

 Preperation of cyclo(L-Glu-L-Tyr) (CDP 3a). Cyclo(L-Glu(OtBu)-L-Phe) (CDP 3) 

(100.0 mg, 0.28 mmol) was dissolved in trifluoroacetic acid-water (v/v, 1:1 6 mL) at ice 

cold temperature and catalytic amount of triisopropylsilane (TIPS) was added to the 

resulting mixture. The reaction was then carried at room temperature for 4 h under N2 

atmosphere. TLC was used to monitor the progress of reaction. The obtained reaction 

mixture was evaporated to dryness and co-evaporated with toluene to obtain CDP 3a in 

quantitative yield (80.5 mg, 96%). 
1
H NMR(DMSO-d6, 400 MHz) δppm 1.13-1.23 (m, 

1H), 1.31-1.40 (m, 1H), 1.80-1.84 (m, 2H), 2.71-2.76 (dd, J = 4.76 Hz, 1H), 2.97-3.02 
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(dd, J = 4.04 Hz, 1H), 3.68-3.70 (m, 1H), 4.07 (b, 1H), 6.62-6.64 (d, J = 8.4 Hz, 2H), 

6.92-6.94 (d, J = 8.44 Hz, 2H), 8.04 (b, 1H), 8.6 (b, 1H); 
13

C NMR (DMSO-d6, 100 MHz) 

δppm 17.8, 19.2, 28.6, 37.3, 53.0, 55.4, 114.7, 125.9, 131.0, 156.2, 166.5, 166.7, 173.7. 

Preparation of  Fmoc-L-Glu(OtBu)-L-Phe-OCH3 (6). Fmoc-L-Glu(OtBu)-OH (1.50 g, 

3.5 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC. HCl; 

1.15 g, 5.82 mmol), hydroxybenzotrizole (HOBt; 0.79 g, 5.82 mmol) and  were dissolved 

in dichloromethane (60 mL) at  ice cold temperature. L-Phenylalanine methyl ester 

hydrochloride (5) (0.84 g, 3.9 mmol) and N,N-diisopropylethylamine (DIPEA; 1.4 g, 10.6 

mmol) were added and the reaction mixture was stirred at ice cold temperature for 1 h and 

then continued at room temperature for 4 h. Thin layer chromatography (TLC) was used 

to monitor the progress of reaction. Reaction mixture was evaporated to dryness and 

residue was extracted from dichloromethane, washed with water, dried over anhydrous 

sodium sulphate. Solvent was evaporated under vacuum and the crude product was 

purified on silicagel column chromatography with  CH3OH/CHCl3 (v/v, 0.8/99.2) as 

eluent to obtain peptide 6 as a white crystaline powder in very good yield (1.82 g, 88%). 

1
H NMR (CDCl3, 400 MHz) δppm 1.44 (s, 9H), 1.87-1.94 (m, 1H), 2.01-2.08 (m, 1H), 

2.31-2.43 (m, 2H), 3.04-3.18 (m, 2H), 3.71 (s, 3H), 4.18-4.22 (m, 2H), 4.35-4.37 (m, 2H), 

4.81-4.86 (m, 1H), 5.65 (b, 1H), 6.79 (b, 1H), 7.10-7.121 (d, J = 7 Hz, 2 H), 7.19-7.24 (m, 

3H), 7.29-7.33 (t, J = 7.84 Hz, 2 H), 7.38-7.42 (t, J = 7.44 Hz, 2H), 7.58-7.59 (d, J = 7.28 

Hz, 2H), 7.75-7.77 (d, J = 7.52 Hz, 2H);  
13

C NMR (CDCl3, 100 MHz) δppm 28.2, 28.3, 

29.8, 31.7, 37.9, 47.2, 52.5, 53.5, 54.2, 67.3, 77.3, 81.2, 120.1, 125.2, 127.2, 127.3, 127.8, 

128.7, 129.3, 135.8, 141.4, 143.9, 143.9, 171.0, 171.7, 173.0. 

 Preperation of cyclo(L-Glu(OtBu)-L-Phe) (CDP 4). The linear dipeptide Fmoc-L-

Glu(OtBu)-L-Phe-OCH3 (6) (1.6 g, 2.7 mmol) was dissolved in piperidine-DCM (v/v, 
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20:80, 30 mL) and stirred magnetically at room temperature for 12 h. TLC was used to 

monitor the progress of reaction. Solvent was evaporated under vacuum and the crude 

product was purified on silicagel column chromatography using CH3OH/CHCl3 (v/v, 

4.0/96) as eluent to obtain CDP 4 as a white powder in good yield (0.64 g, 72%). 
1
H 

NMR (DMSO-d6, 400 MHz) δppm 1.00-1.09 (m, 1H), 1.19-1.28 (m, 1H), 1.36 (s, 9H), 

1.51-1.56 (m, 2H), 2.81-2.85 (dd, J = 4.92 Hz, 1H), 3.13-3.17 (dd, J = 3.68 Hz, 1H), 

3.65-3.68 (m, 1H), 4.18-4.20 (m, 1H), 7.14-7.27 (m, 5H), 8.02 (b, 1H), 8.19 (b, 1H); 
13

C 

NMR (DMSO-d6, 100 MHz) δppm 27.6, 28.4, 29.4, 37.9, 52.9, 55.2, 79.2, 126.7, 127.9, 

130.2, 135.9, 166.0, 166.3, 171.4. HRMS: m/z Found: 355.1615 [M+Na]
+
, Calcd: 

355.1634 [M+Na]
+
. Elemental analysis. Found: C, 60.65; H, 6.88; N, 8.10; Calcd: C, 

60.83; H, 6.81; N, 7.88 for C18H24N2O4. 

 Preperation of cyclo(L-Glu-L-Phe) (CDP 4a). Cyclo(L-Glu(OtBu)-L-Phe) (CDP 4) 

(100.0 mg, 0.30 mmol) was dissolved in trifluoroacetic acid-water (v/v, 1:1 6 mL) at ice 

cold temperature and catalytic amount of triisopropylsilane (TIPS) was added to the 

resulting mixture. The reaction was then carried at room temperature for 4 h under N2 

atmosphere. TLC was used to monitor the progress of reaction. The obtained reaction 

mixture was evaporated to dryness and co-evaporated with toluene to obtain CDP 4a in 

quantitative yield (80.0 mg, 95%). 
1
H NMR(DMSO-d6, 400 MHz) δppm 0.95-1.1 (m, 1H), 

1.23-1.33 (m, 1H), 1.67-1.72 (m, 2H), 2.83-2.88 (dd, J = 4.9 Hz, 1H), 3.10-3.15 (dd, J = 

3.92 Hz, 1H), 3.66-3.69 (m, 1H), 4.17-4.18 (m, 1H), 7.15-7.27 (m, 5H), 8.07 (b, 1H), 8.13 

(b, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δ = 28.6, 28.7, 37.9, 53.0, 55.2, 126.7, 127.9, 

130.1, 136.0, 166.2, 166.6, 173.9. 

Preparation of  Fmoc-L-Asp(OtBu)-L-Phe-OCH3 (8). Fmoc-L-Asp(OtBu)-OH (1.0 g, 

2.4 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC. HCl; 
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0.75 g, 3.8 mmol), hydroxybenzotrizole (HOBt; 0.52 g, 3.8 mmol) and  were dissolved in 

dichloromethane (40 mL) at  ice cold temperature. L-Phenylalanine methyl ester 

hydrochloride (7) (0.6 g, 2.6 mmol) and N,N-diisopropylethylamine (DIPEA; 0.92 g, 7.1 

mmol) were added and the reaction mixture was stirred at ice cold temperature for 1 h and 

then continued at room temperature for 4 h. Reaction progress was monitered by thin 

layer chromatography. Reaction mixture was evaporated to dryness and residue was 

extracted from dichloromethane, washed with water, dried over anhydrous sodium 

sulphate. Solvent was evaporated under vacuum and the crude product was purified on 

silicagel column chromatography with  CH3OH/CHCl3 (v/v: 1.2/98.8) as eluent to obtain 

peptide 8 as a white powder in good yield (1.1 g, 79%). 
1
H NMR (CDCl3, 400 MHz) δppm  

1.44 (s, 9H), 2.58-2.64 (dd, J = 6.7 Hz, 1H), 2.86-2.91 (dd, J = 3.76 Hz, 1H), 3.05-3.16 

(m, 2H), 3.69 (s, 3H), 4.20-4.23 (m, 1H), 4.33-4.42 (m, 2H), 4.54-4.55 (m, 1H), 4.79-4.84 

(m, 1H), 5.93-5.95 (b, 1H), 7.02-7.03 (b, 1H), 7.13-7.15 (m, 2H), 7.20-7.33 (m, 5H), 

7.39-7.42 (t, J = 7.44 Hz, 2H), 7.56-7.58 (d, J = 7.4 Hz, 2H), 7.76-7.78 (d, J = 7.56 Hz, 

2H);  
13

C NMR (CDCl3, 100 MHz) δppm 28.1, 37.4, 37.8, 47.2, 51.0, 52.3, 53.6, 67.4, 

77.3, 82.0, 120.1, 125.1, 125.2, 127.2, 127.2, 127.8, 128.7, 129.3, 135.8, 141.4, 143.8, 

143.8, 156.0, 170.3, 171.3, 171.4. 

Preparation of cyclo(L-Asp(OtBu)-L-Phe) (CDP 5). The linear dipeptide Fmoc-L-

Asp(OtBu)-L-Phe-OCH3 (8) (0.4 g, 0.7 mmol) was dissolved in piperidine-DCM (v/v, 

20:80, 10 mL) and stirred at room temperature for 12 h. Reaction progress was monitered 

by thin layer chromatography. Solvent was evaporated under vacuum and the crude 

product was purified on silicagel column chromatography using CH3OH/CHCl3 (v/v: 

2.4/97.6) as eluent to obtain CDP 5 as a white powder in good yield (0.16 g, 75%). 
1
H 

NMR (DMSO-d6, 400 MHz) δppm 1.35 (s, 9H), 1.53-1.58 (dd, J = 6.64 Hz, 1H), 1.79-1.84 

(dd, J = 6.24 Hz, 1H), 2.89-2.93 (dd, J = 4.92 Hz, 1H), 3.07-3.12 (dd, J = 4.28 Hz, 1H), 
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3.96-3.99 (m, 1H), 4.20-4.22 (m, 1H), 7.16-7.30 (m, 5H), 7.90 (b, 1H), 8.12 (b, 1H); 
13

C 

NMR (DMSO-d6, 100 MHz) δppm 27.6, 37.9, 38.8, 51.0, 55.2, 80.0, 126.6, 128.1, 130.1, 

136.2, 166.5, 168.8. HRMS: m/z Found: 341.1457 [M+Na]
+
, Calcd: 341.1477 [M+Na]

+
. 

Elemental analysis. Found: C, 59.53; H, 6.68; N, 8.32; Calcd: C, 59.81; H, 6.50; N, 7.21 

for C17H22N2O4. 

Preparation of cyclo(L-Asp-L-Phe) (CDP 5a). Cyclo(L-Asp(OtBu)-L-Phe) (CDP 5) 

(100.0 mg, 0.31 mmol) was dissolved in trifluoroacetic acid-water (v/v, 1:1, 6 mL) at ice 

cold temperature and catalytic amount of triisopropylsilane (TIPS) was added to the 

resulting mixture. The reaction was then carried at room temperature for 4 h under N2 

atmosphere. Reaction progress was monitered by thin layer chromatography. The 

obtained reaction mixture was evaporated to dryness and co-evaporated with toluene to 

obtain CDP 5a in quantitative yield (78.5 mg, 95%). 
1
H NMR(DMSO-d6, 400 MHz) δppm 

1.53-1.59 (dd, J = 7 Hz, 1H), 2.01-2.06 (dd, J = 5.4 Hz, 1H), 2.90-2.95 (dd, J = 4.9 Hz, 

1H), 3.07-3.11 (dd, J = 4.4 Hz, 1H), 4.01-4.04 (m, 1H), 4.19-4.22 (m, 1H), 7.17-7.30 (m, 

5H), 7.86 (b, 1H), 8.11 (b, 1H), 12.25 (b, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 37.8, 

37.9, 50.9, 55.1, 126.6, 128.0, 130.0, 136.2, 166.4, 166.6, 171.3. 

Preparation of  Fmoc-L-Glu(OtBu)-L-Leu-OCH3 (10). Fmoc-L-Glu(OtBu)-OH (1.0 g, 

2.35 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC. HCl; 

0.69 g, 3.6 mmol), hydroxybenzotrizole (HOBt; 0.48 g, 3.6 mmol) and  were dissolved in 

dichloromethane (40 mL) at  ice cold temperature. L-Leucine methyl ester hydrochloride 

(0.47 g, 2.6 mmol) and N,N-diisopropylethylamine (DIPEA; 0.92 g, 7.1 mmol) were 

added and the reaction mixture was stirred at ice cold temperature for 1 h and then 

continued at room temperature for 4 h. Reaction progress was monitered by thin layer 

chromatography. Reaction mixture was evaporated to dryness and residue was extracted 
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from dichloromethane, washed with water, dried over anhydrous sodium sulphate. 

Solvent was evaporated under vacuum and the crude product was purified on silicagel 

column chromatography with  CH3OH/CHCl3 (v/v: 1.1/98.9) as eluent to obtain peptide 

10 as a white powder in very good yield (1.17 g, 90%). 
1
H NMR (CDCl3, 400 MHz) δppm  

0.91-0.93 (d, J = 6.1 Hz, 6H), 1.46 (s, 9H), 1.54-1.68 (m, 3H), 1.90-1.99 (m, 1H), 2.05-

2.13 (m, 1H), 2.39-2.49 (m, 2H), 3.72 (s, 3H), 4.19-4.30 (m, 2H), 4.36-4.38 (m, 2H), 

4.55-4.61 (m, 1H), 5.72 (b, 1H), 6.81 (b, 1H), 7.29-7.32 (t, J = 7.4 Hz, 2H), 7.37-7.41 (t, J 

= 7.4 Hz, 2H), 7.58-7.60 (d, J = 7.4 Hz, 2H), 7.75-7.77 (d, J = 7.5 Hz, 2H); 
13

C NMR 

(CDCl3, 100 MHz) δppm 21.9, 22.9, 25.0, 28.2, 28.6, 31.7, 41.3, 47.2, 51.1, 52.4, 54.0, 

67.3, 81.3, 120.1, 125.2, 127.2, 127.8, 141.4, 141.4, 143.9, 144.0, 156.2, 171.2, 173.1, 

173.2. 

Preperation of cyclo(L-Glu(OtBu)-L-Leu) (CDP 6). The linear dipeptide Fmoc-L-

Glu(OtBu)-L-Leu-OCH3 (10) (0.4 g, 0.72 mmol) was dissolved in piperidine-DCM (v/v, 

20:80, 10 mL) and stirred at room temperature for 12 h. Reaction progress was monitered 

by thin layer chromatography. Solvent was evaporated under vacuum and the crude 

product was purified on silicagel column chromatography using CH3OH/CHCl3 (v/v: 

1.8/98.2) as eluent to obtain CDP 6 as a white powder in good yield (0.17 g, 80%). 
1
H 

NMR (DMSO-d6, 400 MHz) δppm 0.84-0.89 (dd, J = 6.6 Hz, 6H), 1.39 (s, 9H), 1.42-1.49 

(m, 1H), 1.57-1.64 (m, 1H), 1.77-1.86 (m, 2H), 1.89-1.98 (m, 1H), 2.27-2.31 (m, 2H), 

3.73-3.76 (m, 1H), 3.79-3.82 (m, 1H), 8.10 (b, 1H), 8.19 (b, 1H); 
13

C NMR (DMSO-d6, 

100 MHz) δppm 21.7, 22.9, 23.5, 27.7, 28.8, 30.6, 43.0, 52.5, 53.3, 79.6, 167.5, 168.4, 

171.5. HRMS: m/z Found: 321.1769 [M+Na]
+
, Calcd: 321.1790 [M+Na]

+
. Elemental 

analysis. Found: C, 56.03; H, 8.18; N, 8.96; Calcd: C, 56.06; H, 8.15; N, 8.72 for 

C15H26N2O4. 
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Preperation of cyclo(L-Glu-L-Leu) (CDP 6a). Cyclo(L-Glu(OtBu)-L-Leu) (CDP 6) 

(100.0 mg, 0.33 mmol) was dissolved in trifluoroacetic acid-water (v/v, 1:1, 6 mL) at ice 

cold temperature and catalytic amount of triisopropylsilane (TIPS) was added to the 

resulting mixture. The reaction was then carried at room temperature for 4 h under N2 

atmosphere. Reaction progress was monitered by thin layer chromatography. The 

obtained reaction mixture was evaporated to dryness and co-evaporated with toluene to 

obtain CDP 6a in quantitative yield (88.0 mg, 96%). 
1
H NMR(DMSO-d6, 400 MHz) δppm 

0.84-0.89 (dd, J = 6.6 Hz, 6H), 1.42-1.49 (m, 1H), 1.57-1.64 (m, 1H), 1.77-1.86 (m, 2H), 

1.90-1.99 (m, 1H), 2.30-2.36 (m, 2H), 3.73-3.77 (m, 1H), 3.80-3.83 (m, 1H), 8.13 (b, 

1H), 8.18 (b, 1H); 
13

C NMR (DMSO d6, 100 MHz) δppm 21.7, 22.9, 23.6, 28.7, 29.4, 42.9, 

52.5, 53.3, 167.7, 168.5, 173.7. 
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1
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1
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1
H NMR spectrum of CDP 4 
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1
H NMR spectrum of CDP 5 
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1
H NMR spectrum of CDP 6 
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3.1 Introduction 

Helical chirality is ubiquitous in biological systems, as seen in DNA and proteins.
1-3

 The 

helical conformations adopted by synthetic oligomers and polymers are pertinent to 

various applications, such as chiral recognition, asymmetric catalysis, chiral separation, 

and chiroptical switching.
4-6

 In recent times, helical chirality in supramolecular polymers 

has attracted considerable interest due to the intrinsic dynamic nature of such materials 

and the ease with which their structural and functional properties may be tuned compared 

to covalent polymers.
7-10

 The characteristic feature of such supramolecular polymers is 

the assembly of π-conjugated and aromatic monomer units with stabilization through 

hydrogen bonding and π-stacking interactions. Induction of helical chirality in 

supramolecular polymers through structural variations at the molecular self-assembly 

level is challenging due to the interplay of multiple noncovalent interactions. In general, 

the noncovalent synthesis of supramolecular polymers can be modulated through external 

stimuli capable of influencing the mode of molecular self-assembly. In this context, 

previous literature reports suggest that helical handedness in a self-assembly system can 

be achieved by employing similar external stimuli and chiral auxiliaries.
11-16

 External 

stimuli such as temperature, light, solvent, and additives have been successfully used to 

control the chiral handedness of synthetic oligomers and polymers.
17-27

 Some of the 

successful reports on chiral modulation in noncovalent systems have dealt with solvent-

modulated supramolecular chirality of merocyanines, squarine dyes, and 

benzenetricarboxylic acid derivatives.
28-30

 

Naphthalenediimide (NDI), the bis-imide derivative of 1,4,5,8-

naphthalenetetracarboxylic dianhydride (NDA), is an extremely useful molecular 

platform with applications ranging from organic electronics to biomedicine.
31-35

 The 

possibility of selective imide functionalization, high π-acidity, molecular planarity 



Chapter 3 
 

 

  100 
 

conducive to strong π–π interactions, and ease of processability in solution has led to 

increased demand for the design of novel NDI-based supramolecular systems. Imide 

substituents studied have included alkyl chains, aromatic rings, amino acids, dipeptides, 

and a combination of alkyl chains and amino acids.
36-52

 Recent work demonstrated the 

potential of a biomimetic strategy based on amino acid- and peptide-functionalized NDIs 

for designing 0D, 1D, and 2D molecular materials with interesting structural and 

functional properties.
35,49-52

 The functional relevance of these biomimetic molecular 

materials varied from attolitre containers for miniaturized biological assays to organic 

electronics to self-cleaning functional molecular materials.
35,49-51

 Furthermore, the amino 

acid- and dipeptide functionalized NDIs emphasized the significance of the chiral centre 

of the amino acid directly attached to the imide nitrogen in controlling the supramolecular 

helical chirality of the derived self-assembled structures.
52

 Subsequently, the chiroptical 

properties of these systems revealed significant chiral transcription, amplification, and 

retentive helical memory with probable implications for the origin of homochirality in 

Nature.
3
 

Cyclic dipeptides (CDPs) are the smallest possible cyclic forms of peptides, are 

known for their unique structural properties and diverse biological functions.
53-56

 Because 

of their structural rigidity, propensity for strong intermolecular hydrogen bonding, 

molecular recognition, and resistance towards proteolytic enzymes, CDPs constitute good 

supramolecular synthons for the preparation of soft organogels, hydrogels, and well-

defined nanoarchitectures for various applications.
57-63

 We envisaged an inclusive 

molecular design based on NDI with CDP chiral auxiliaries as monomers for the 

noncovalent synthesis of helical supramolecular polymers. The NDI-CDP (NCDP) 

conjugates serve as model systems to evaluate the role of chiral centers on the imide 

substituent located several atoms away from the imide nitrogen, in inducing specific 
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helical assemblies of NDI. This study complements earlier works, in which the chiral 

center of the first amino acid directly attached as the imide substituent through the          

-amino group was found to determine the outcome of the helical assembly of NDIs.
49-52

 

The NCDP molecular platform has also assisted our understanding of the influence of α-

substituent and the corresponding chiral centers in CDP auxiliaries. In the present study, 

we report novel symmetrical NCDPs (1-6) as a new molecular platform to engineer NDI 

chiral assembly through aromatic (NDI) and hydrogen-bonding (CDP) interactions. 

Furthermore, this study emphasizes the significance of chiral auxiliaries and the decisive 

role played by solvent composition in modulating the helical supramolecular self-

assembly of such systems. 

 

3.2 Results and Discussion 

3.2.1 Synthesis of NCDPs 

 CDPs [cyclo(L-Lys-L-Tyr) (13), cyclo(l-Lys-l-Phe) (16), cyclo(L-Lys-L-Leu) (20), 

cyclo(L-Lys-Gly) (2), cyclo(L-Lys-D-Tyr) (24), and cyclo(L-Lys-D-Phe) (28)] from the 

corresponding linear dipeptides, retaining L-lysine as one of the amino acids and varying 

the second amino acid, to obtain α-substituent with desired stereochemistry (L or D).
59

 

CDP auxiliaries were then condensed with naphthalenetetracarboxylic dianhydride 

(NDA) through ε-amine group of lysine to obtain NCDPs 1-6, respectively, in good to 

excellent yields (Scheme 3.1-3.6). All the NCDPs were thoroughly characterized by 

NMR spectroscopy, elemental analysis, and mass spectrometry. 
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Scheme 3.1 Synthesis of NCDP 1. Reagents and conditions: (i) SOCl2, CH3OH, 0-80 ºC, 4 h. (ii) 

Fmoc-L-Lys(tBoc)-OH, EDC.HCl, HOBt, DIPEA, DCM, 0 ºC 1 h, RT 3 h. (iii) piperidine:DCM 

(v/v, 20:80), RT, 8 h. (iv) TFA:DCM (v/v,1:1), TIPS, RT, 4 h. (v) 1,4,5,8-

naphathalenetetracarboxylic dianhydride (NDA), DIPEA, DMF, 80 ºC, 14 h. EDC.HCl: 1-Ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride; HOBt: 1-hydroxybenzotriazole; DIPEA: 

N,N-diisopropylethylamine; DCM: dichloromethane; TFA: trifluoroacetic acid; DMF: N,N-

dimethylformamide; RT: room temperature; TIPS: triisopropylsilane. 
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Scheme 3.2 Synthesis of NCDP 2. Reagents and conditions: (i) SOCl2, CH3OH, 0-80 C, 4 h. (ii) 

Fmoc-L-Lys(tBoc)-OH, EDC.HCl, HOBt, DIPEA, DCM, 0 C 1 h, RT 4 h. (iii) piperidine:DCM 

(v/v, 20:80), RT, 6  h. (iv) TFA:DCM (v:v, 1:1), TIPS, RT, 4 h. (v) 1,4,5,8-

naphathalenetetracarboxylic dianhydride, DIPEA, DMF, 80 C, 12 h. 
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Scheme 3.3 Synthesis of NCDP 3. Reagents and conditions: (i) SOCl2, CH3OH, 0-80 C, 6 h. (ii) 

Fmoc-L-Lys(tBoc)-OH, EDC.HCl, HOBt, DIPEA, DCM, 0 C 1 h, RT 4 h. (iii) piperidine:DCM 

(v/v, 20:80), RT, 8  h. (iv) TFA:DCM (v/v, 1:1), TIPS, RT, 4 h. (v) 1,4,5,8-

naphathalenetetracarboxylic dianhydride, DIPEA, DMF, 80 C, 12 h. 
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Scheme 3.4 Synthesis of NCDP 5. Reagents and conditions: (i) SOCl2, CH3OH, 0-80 C, 14 h. 

(ii) Fmoc-L-Lys(tBoc)-OH, EDC.HCl, HOBt, DIPEA, DCM, 0 C 1 h, RT 8 h. (iii) 

piperidine:DCM (v/v, 20:80), RT, 10  h. (iv) TFA:DCM (v/v, 1:1), TIPS, RT, 8 h. (v) 1,4,5,8-

naphathalenetetracarboxylic dianhydride, DIPEA, DMF, 80 C, 16 h. 
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Scheme 3.5 Synthesis of NCDP 6. Reagents and conditions: (i) SOCl2, CH3OH, 0-80 C, 4 h. (ii) 

Fmoc-L-Lys(tBoc)-OH, EDC.HCl, HOBt, DIPEA, DCM, 0 C 1 h, RT 6 h. (iii) piperidine:DCM 

(v/v, 20:80),  RT, 11  h. (iv) TFA:DCM (v/v, 1:1), TIPS, RT, 8 h. (v) 1,4,5,8-

naphathalenetetracarboxylic dianhydride, DIPEA, DMF, 80 C, 15 h.  

 

 

 



CDP Chiral Auxiliaries for Homochiral Assembly 

 

 107      
 

  

 

 

 

 

 

 

 

 

Scheme 3.6 Synthesis of NCDP 4. Reagents and conditions: (i) 1,4,5,8-naphathalene 

tetracarboxylic dianhydride, DIPEA, DMF, 80 C, 14 h.  

 

3.2.2 NCDP helical assembly and chiroptical switching 

 NCDP 1 containing L-tyrosine as the second amino acid of the CDP auxiliary was 

chosen initially, for our detailed study owing to the characteristic self-assembling 

properties of L-tyrosine when present in polymer chains, and the proven strong 

intermolecular interactions among cyclo(L-Tyr-L-Lys) derivatives.
62,63

 The molecular 

interactions and chiral aggregation properties of NCDP-1 were studied by UV/Vis 

absorption and CD spectroscopic measurements in hexafluoro-2-propanol (HFIP), 

dimethyl sulfoxide (DMSO), and mixtures thereof. Specifically, HFIP is known to 

stabilize helical conformations in peptides through various mechanisms.
64-66

 The high 

solvent polarity, hydrogen-bond accepting properties, and localized hydrophobic 

solvating effects of methyl groups in DMSO are thought to facilitate solvophobic 

interactions, thereby inducing aggregation in binary solvent mixtures through diverse 

mechanisms.
67,68
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Figure 3.1 Photophysical and chiroptical studies of NCDP 1. (A) UV-Vis absorption spectra of 

NCDP 1 (100 μM) in HFIP with increasing volume fraction of DMSO under ambient conditions. 

(B) CD spectra of NCDP 1 in HFIP with increasing concentration from 50 μM to 500 μM. (C) CD 

spectra of NCDP 1 (500 μM) in HFIP with increasing volume fraction of DMSO. (D) CD spectra 

of NCDP 1 in DMSO:HFIP (15:85,v/v) with increasing concentration from 50 μM to 500 μM; 

DMSO: dimethylsulphoxide; HFIP: hexafluoro-2-propanol. The arrow in (C) indicates the 

chiroptical switching from M- to P-helical assembly.  

 

 NCDP 1 (100 µM) in HFIP showed absorption peaks in the region 300-400 nm, a 

characteristic band I absorption for NDI. The corresponding emission spectrum showed 

weak fluorescence characteristic of amino acid-functionalized NDIs (data not shown).
49-52 

NCDP 1 exhibited aggregation-induced self-assembly with increasing volume fraction of 

DMSO (0-30%) in HFIP. A strong hypochromic effect and a slight hypsochromic shift 
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were observed for the NDI absorption band (300-400 nm) (Figure 3.1A). Circular 

dichroism (CD) studies were performed to gain insight into the chiroptical properties of 

NCDP 1. In HFIP, at lower concentrations (<100 µM), NCDP 1 did not show any 

significant CD signals. However, a monosignate negative CD signal was obtained upon 

increasing the concentration of the solution to 100 µm, indicating M-helical (left-handed) 

assembly of NCDP 1 (Figure 3.1B). Negative Cotton signals were consistently observed 

for all the concentrations studied (100-500 µM), indicating the trivial effect of 

concentration on the chiral aggregation of NCDP 1. Furthermore, it should be noted that 

the CD spectra on the molar ellipticity scale (data not shown) showed similar CD signal 

intensity, which clearly demonstrated that the chiroptical switching was independent of 

concentration. The observed M-helical bias of NCDP 1 may be ascribed to the 

aggregation of molecules (≥ 100 µM) and preferential stabilization of one of the helical 

forms (M type) by HFIP. It is presumed that in HFIP the M-helical assembly is the 

thermodynamically preferred arrangement of NCDP 1. Semiempirical quantum chemical 

and density functional theory calculations on model structures were used to examine the 

relative stabilities of M- and P-helical assemblies, as discussed later.  

 Furthermore, we studied the effect of DMSO/HFIP solvent composition on the 

chiral aggregation of NCDP 1. CD spectra of NCDP 1 (500 µM) were recorded as a 

function of increasing volume fraction of DMSO (v/v) in HFIP. There was no change in 

the negative Cotton signal upon increasing the volume fraction of DMSO up to 10% (v/v) 

in HFIP. However, the negative Cotton signal was transformed completely to a bisignate 

positive Cotton signal at volume fractions of DMSO>10% in HFIP, indicating a reversal 

of chiral assembly from M- to P-helicity (right handed). At 15% DMSO in HFIP (15:85, 

v/v), NCDP 1 exhibited maximum CD signal intensity, with a red-shift in λmax (CD signal 

position), suggesting extended and more stable P-helical assembly as opposed to the 
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initially formed M-helical assembly in pure HFIP (Figure 3.1C). CD studies of NCDP 1 

performed in DMSO alone and in HFIP containing co-solvents not isostructural with 

DMSO under similar conditions did not show any chiroptical switching properties (data 

not shown). Thus, DMSO in HFIP is responsible for the observed M- to P-helical 

inversion in the chiral self-assembly of NCDP 1. The CD measurements performed on 

NCDP 1 at 50 µM both in HFIP and DMSO/HFIP (15:85, v/v) using 10 mm path length 

cuvettes to rule out the sensitivity related issues when using 1 mm path length cuvettes. 

This CD study using 10 mm path length cuvettes did not show any noteworthy additional 

signals, emphasizing the significance of minimum monomer concentration for 

aggregation of NCDP 1 (data not shown). To rule out linear dichroism (LD)-induced 

artifacts in the observed helical assembly and chiroptical switching properties of NCDP 1, 

LD spectra were recorded under similar experimental conditions and showed no 

significant signals. The observed chiroptical switching from monosignate M-helical to 

bisignate P-helical handedness of NCDP 1 assembly is attributed to the strong excitonic 

interactions and preferential helical stabilization of this system in DMSO/HFIP (15:85, 

v/v). It is proposed that the DMSO molecules locally reorganize the HFIP solvent clusters 

around the NCDP. The methyl groups (-CH3) of DMSO can preferentially solvate NCDP 

1 to induce a hydrophobic effect, which subsequently drives the inversion of the            

M-helical to the thermodynamically more stable P-helical assembly of NCDP 1 in 

DMSO/HFIP. Concentration-dependent CD spectra were recorded in DMSO/HFIP 

(15:85, v/v) to study the effect of monomer concentration on the observed chiroptical 

switching of NCDP 1 helical assembly. The CD spectra of NCDP 1, from 100 to 500 µM 

in DMSO/HFIP (15:85, v/v) showed bisignate positive Cotton signal (P-helical bias) 

regardless of the concentration (Figure 3.1D). This further emphasized the crucial role of 

the DMSO/HFIP (15:85, v/v) solvent composition in stabilizing the thermodynamically 
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more stable P-helical assembly of NCDP 1. Variable-temperature CD studies were carried 

out to probe the effect of temperature on the chiroptical switching and stability of the     

P-helical assembly. CD spectra recorded for NCDP 1 (500 µM) in DMSO/HFIP (15:85, 

v/v) between 25 and 60 ºC showed no significant changes in the sign or intensity of the 

CD signal during the heating and cooling cycles (data not shown). Thus, variable-

temperature CD study ruled out any influence of temperature on the observed chiroptical 

switching and asserted the stability of chiral aggregates at higher temperatures. The 

stability of P-helical aggregates of NCDP 1 can be attributed to strong intermolecular 

aromatic π–π interactions between the NDI cores supported by N-H···O hydrogen 

bonding between peripheral CDP auxiliaries. 

 

3.2.3 Dynamic light scattering studies 

Dynamic light-scattering (DLS) studies were carried out to obtain direct evidence for the 

self-assembly of NCDP 1 in solution. DLS analysis of NCDP 1 at 500 µM in solution 

showed the presence of aggregates, and the aggregate size was found to vary with solvent 

composition (Figure 3.2). The hydrodynamic sizes of the aggregates of NCDP 1 were 

found to be 37 nm in HFIP, and 210, 269, and 531 nm in 5% DMSO, 11% DMSO, and 

DMSO in HFIP, respectively. Furthermore, the observed chirality could be unequivocally 

attributed to self-assembled NCDP 1 (500 µM) aggregates in solution by recording CD 

spectra in DMSO/HFIP (15:85, v/v) before and after centrifugation and filtration of the 

solution through a 0.45 µm filter. The CD spectrum recorded from the as-prepared sample 

showed a strong bisignate CD signal, whereas the filtered solution did not show any CD 

signal, as the centrifugation and filtration process had removed the chiral aggregates. This 

study corroborated the observed chirality and its origin through intermolecular self-

assembly of monomeric NCDP supramolecular synthons in solution.  
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Figure 3.2 Dynamic light-scattering (DLS) studies of NCDP-1 at 500 mm (self-assembled chiral 

aggregates) in (A) HFIP (37 nm), (B) 5% DMSO in HFIP (210 nm), (C) 11% DMSO in HFIP 

(269 nm), and (D) 15% DMSO in HFIP (531 nm). Observed hydrodynamic size distributions are 

given in parentheses.  

 

 Quantum chemical calculations were carried out to further understand the 

magnitude of intermolecular interactions in all of the NCDP molecules (1-6) in their M- 

and P-helical supramolecular assembly states. Four dimer models were constructed for 

the P- and M-helices for NCDPs 1-6 from their respective monomers. The differences 

between the respective models lie in the conformational arrangement of the monomer 

units. Since these molecules have long linear side chains, several conformations are 

possible, of which four straightforward possibilities were considered. The interaction 
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Table 3.1 Relative energies (kcal/mol) of the P- and M- helical models of NCDP 1 dimers along 

with the interaction energies calculated at the PM7 (Ia) and M06/6-31+G* (Ib) levels of theory 

 

 

 

 

 

 

 

 

*Relative energy values in parentheses correspond to the calculations carried out at M06/6-31+G* 

level. Ia: Interaction energies calculated using the energies of the optimized dimers and those of 

the optimized monomer at PM7 level. Ib: Interaction energies calculated using the single point 

energy of the optimized dimers and those of the single point energy of the optimized monomer at 

M06/6-31+G* level (optimization done at PM7 level).  

  

energies for all the models of the NCDP 1 molecule were calculated at the semiempirical 

PM7 and density functional M06/6-31+G* levels of theory. The results obtained at these 

two levels of theory were in reasonable agreement with each other (Table 3.1). The 

semiempirical PM7 method has been shown to reasonably capture nonbonded interactions 

involving both electrostatic and dispersion interactions.
69

 Based on this, the other 

molecules were modeled at the computationally less expensive PM7 level of theory. The 

optimized geometries of the most stable M- and P-helical dimers for NCDP 1 are depicted 

in Figure 3.3. The interaction energies corresponding to the formation of such dimers  

 

Model 

 

Relative 

energy  

 

Interaction 

energy (Ia) 

 

Interaction 

energy (Ib) 

 

I-P 

 

0.0(0.0) 

 

-78.7 

 

-74.9 

II-P 15.7(16.1) -63.0 -58.8 

III-P 17.4(22.6) -61.3 -52.3 

IV-P 19.9(25.1) -58.8 -49.8 

I-M 17.4(18.0) -61.2 -56.9 

II-M 24.0(36.7) -54.7 -38.2 

III-M 43.7(56.8) -35.0 -18.1 

IV-M 51.5(65.6) -27.2 -9.3 
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Figure 3.3 Optimized structures of (A) P-helical dimer (I-P) and (B) M-helical dimer (I-M) of 

NCDP 1. 

 

were found to be more favorable for the P-helices compared to the M-helices. 

Interestingly, the CD intensity of a P-helix at a given concentration of NCDP 1 in 

DMSO/HFIP was found to be higher than that of an M-helix of NCDP 1 in HFIP, 

indicating a higher stability of the former. Both the P- and M-helices of NCDP 1 dimer 

involve hydrogen-bonding interactions between the CDP amide groups. The hydroxyl 

groups of the tyrosine moieties in NCDP 1 are unlikely to form hydrogen bonds between 

them as the distance between the oxygen atoms of the two monomer units is about 4 Å. It 

should be noted that the P-helical models were found to be thermodynamically more 

stable than the M-helical assemblies. The stacking energy for the basic NDI stacked 

dimers was calculated to be 20 kcalmol
-1

 at the M06/6-31+G* level of theory. 

Comparison of the interaction energies given in Table 3.1 indicates that the hydrogen- 
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Table 3.2  The interaction energies corresponding to the intermolecular hydrogen bonds formed 

between the monomers of the respective dimers which are the least energy conformers for all the 

six NCDP molecules under study using the second order perturbation analysis with the NBO 

method at HF/6-31G* level 

  

O1-NH 

 

 

O2-NH 

 

O3-NH 

 

O4-NH 

 

P_NCDP 1 22.10 26.03 31.87 22.57 

P_NCDP 2 21.30 57.95 40.49 28.70 

P_NCDP 3 21.68 31.66 34.74 22.16 

P_NCDP 4 36.69 35.04 35.27 24.51 

P_NCDP 5 17.89 30.02 25.88 14.23 

P_NCDP 6 19.95 32.86 30.77 30.05 

M_NCDP 1 26.76 25.32 29.95 25.26 

M_NCDP 2 30.52 50.95 46.31 30.63 

M_NCDP 3 22.18 26.52 22.43 17.12 

M_NCDP 4 34.57 32.89 32.47 35.27 

M_NCDP 5 21.87 28.80 32.05 20.04 

M_NCDP 6 26.93 20.04 29.34 20.33 

 

bonding interactions significantly contribute to the overall stability of the supramolecular 

assembly. The intermolecular hydrogen bonding between the amide groups of the 

constituent monomers of the corresponding dimers was also verified by calculating 

second-order perturbative interaction energies by means of natural bond orbital (NBO) 

analysis at the ab initio HF level using the 6-31+G* basis set. The interaction energies of 

the four amide groups are given in Table 3.2. From the data, it can be noted that there is 

strong intermolecular hydrogen bonding between the amide groups of the monomers. 
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Explicit calculations involving the solvent molecules are not practical to examine the role 

of the solvent in the M- to P-helical transition.  

 However, based on the computational results and experimental observations, 

possible determinants of the chiroptical switching may be proposed, as discussed below.  

The twist angles (helical twist between the two monomer units) calculated for the helical 

models were found to range between 35 and 40º. The hydrogen bond distances between 

the amide groups at either side of the monomer units were found to lie in the range 1.75-

1.95 Å. 

 

3.2.4 Effect of CDP substituent and chiral center on chiral helical assembly  

Next, we probed the effect of α-substituent present in CDP chiral auxiliary, on the 

assembly properties of NCDPs. UV/Vis absorption studies of NCDPs 2-4 revealed 

aggregation characteristics similar to those of NCDP 1. With increasing volume fraction 

of DMSO in HFIP increasing the volume fraction of DMSO in HFIP, NCDPs 2-4 (100 

µM) showed decreases in absorbance and hypsochromic shifts in 300 - 400 nm region 

(Figure 3.4, 3.6A). NCDPs 2 and 3 (500 µM) showed monosignate negative CD signals 

in the region 300-400 nm in pure HFIP (M-helical assembly). Similar to NCDP 1, NCDPs 

2 and 3 showed chiroptical switching from a monosignate M-helical Cotton signal to a 

bisignate P-helical Cotton signal on increasing the volume fraction of DMSO in HFIP 

(Figure 3.5). Notably, the solvent compositions (DMSO/HFIP, v/v) giving the maximum 

positive Cotton signals were specifically different for NCDPs 1-3 (15:85, 30:70, and 

40:60, respectively) (Figure 3.1C, 3.5). This variation in the solvent composition of 

DMSO/HFIP may be necessary to attain balanced polarity, hydrophobicity, and hydrogen 

bonding interactions to trigger chiroptical switching from M- to P-helical assemblies of 



CDP Chiral Auxiliaries for Homochiral Assembly 

 

 117      
 

 

 

 

 

 

 

Figure 3.4 UV-Vis absorption spectra of (A) NCDP 2 and (C) NCDP 3 in HFIP at 100 μM 

concentration with increasing volume fraction of DMSO under ambient conditions. 

 

 

 

 

Figure 3.5 CD spectra of (A) NCDP 2 and (B) NCDP 3 in HFIP with increasing volume fractions 

of DMSO at 500 mm. Grey arrows indicate the chiroptical switching from M- to P-helical 

assemblies. 

  

NCDPs 1-3 with different α-substituent. In general, these results suggest that the chiral 

assembly and chiroptical switching of NCDPs 1-3 is independent of the nature of the α-

substituent (alkyl or aryl) of the second amino acid in CDP auxiliary. 
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Figure 3.6 Photophysical studies of NCDP 4. (A) UV-Vis absorption spectra of NCDP 4 in HFIP 

at 100 μM concentration with increasing volume fraction of DMSO under ambient conditions. (B) 

Fluorescence emission spectra of NCDP 4 in HFIP at 100 μM concentration with increasing 

volume fraction of DMSO under ambient conditions. Inset in (B) shows the photographs of 

NCDP-4 (100 μM) in HFIP (violet colour fluorescence) and in DMSO:HFIP (v/v 20:80) (yellow 

colour fluorescence). 

 

 

 The remarkable chiroptical switching phenomenon further encouraged us to 

investigate the effect of the chirality of the second amino acid in the CDP auxiliaries. 

Initially, we examined the effect of an achiral amino acid (Gly) on the chiral assembly 

and solvent-dependent chiroptical switching property of NCDPs. NCDP 4 with cyclo(L-

Lys-Gly) served as an effective control to study the transfer of chiral information from a 

distant chiral center on L-lysine to the NDI core as well as to understand the influence of 

the second chiral center on the observed assembly properties of NCDPs 1-3. In contrast to 

NCDPs 1-3, NCDP 4 exhibited mirror image fluorescence emission in the region 380-450 

nm in HFIP (Figure 3.6B). The monomeric emission band (380-450 nm) of NCDP 4 

decreased with increasing volume fraction of DMSO in HFIP and subsequently, a new 

emission band at around 540 nm was observed, assigned to excimer-like aggregation.
59

 At 

a solvent composition of DMSO/HFIP (v/v, 20:80), complete quenching of the  
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Figure 3.7 Chiroptical studies of NCDP 4. (A) Concentration-dependent CD spectra of NCDP 4 

(50-500 μM) in HFIP. (B) CD spectra of NCDP 4 in HFIP at 500 μM concentration with 

increasing volume fraction of DMSO. 

 

monomeric emission band was observed, accompanied by a color change of the solution 

from violet (monomeric emission) to yellow (excimer-like emission) under UV light. 

 Flat CD signals were observed for NCDP 4 at all concentrations and solvent 

combinations of DMSO/HFIP studied, indicating the absence of chiral bias or switching 

property in its supramolecular assembly (Figure 3.7). The absence of any chiral bias and 

chiroptical switching in NCDP 4, may be attributed to the perfectly symmetrical nature of 

the resultant assembly. The absence of a bulky α-substituent and chiral center on the 

second amino acid of CDP auxiliary lead to insignificant interconversion energy between 

the M- and P-helical assemblies. These results clearly emphasize the crucial role of chiral 

center as well as the bulky α-substituent on the CDP auxiliary second amino acid with 

regard to the solvent-induced preferential helical bias and chiroptical switching behavior 

of NCDP supramolecular assemblies. 
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Figure 3.8 Average interaction energies for the P- and M-helical dimers for all six molecules 

(NCDPs 1-6) calculated at the PM7 level of theory. 

  

 The origin of the distinct behavior of NCPD 4 compared to the other three NCDPs 

(1-3) discussed above were examined by further quantum chemical calculations. The 

average interaction energies for the four P- and M-type helical dimer models of the six 

NCDP molecules are represented in Figure 3.8. From the data, it is observed that for 

NCDPs 2 and 3, the P-helical dimer is thermodynamically more stable than the M-helical 

dimer as in the case of NCDP 1. The structures of the most stable P- and M-helical dimers 

at the PM7 level of theory, along with the hydrogen bonds between the amide groups 

(data not shown). The twist angles and the hydrogen-bonding distances between the 

cyclic dipeptide moieties calculated for the other models were found to be similar to those 

obtained for NCDP 1. Interaction energy calculations on dimers of NCDP 4 indicated 

comparable stabilities for both the P- and M-forms (Figure 3.8). Visual inspection of the 

modeled structures indicates that the P- and M-forms of the supramolecular assembly of 

NCDP 4 are very similar (Figure 3.9). Hence, molecules of NCDP 4 are likely to be 

arranged almost equally in both forms, resulting in no CD signal, as observed 

experimentally. The intermolecular hydrogen-bonding interaction energies for the most 
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Figure 3.9 Optimized structures of a) P-helical dimer (I-P) and b) M-helical dimer (I-M) of 

NCDP 4. 

 

stable dimers of the above molecules are given in Table 3.2. 

 We further investigated, the effect of a change in chirality of second amino acid in 

the CDP auxiliary over the solvent-dependent chiral assembly and chiroptical switching 

of the NCDP aggregates. NCDPs 5 and 6 (epimers of NCDP 1 and 2) with D-Tyr and D-

Phe, respectively, at 100 µM concentration exhibited a decrease in the absorbance 

intensity and a slight hypsochromic shift with increasing volume fraction (v/v) of DMSO 

in HFIP, due to solvent-induced aggregation (Figure 3.10). The CD spectra of NCDPs 5 

and 6 at 500 µM in HFIP showed flat CD signals in the region 300-400 nm, indicating no 

specific helical bias in their molecular assemblies. NCDPs 5 and 6 did not show any 

significant spectral changes upon increasing the volume fraction of DMSO (v/v) in HFIP, 

except that the flat CD signals in HFIP gradually became weak negative CD signals 

(Figure 3.11). The average interaction energies for NCDPs 5 and 6 are given in Figure 3.8 
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Figure 3.10 Photophysical studies of NCDPs 5 and 6.  UV-Vis absorption spectra of NCDP 5 (A) 

and NCDP 6 (B) in HFIP at 100 μM concentration with increasing volume fraction of DMSO 

under ambient conditions.  

 

  

 

 

 

 

Figure 3.11 Chiroptical studies of NCDPs 5 and 6. CD spectra of NCDP 5 (A) and NCDP 6 (B) 

in HFIP at 500 μM concentration with increasing volume fraction of DMSO. 

 

from which it is apparent that the M-helical dimer was marginally more stable than the P-

helical dimer in both cases. The helical angles and hydrogen-bonding distances were in 

similar ranges to those of the other molecules. Intermolecular hydrogen bonding 

interaction energies for the amides of the two (Table 3.2) are indicative of strong 
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bonding between them, leading to dimers, in addition to π-stacking interactions.  

 NCDPs 5 and 6 with D-amino acids in the second position of their CDP 

auxiliaries did not display significant CD signals due to mismatched chiral centers on the 

two amino acids of the CDP auxiliary, resulting in random aggregation. Thus, NCDPs 4-6 

with no significant CD features in HFIP did not exhibit chiroptical switching in the mixed 

solvent (DMSO/HFIP). This confirmed that α-substituent and the chirality of the amino 

acid play an essential role in the solvent-induced helical chirality and chiroptical 

switching of the supramolecular assemblies of NCDPs. Therefore, the observed chiral 

aggregation of NCDPs 1-3 in HFIP is due to the clustering and stabilization of M-type 

helical assemblies, which is influenced by the α-substituent and the chirality (L) of amino 

acids in the CDP auxiliary. The chiroptical switching behavior of NCDPs 1-3 in 

DMSO/HFIP can be attributed to an effective local contribution of DMSO through the 

hydrophobic effect of its methyl groups and possible hydrogen bonding as an acceptor in 

reorganizing the HFIP clusters around the NCDP assembly, among other bulk effects of 

the mixed solvent.
70

 

 

3.2.5 NMR studies 

Intermolecular hydrogen bonding (CDP auxiliary) in NCDP 4 was validated through 

temperature dependent NMR studies. Variable-temperature 
1
H NMR spectra were 

recorded. NCDP 4 showed upfield shifts of the CDP amide signals at δ = 8.18 and 7.98 

ppm to δ = 7.91 and 7.72 ppm, respectively, on increasing the temperature from 25 to 80 

ºC, which confirmed the hydrogen bonding network in its assembled structure (Figure 

3.12). Similar upfield shifts of the amide signals from δ = 8.05 and 8.01 ppm to δ = 7.78 

and 7.67 ppm on increasing the temperature from 25 to 80 ºC were observed for NCDP 1  
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Figure 3.12 Temperature dependent 
1
H NMR spectra (partial) of NCDP 4 (5.97 mM) in DMSO-

d6. i: 25 ºC, ii: 30 ºC, iii: 40 ºC, iv: 50 ºC, v: 60 ºC, vi: 70 ºC, vii: 80 ºC. 

 

(Figure 3.13A). Concentration-dependent 
1
H NMR spectra of NCDP 1 in DMSO-d6 

revealed the presence of strong intermolecular π-π stacking of the NDI chromophores and 

hydrogen-bonding between the CDP units of NCDP, as evidenced by a downfield shift of 

the CDP amide proton signals accompanied by an upfield shift of the NDI chromophore 

proton signals with increasing concentration (Figure 3.13B). 

 

3.2.6 Reversible chiroptical switching studies 

We further investigated the reversibility of observed chiroptical switching of NCDP 1 

between M- and P-type helical assemblies by carrying out CD studies in HFIP and 

DMSO/HFIP (15:85, v/v) in cycles. Specifically, the CD spectrum of NCDP-1 (500 µM  
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Figure 3.13 NMR studies of NCDP 1. (A) Temperature dependent 
1
H NMR spectra (partial) of 

NCDP 1 (4.02 mM) in DMSO-d6. (B) Concentration dependent 
1
H NMR spectra of NCDP 1.  i: 

25 C, ii: 30 C, iii: 40 C, iv: 50 C, v: 60 C, vi: 70 C, vii: 80 C.; I: 0.18 mM, II: 13.8 mM.  

 

in HFIP) was recorded and the solvent was removed in vacuum. The residue was re-

dissolved in DMSO/HFIP (15:85, v/v) and CD spectrum recorded to complete the first 

cycle. For the next cycle, the mixed solvent (DMSO/HFIP) was removed in vacuum, the 

residue was redissolved in HFIP, and the CD spectrum was recorded. This procedure was  
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Figure 3.14 Solution and drop-cast thin film CD spectra of NCDP 1. (A) CD intensity spotted 

against each cycle of study for NCDP 1 at 500 μM concentration in HFIP ( λ = 380 nm) and 

DMSO: HFIP (v/v 15:85,  λ = 385 nm).  (B) CD spectra of NCDP 1 at 500 μM in solution (i and 

ii) and drop-cast thin films (iii and iv, solid lines). NCDP 1 (500 μM) in solution i: HFIP, ii: 

DMSO:HFIP(v/v 15:85) and thin films (drop cast) from iii: HFIP and iv: DMSO:HFIP (v/v 

15:85). 

 

followed over further cycles and the complete data is shown in Figure 3.14A. This study 

clearly demonstrated the reversibility of the solvent-induced chiroptical switching, as 

reflected by the retention of CD features for NCDP 1 in HFIP (M-helicity) and 

DMSO/HFIP (P-helicity) even after three cycles of solvent removal and redissolution 

(Figure 3.14A). In addition, CD spectra of NCDP 1 thin films were recorded to further 

ascertain the observed solvent-induced reversible chiroptical switching. Thin films were 

prepared by drop-casting NCDP 1 from the corresponding solutions from HFIP and 

DMSO/HFIP (v/v, 15:85) onto quartz substrates. The CD spectra of the thin films showed 

flat signals indicating the absence of chiral bias in the solid state, further emphasizing the 

crucial role of the solvent in helical assembly and reversible chiroptical switching of the 

NCDPs (Figure 3.14B).  
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Table 3.3  Molecular structures of various solvents which induced chiral switching of M-helical 

aggregates of NCDP 1 (500 µM) in HFIP and % volume fractions of each solvent in HFIP to 

achieve maximum positive Cotton signal upon chiral inversion. 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.7 Isostructural solvent effects 

The intriguing solvent (DMSO/HFIP)-induced chiroptical switching of self-assembled 

chiral aggregates of NCDPs prompted us to further generalize this effect in other solvent 

systems. The addition of solvents such as chloroform, dichloromethane, or N-methyl-2-

pyrrolidone (NMP) failed to induce chiroptical switching of the M-helical aggregates of 

NCDP 1 in HFIP. Next, we examined isostructural (ketone and alcohol) solvents such as 

acetone, 2-pentanone, 3-pentanone, cyclopentanone, and cyclohexanone, as they possess 

variable linear or cyclic alkyl substituents on the C=O functionality (Table 3.3), as well as 

 

       Solvent 

 

Solvent 

Structure 

 

% Volume fraction of cosolvent 

in HFIP (at maximum 

inversion) 

 

 

Dimethyl 

sulfoxide 

 

S

O

 

 

 

15% 

 

Acetone 

 

2-Pentanone 

 

 

3-Pentanone 

 

O

 
 

O

 
 

O

 
 

 

25% 

 

 

25% 

 

 

25% 

Cyclopentanone 

 

 

O
 

 

25 % 

Cyclohexanone 

 

 

Isopropanol 

O
 

 

OH

 
 

 

30 % 

 

 

35% 
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2-propanol (isopropanol). The CD spectra of NCDP 1 (500 µM) in HFIP with varying 

volume fractions of the above-mentioned solvents were recorded. Remarkably, all of 

these solvents showed chiroptical switching similar to that seen in the DMSO/HFIP 

system (data not shown). Interestingly, the volume fractions required to obtain the 

maximum positive Cotton signal upon chiral inversion varied with each solvent 

combination (25% acetone, 25% 2-pentanone, 25% 3-pentanone, 25% cyclopentanone, 

30% cyclohexanone, and 35% isopropanol in HFIP). These results revealed that the 

solvent composition required to induce the maximum chiral inversion was the same for 

all of the ketones (except cyclohexanone), that is, 25% in HFIP. Notably, isopropanol, the 

nonfluorinated isostructural analog of HFIP, exhibited a completely opposite effect by 

inducing chiroptical switching of the M-helical assembly of NCDP 1 in HFIP to the 

thermodynamically more stable P-helical assembly (Figure 3.15). This result may have 

broader implications for understanding the distinct role of fluorinated solvents compared 

to their non-fluorinated analogs. Overall, the above CD data are in agreement with the 

changes observed for NCDP 1 in DMSO/HFIP and show the generality of the chiroptical 

switching phenomena in HFIP containing solvents isostructural to DMSO.  

 Though the P-helical dimer was found to be thermodynamically more stable in the 

case of NCDPs 1-3, M-helical supramolecular complexes were observed in the CD 

spectroscopic studies in HFIP. However, with the gradual addition of DMSO, the P-

helical complexes were formed. It is proposed that hydrogen-bond dynamics and 

hydrophobic effects within the supramolecular complex and with the solvent play major 

roles in this chiral reversal. Based on quantum chemical/DFT calculations and 

spectroscopic studies, it has been proposed that the helix-stabilizing effect of specific 

compositions of HFIP in peptides can be attributed to a clustering and coating effect, 

entropic and enthalpic factors, and variations in the kinetics of conformational 
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Figure 3.15 Schematic showing the solvent dependent reversible chiral helical assembly of 

NCDP 1. 

 

changes.
64-66

 It is reasonable to postulate that similar effects are operative in the initial 

stabilization of the M-helical assemblies of NCDPs 1-3. It is possible that the amide 

groups (both C=O and N-H) of NCDP in the less stable M-helix may form intermolecular 

hydrogen bonds, both with each other and with the solvent cluster. In such a scenario, the 

energy difference between the M- and P-helices will be compensated by the hydrogen 

bonding with the solvent, as well as by entropic and enthalpic factors. In the mixed 

solvent, the DMSO molecules reorganize the solvent cluster of HFIP through hydrogen 

bonding and localized hydrophobic effects, which drive the switching from the initial M-

type to the thermodynamically more stable P-type helical assembly. Chiral reversal is not 

observed in NCDP 5 and 6 since the energy differences between the two states are 

calculated to be not so significant (Figure 3.8). In these two cases, the marginally more 

stable M-helical form is observed experimentally. Similar findings were observed by Faul 

et al. in a symmetrical sugar-based perylenediimide derivative, whereby a P-helical 

model was thermodynamically more stable than the M-helix.
16
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3.3 Conclusion 

In summary, symmetrical naphthalenediimides with CDP chiral auxiliaries (NCDPs) have 

been designed, synthesized and studied to orchestrate the preferential supramolecular 

helical assembly. The contributions of intermolecular aromatic π-stacking and hydrogen-

bonding interactions have been established by various experimental studies and quantum 

chemical calculations. The solvent-dependent helical supramolecular assembly and 

chiroptical switching (M- to P-type) of NCDP assemblies have been validated through a 

series of concentration-, solvent-, and temperature-dependent CD studies. NCDPs 1-3 

formed M-helical assemblies in HFIP, which underwent chiral inversion to form 

thermodynamically more stable P-helical assemblies in DMSO/HFIP mixtures. Further 

CD studies revealed the significance of α-substituent and the chirality of corresponding 

peripheral amino acid in the CDP auxiliary with regard to solvent-induced helical 

assembly and the chiroptical switching properties of NCDPs. The characteristic 

chiroptical switching of the helical assembly of NCDP is reversible and can be reversibly 

transformed between M- and P-helices by solvent exchange cycles. Overall, the 

remarkable helical assembly characteristics of the NCDPs reported herein demonstrate 

the crucial role of the CDP chiral auxiliary. We hope that the present study might inspire 

the development of novel chiral auxiliaries to master the art of preferential helical 

assembly of designed supramolecular synthons so as to obtain smart self-assembled 

systems and materials, as well as for chiroptical applications.  

 

3.4 Experimental Section 

 Materials. Amino acids and coupling reagents were obtained from Novabiochem 

(Merck) and Spectrochem India, respectively. All other chemicals, solvents, and 

analytical grade reagents were obtained either from Sigma-Aldrich or Spectrochem and 
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were used as received without any further purification unless otherwise mentioned 

specifically. Ultrapure milli-Q water was used for extractions during synthesis. Thin 

Layer Chromatography (TLC) was performed using TLC Silica gel 60 F254 silica plates 

from Merck and visualization of the compounds was achieved using UV light (254 and 

365 nm) and ninhydrin treatment 

NMR spectroscopy. 
1
H and 

13
C NMR spectra were recorded on a Bruker AV-400 

spectrometer in CDCl3, DMSO-d6 or D2O at 300 K. Chemical shifts (δ) are reported in 

parts per million (ppm) with respect to residual solvent peak and coupling constant (J) 

values are reported in hertz (Hz). The multiplicity of NMR signal are represented as s = 

singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet and m = multiplet. 

NMR experiments. Concentration-dependent 
1
H NMR experiments for NCDPs was 

performed by recording the NMR spectra with various defined concentrations of NCDPs 

at 300 K in DMSO-d6. Variable-temperature 
1
H NMR (VT-NMR) experiments for 

NCDPs were performed at temperatures 25, 30, 40, 50 60 70 and 80 ºC using DMSO-d6 

as solvent at a specified concentration. 

Elemental analysis. Elemental analysis of vacuum dried NCDPs was carried out on a 

Thermo Scientific FLASH 2000 organic element analyzer. 

Mass spectrometry (MS). Mass spectra were obtained on a Bruker Ultraflex II MALDI-

TOF spectrometer. 

Absorption spectroscopy. UV-vis spectra were recorded on a Perkin Elmer Model 

Lambda 900 spectrophotometer. NCDP solutions at specified concentrations were 

analyzed using a quartz cuvette of 1 mm path length under ambient conditions. 
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Fluorescence spectroscopy. Fluorescence spectra were recorded on a Perkin Elmer 

Model LS 55 spectrophotometer. NCDP solutions at specified concentrations were 

analyzed using a quartz cuvette of 1 mm path length with the mentioned excitation and 

emission wavelengths under ambient conditions. 

Circular and linear dichroism. NCDP solution, thin-film circular dichroism (CD) and 

linear dichroism (LD) measurements were performed on a JASCO J-815 

spectropolarimeter under N2 atmosphere using 1 mm or 10 mm path length quartz 

cuvettes.  

Dynamic light-scattering. Dynamic light-scattering (DLS) measurements were carried 

out on a NanoZS analyzer (Malvern, UK) under ambient conditions. 

Computational details. The monomers for all six models under study (NCDPs 1-6) were 

modeled using the GaussView 05 program.
71

 P- and M-helical dimers were modeled from 

the initial monomer structure. The P-helical dimers were modeled by placing the second 

monomer at a distance of 3 Å from the first monomer and then rotating the second 

monomer in the anticlockwise direction by 30º. A twist angle of 30º was chosen on the 

basis of M06/6–31+G* optimization of the dimer of naphthalenediimide. Similarly, the 

M-helical dimer was also modeled in the same way by rotating the second monomer in 

the clockwise direction. The monomer and the two resultant dimers were then optimized 

at the PM7 level of theory using the MOPAC 2012 program.
72

 Based on test calculations, 

we considered up to four different conformations for each molecule under study. 

Furthermore, the optimized monomer and the dimers of NCDPs 1 and 2 were further 

subjected to single-point energy calculations at the M06 level of theory using the 6-

31+G* basis set and the Gaussian 09 program.
73,74

 The interaction energies were 

calculated as the differences between the energies of the dimers and the monomers. The 
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donor-acceptor interactions between the individual monomers resulting in the formation 

of the dimers were analyzed for all of the NCDP molecules under study using natural 

bond orbital (NBO) analysis carried out at the ab initio HF level of theory using the 6-

31+G* basis set. The NBO analysis was carried out using the NBO program 3.1 included 

in the G09 suite of programs.
75

 

Preparation of L-Tyr-OCH3.HCl (3).  Methanol (20 mL) was taken in a two-necked 

round-bottomed flask fitted with a reflux condenser and an addition funnel, cooled to ice 

cold temperature. L-Tyrosine (1.0 g, 5.51 mmol) was dispersed in above ice-cooled 

methanol and thionyl chloride (SOCl2) (0.98 g, 8.27 mmol) was added dropwise, stirred 

at ice cold temperature for 30 min and then refluxed at 80 ºC for 4 h. The reaction 

progress was monitored by thin layer chromatography (TLC), after the completion of 

reaction solvent was removed under vacuum to yield 7 as white solid in quantitative yield 

(1.22 g, 96% yield). 
1
H NMR (DMSO-d6, 400 MHz) δppm 2.96-3.09 (m, 2H), 3.67 (s, 1H), 

4.13-4.16 (t, J = 6.3 Hz, 1H), 6.71-6.73 (d, J = 8.5, 2H), 6.9-7.0 (d, J = 8.5, 2H), 8.61 (s, 

3H), 9.46 (s, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 35.0, 52.5, 53.4, 115.4, 124.3, 

130.3, 156.6, 169.4.  

Preparation of Fmoc-L-Lys(tBoc)-L-Tyr-OCH3.HCl (11). Fmoc-L-Lys(tBoc)-OH 

(0.80 g, 1.70 mmol), hydroxybenzotrizole (0.34 g, 2.56 mmol) and 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.49 g, 2.56 mmol) were 

dissolved in dichloromethane (20 mL) and cooled to ice temperature. L-tyrosine methyl 

ester hydrochloride (3) (0.47 g, 2.04 mmol) and N,N-diisopropylethylamine (1.54 g, 

11.95mmol) were added and the reaction mixture was stirred at ice temperature for 1 h 

and then at room temperature for 3 h. The reaction progress was monitored by TLC. 

Reaction mixture was evaporated to dryness and residue was extracted from 
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dichloromethane, washed with water, dried over anhydrous sodium sulphate. Solvent was 

evaporated under vacuum and the crude product was purified on silicagel column 

chromatography with MeOH/CHCl3 (v/v: 1.2/98.8) as eluent to obtain 11 as a white 

powder in very good yield (0.94 g, 86%). 
1
H NMR (CDCl3, 400 MHz) δppm 1.08-1.21(m, 

2H), 1.44 (s, 9H), 1.50-1.73 (m, 5H), 3.00-3.11 (m, 4H), 3.71 (s, 3H), 4.02 (b, 1H), 4.18-

4.21 (t, J = 6.5 Hz, 1H), 4.39-4.43 (m, 2H), 4.68 (b, 1H), 4.80 (b, 1H), 5.38 (b, 1H), 6.50 

(b, 1H), 6.71-6.73 (d, J = 7.1 Hz, 2H), 6.91-6.93 (d, J = 8.4 Hz, 2H), 7.28-7.32 (t, J = 7.4 

Hz, 2H), 7.37-7.41 (t, J = 7.4 Hz, 2H), 7.57-7.58 (d, J = 6.8 Hz, 2H), 7.74-7.76 (d, J = 6.8 

Hz, 2H); 
13

C NMR (CDCl3, 100 MHz) δppm 22.4, 28.5, 29.7, 32.2, 37.0, 40.2, 47.2, 52.5, 

67.2, 77.3, 115.9, 120.1, 125.2, 125.2, 127.1, 127.2, 127.9, 130.4, 141.4, 143.9, 156.2, 

156.6, 171.3, 172.0.  

Preparation of cyclo(L-Lys(tBoc)-L-Tyr) (12). The linear dipeptide Fmoc-L-Lys(tBoc)-

L-Tyr-OCH3 (11) (0.80 g, 1.21 mmol) was dissolved in piperidine-DCM (v/v, 20:80, 20 

mL) and stirred at room temperature for 8 h. The reaction progress was monitored by 

TLC. The precipitate formed was filtered washed with methanol, acetonitrile and dried 

under vacuum to yield 12 in good yield as a white powder (0.36 g, 76%). 
1
H NMR 

(DMSO-d6, 400 MHz) δppm 0.69-0.86 (m, 3H), 1.06-1.16 (m, 3H), 1.36 (s, 9H), 2.70-2.78 

(m, 3H), 2.98-3.0 (m, 1H), 3.53 (b, 1H), 4.06 (b, 1H), 6.62-6.64 (d, J = 8.4, 3H), 6.91-

6.93 (d, J = 8.4, 2H), 7.97 (b, 1H), 8.00 (b, 1H), 9.13 (b, 1H); 
13

C NMR (DMSO-d6, 100 

MHz) δppm 21.1, 25.7, 28.2, 29.0, 33.1, 37.4, 53.7, 55.5, 77.3, 114.7, 126.0, 131.1, 155.4, 

156.2, 166.3, 167.0. 

Preparation of cyclo(L-Lys-L-Tyr)-NDI-cyclo(L-Lys-L-Tyr) (NCDP 1). cyclo(L-

Lys(tBoc)-L-Tyr) (12) (0.20 g, 0.25 mmol) was dissolved in TFA-DCM (v/v, 1:1, 5 mL), 

triisopropylsilane (TIPS, 0.2 mL) and the resulting reaction mixture was stirred at room 
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temperature for 4 h. The reaction progress was monitored by TLC. Reaction mixture was 

evaporated to dryness and co-evaporated thrice with toluene to yield 13 as a white solid in 

an excellent yield (0.20 g, 95%) and used as such without any further purification. 

1,4,5,8-naphthalenetetracarboxylic dianhydride (60 mg, 0.22 mmol) and cyclo(L-Lys-L-

Tyr)(10) (0.20 g, 0.49 mmol) were dissolved in N,N-dimethylformamide (20 mL). N,N-

diisopropylethylamine (60 mg, 0.49 mmol) was added and refluxed at 80 ºC for 12 h. The 

reaction progress was monitored by TLC. Reaction mixture was cooled to room 

temperature and the precipitate was filtered, washed with methanol, acetonitrile and dried 

under vacuum to yield NCDP 1 as dark brown solid in good yield (130 mg, 76%).          

1
H NMR (DMSO-d6, 400 MHz) δppm 0.92-0.93 (m, 6H), 1.12-1.21 (m, 4H), 1.42 (b, 4H), 

2.98-3.30 (m, 2H), 3.62 (b, 2H), 3.88-3.92 (t, J = 7.4, 4H), 4.07 (b, 2H), 6.61-6.63 (d, J = 

8.3, 4H), 6.92-6.94 (d, J = 8.3, 4H), 8.02 (s, 2H), 8.04 (s, 2H), 8.66 (s, 4H), 9.10 (s, 2H); 

MALDI-TOF = m/z 837.29 [M+Na]
+
, 853.26 [M+K]

+
; Elemental analysis. Found: C, 

64.84; H, 5.27; N, 10.30; Calcd: C, 64.86; H, 5.20; N, 10.31 for C44H42N6O10. 

Preparation of L-Phe-OCH3.HCl (5). Methanol (20 mL) was taken in a two-necked 

round-bottomed flask fitted with a reflux condenser and an addition funnel, cooled to ice 

cold temperature. L-Phenylalanine (1.0 g, 6.20 mmol) was dispersed in above ice-cooled 

methanol and thionyl chloride (SOCl2) (1.10 g, 9.30mmol) was added dropwise, stirred at 

ice cold temperature for 30 min and then refluxed at 80 C for 4 h. The reaction progress 

was monitored by TLC, after the completion of reaction solvent was removed under 

vacuum to yield 5 as white solid in quantitative yield (1.28 g, 98%). 
1
H NMR (D2O, 400 

MHz) δppm 3.25-3.41 (m, 2H), 3.88 (s, 3H), 4.46-4.49 (m, 1H), 7.33-7.35 (m, 2H), 7.41-

7.50 (m, 3H); 
13

C NMR (D2O, 100 MHz) δppm 35.6, 53.5, 54.1, 128.1, 129.3, 129.4, 

133.7, 170.1.  
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Preparation of Fmoc-L-Lys(tBoc)-L-Phe-OCH3 (14). Fmoc-L-Lys(tBoc)-OH (1.0 g, 

2.13 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC. HCl; 

0.61 g, 3.2 mmol) and hydroxybenzotrizole (0.43 g, 3.20 mmol) were dissolved in 

dichloromethane (25 mL) and cooled to ice temperature. L-Phenylalanine methyl ester 

hydrochloride (5) (0.50 g, 2.34 mmol) and N,N-diisopropylethylamine (0.82 g, 6.40 

mmol) were added and the reaction mixture was stirred at ice temperature for 1 h and then 

at room temperature for 4 h. The reaction progress was monitored by TLC. Reaction 

mixture was evaporated to dryness and residue was extracted from dichloromethane, 

washed with water, dried over anhydrous sodium sulphate. Solvent was evaporated under 

vacuum and the crude product was purified on silicagel column chromatography with 

MeOH/CHCl3 (v/v: 1.0/99.0) as eluent to obtain 14 as a white powder in very good yield 

(1.18 g, 88%). 
1
H NMR (CDCl3, 400 MHz) δppm 1.25-1.36 (m, 2H), 1.43 (s, 9H), 1.63 (s, 

2H), 1.81 (b, 1H), 3.04-3.17 (m, 4H), 3.71 (s, 3H), 4.12-4.22 (m, 2H), 4.33-4.42 (m, 2H), 

4.61 (b, 1H), 4.82-4.87 (q, J = 6.1 Hz, 1H), 5.37 (b, 1H), 6.38 (b, 1H), 7.07-7.09 (d, J = 

6.8 Hz, 2H), 7.18-7.23 (m, 4H), 7.29-7.33 (t, J = 7.4 Hz, 2H), 7.38- 7.42 (t, J = 7.4 Hz, 

2H), 7.57 (b, 2H), 7.75-7.77 (d, J = 7.5 Hz, 2H); 
13

C NMR (CDCl3, 100 MHz) δppm 22.4, 

28.5, 29.7, 32.1, 37.9, 40.0, 47.3, 52.5, 53.3, 67.2, 120.1, 125.2, 127.2, 127.3, 127.8, 

128.7, 129.3, 135.7, 141.4, 143.9, 156.2, 171.3, 171.8. 

Preparation of cyclo(L-Lys(tBoc)-L-Phe) (15). The linear dipeptide Fmoc-L-Lys(tBoc)-

L-Phe-OMe (14) (1.0 g, 1.58mmol) was dissolved in piperidine-DCM (v/v, 20:80, 16 mL) 

and stirred at room temperature for 6 h. The reaction progress was monitored by TLC. 

The precipitate formed was filtered washed with methanol, ether and dried under vacuum 

to yield 15 in very good yield as a white powder (0.50 g, 84%). 
1
H NMR (DMSO-d6, 400 

MHz) δ = 0.59-077 (m, 3H), 1.00-1.11 (m, 3H), 1.37 (s, 9H), 2.68-2.73 (q, J = 5.8 Hz, 

2H), 2.81-2.86 (dd, J = 13.3 Hz, J = 4.9 Hz, 1H), 3.11-3.15 (dd, J = 13.6 Hz, J = 3.8 Hz, 
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1H), 3.54 (b, 1H), 4.17 (b, 1H), 6.61-6.64 (t, J = 5.0 Hz, 1H), 7.14-7.16 (m, 2H), 7.19-

7.27 (m, 3H), 7.99 (b, 1H), 8.10 (b, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 20.9, 28.2, 

28.9, 33.0, 38.1, 53.7, 55.2, 77.2, 126.6, 127.9, 130.3, 136.1, 155.4, 166.1, 166.9. 

Preparation of cyclo(L-Lys-L-Phe)-NDI-cyclo(L-Lys-L-Phe) (NCDP 2). Cyclo(L-

Lys(tBoc)-L-Phe) (15), (0.80 g, 1.27 mmol) was dissolved in TFA-DCM (v/v, 1:1, 10 

mL), triisopropylsilane (TIPS, 0.5 mL) and the resulting reaction mixture was stirred at 

room temperature for 4 h. The reaction progress was monitored by TLC. Reaction 

mixture was evaporated to dryness and co-evaporated thrice with toluene to yield 16 as a 

white solid in excellent yield (0.81 g, 98%) and used as such without any further 

purification. 1,4,5,8-naphthalenetetracarboxylic dianhydride (60 mg, 0.23 mmol) and 

cyclo(L-Lys-L-Phe) (16) (0.20 g, 0.51 mmol) were dissolved in N,N-dimethylformamaide 

(20 mL). N,N-diisopropylethylamine (60 mg, 0.51 mmol) was added and refluxed at 80 

ºC for 12 h. Reaction mixture was cooled to room temperature and the precipitate was 

filtered washed with methanol, acetonitrile and dried under vacuum to yield NCDP 2 as 

brown solid in a good yield (120 mg, 70%). 
1
H NMR (DMSO-d6, 400 MHz) δppm 0.77-

0.83 (m, 6H), 1.12-1.18 (m, 2H), 1.36-1.39 (m, 4H), 2.82-2.86 (m, 2H), 3.11-3.15 (m, 

2H), 3.61 (b, 2H), 3.85-3.88 (t, J = 7.5 Hz, 4H), 4.17 (b, 2H), 7.14-7.27 (m, 10H), 8.02 (b, 

2H), 8.11 (b, 2H), 8.67 (s, 4H); MALDI-TOF = m/z 805.29 [M+Na]
+
, 821.25 [M+K]

+
. 

Elemental analysis. Found: C, 67.50; H, 5.45; N, 10.73. Calcd: C, 67.51; H, 5.41; N, 

10.74 for C44H42N6O8. 

Preparation of L-Leu-OCH3.HCl (17). Methanol (30 mL) was taken in a two-necked 

round-bottomed flask fitted with a reflux condenser and an addition funnel, cooled to ice 

cold temperature. L-Leucine (2.0 g, 15.24 mmol) was dispersed in above ice-cooled 

methanol and thionyl chloride (SOCl2) (2.72 g, 22.86 mmol) was added dropwise, stirred 
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at ice cold temperature for 30 min and then refluxed at 80 ºC for 6 h. The reaction 

progress was monitored by TLC, after the completion of reaction solvent was removed 

under vacuum to yield 17 as white solid in quantitative yield (2.68 g, 97% yield). 
1
H 

NMR (D2O, 400 MHz) δppm 0.98-1.01 (m, 6H), 1.73-1.84 (m, 2H), 1.86-1.95 (m, 1H), 

3.88 (s, 3H), 4.17-4.21 (t, J = 13.8 Hz, 1H); 
13

C NMR (D2O, 100 MHz) δppm 21.0, 21.4, 

23.9, 38.8, 51.4, 53.5, 171.3. 

Preparation of Fmoc-L-Lys(tBoc)-L-Leu-OCH3 (18). Fmoc-L-Lys(tBoc)-OH (1.28 g, 

2.75 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.87 g, 4.60 

mmol) and hydroxybenzotrizole (0.62 g, 4.60 mmol) were dissolved in dichloromethane 

(25 mL) and cooled to ice temperature. L-Leucine methyl ester hydrochloride (17) (0.60 

g, 3.30 mmol) and N,N-diisopropylethylamine (1.17 g, 9.07 mmol) were added and the 

reaction mixture was stirred at ice temperature for 1 h and then at room temperature for 3 

h. The reaction progress was monitored by TLC. Reaction mixture was evaporated to 

dryness and residue was extracted from dichloromethane, washed with water, dried over 

anhydrous sodium sulphate. Solvent was evaporated under vacuum and the crude product 

was purified on silicagel column chromatography using MeOH/CHCl3 (v/v: 0.8/99.2) as 

eluent to obtain 18 as a white powder in very good yield (1.46 g, 89%). 
1
H NMR (CDCl3, 

400 MHz) δppm 0.89-0.90 (d, J = 4.5 Hz, 6H), 1.42 (s, 9H), 1.51-1.65 (m, 8H), 1.92 (b, 

1H), 3.05-3.15 (b, 2H), 3.71 (s, 3H), 4.18-4.21 (t, J = 6.9 Hz, 2H), 4.36-4.37 (d, J = 6.8 

Hz, 2H), 4.56-4.62 (m, 1H), 4.74 (b, 1H), 5.58 (b, 1H), 6.57 (b, 1H), 7.27-7.31 (t, J = 7.4 

Hz, 2H), 7.36-7.40 (t, J = 7.4 Hz, 2H), 7.57-7.59 (d, J = 7.3 Hz, 2H), 7.74-7.76 (d, J = 5 

Hz, 2H); 
13

C NMR (CDCl3, 100 MHz) δppm  21.9, 22.3, 22.8, 24.9, 28.5, 29.5, 32.3, 39.9, 

41.3, 47.2, 50.9, 52.4, 54.6, 67.2, 79.2, 120.0, 125.1, 127.1, 127.8, 141.3, 143.8, 143.9, 

156.3, 171.7, 173.3. 
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Preperation of cyclo(L-Lys(tBoc)-L-Leu) (19). The linear dipeptide Fmoc-L-Lys(tBoc)-

L-Leu-OMe (18) (0.80 g, 2.34 mmol) was dissolved in piperidine-DCM (v/v, 20:80, 16 

mL) and stirred at room temperature for 8 h. The reaction progress was monitored by 

TLC. Reaction mixture was evaporated to dryness and residue was extracted with 

dichloromethane, washed with water, dried over anhydrous sodium sulphate. Solvent was 

evaporated under vacuum and the crude product was purified on silicagel column 

chromatography using MeOH/CHCl3 (v/v: 1.4/98.6) as eluent to obtain 19 as a white 

powder in fair yield (0.28 g, 62%). 
1
H NMR (DMSO-d6, 400 MHz) δppm 0.84-0.88 (m, 

6H), 1.23-1.33 (m, 4H), 1.36 (s, 9H), 1.42-1.48 (m, 1H), 1.56-1.87 (m, 4H), 2.86-2.91 (q, 

J = 6.4 Hz, 2H), 3.72-3.75 (m, 2H), 6.70-6.72 (t, J = 5.2 Hz, 1H), 8.09 (b, 1H), 8.14 (b, 

1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 21.7, 22.9, 23.5, 28.2, 29.1, 33.1, 43.2, 52.5, 

54.0, 77.3, 155.5, 167.8, 168.3. 

 Preparation of cyclo(L-Lys-L-Leu)-NDI-cyclo(L-Lys-L-Leu) (NCDP 3). Cyclo(L-

Lys(tBoc)-L-Leu) (19), (0.25 g, 0.73 mmol) was dissolved in TFA-DCM (v/v, 1:1, 10 

mL), triisopropylsilane (TIPS, 0.2 mL) and the resulting reaction mixture was stirred at 

room temperature for 4 h. The reaction progress was monitored by TLC. The reaction 

mixture was evaporated to dryness and co-evaporated thrice with toluene to yield 20 as a 

white solid in an excellent yield (0.25 g, 96%) and used as such without any further 

purification. 1,4,5,8-naphthalenetetracarboxylic dianhydride (80 mg, 0.32 mmol) and 

cyclo(L-Lys-L-Leu) (20) (0.25 g, 0.70 mmol) were dissolved in N,N-dimethylformamide 

(20 mL). N,N-diisopropylethylamine (90 mg, 0.70 mmol) was added and refluxed at 80 

ºC for 12 h. The reaction progress was monitored by TLC. The reaction mixture was 

cooled to room temperature, precipitated with ether and the precipitate was filtered, 

washed with methanol, acetonitrile and dried under vacuum to yield NCDP 3 as dark 

brown solid in fair yield (120 mg, 63%). 
1
H NMR (DMSO-d6, 400 MHz) δppm 0.84-0.89 
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(m, 12H), 1.40-1.49 (m, 6H), 1.56-1.85 (m, 12H), 3.73-3.77 (m, 4H), 4.05-4.08 (t, J = 

14.2 Hz, 4H),8.10-8.11 (d, J = 2.2 Hz, 2H), 8.13-8.14 (d, J = 2.3 Hz, 2H), 8.67 (s, 4H); 

MALDI-TOF = m/z 737.31 [M+Na]
+
, 753.25 [M+K]

+
. Elemental analysis. Found: C, 

63.83; H, 6.51; N, 11.75. Calcd: C, 63.85; H, 6.49; N, 11.76 for C38H46N6O8. 

Preparation of cyclo(L-Lys-Gly)-NDI-cyclo(L-Lys-Gly) (NCDP 4). 1,4,5,8-

naphthalenetetracarboxylic dianhydride (40 mg, 0.16 mmol) and cyclo(L-Lys-Gly) (2) 

(100 mg, 0.33 mmol) were dissolved in N,N-dimethylformamaide (10 mL). N,N-

diisopropylethylamine (40 mg, 0.33 mmol) was added and the resultant reaction mixture 

was refluxed at 80 ºC for 15 h. Reaction mixture was cooled to room temperature, 

precipitated with ether and the precipitate was filtered, washed with methanol, acetonitrile 

and dried under vacuum to yield NCDP 4 as a brown coloured solid in moderate yield (60 

mg, 62%). 
1
H NMR (DMSO-d6, 400 MHz) δ = 1.38-1.56 (m, 8H), 3.01 (b, 4H), 3.64-

3.79 (m, 6H), 4.04-4.08 (t, J = 7.0, 4H), 7.96 (b, 2H), 8.15 (b, 2H), 8.67 (s, 4H); MALDI-

TOF = m/z 625.18[M+Na]
+
, 641.15[M+K]

+
; Elemental analysis. Found: C, 59.78; H, 

5.08; N, 13.94. Calcd: C, 59.79; H, 5.02; N 13.95 for C30H30N6O8. 

Preparation of D-Tyr-OCH3.HCl (21). Methanol (20 mL) was taken in a two-necked 

round-bottomed flask fitted with a reflux condenser and an addition funnel, cooled to ice 

cold temperature. D-Tyrosine (0.80 g, 4.41 mmol) was dispersed in above ice-cooled 

methanol and thionyl chloride (SOCl2) (0.78 g, 6.62 mmol) was added dropwise, stirred 

at ice cold temperature for 30 min and then refluxed at 80 ºC for 14 h. The reaction 

progress was monitored by TLC, after the completion of reaction solvent was removed 

under vacuum to yield 21 as white solid in quantitative yield (1.01 g, 99% yield). 
1
H 

NMR (DMSO-d6, 400 MHz) δppm 2.96-3.07 (m, 2H), 3.66 (s, 3H), 4.15 (s, 1H), 6.71-6.73 
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(d, J  = 8.2 Hz, 2H), 6.99-7.01 (d, J = 8.4 Hz, 2H), 8.64 (b, 3H), 9.47 (b, 1H); 
13

C NMR 

(DMSO-d6, 100 MHz) δppm 35.0, 52.5, 53.4, 115.4, 124.3, 130.3, 156.6, 169.4. 

Preparation of Fmoc-L-Lys(tBoc)-D-Tyr-OCH3 (22). Fmoc-L-Lys(tBoc)-OH (1.0 g, 

2.13 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (0.61 g, 3.2 

mmol) and hydroxybenzotrizole (0.43 g, 3.2 mmol) were dissolved in dichloromethane 

(25 mL) and cooled to ice temperature. D-Tyrosine methyl ester hydrochloride (21) (0.59 

g, 2.56 mmol) and N,N-diisopropylethylamine (0.82 g, 6.4 mmol) were added and the 

reaction mixture was stirred at ice temperature for 1 h and then at room temperature for 8 

h. The reaction progress was monitored by TLC. Reaction mixture was evaporated to 

dryness and residue was extracted from dichloromethane, washed with water, dried over 

anhydrous sodium sulphate. Solvent was evaporated under vacuum and the crude product 

was purified on silicagel column chromatography using MeOH/CHCl3 (v/v: 1.2/98.8) as 

eluent to obtain 22 as a white powder in very good yield (1.15 g, 84%). 
1
H NMR (CDCl3, 

400 MHz) δppm 0.71-0.93 (m, 2H), 1.14-1.31 (m, 3H), 1.47 (s, 9H), 1.52-1.60 (m, 2H), 

2.70-2.87 (m, 2H), 3.00-3.14 (m, 2H), 3.77 (s, 3H), 4.12-4.19 (m, 2H), 4.32-4.34 (m, 2H), 

4.71 (b, 1H), 4.82-4.88 (m, 1H), 5.58-5.60 (d, J = 7.2 Hz, 1H), 6.611-6.13 (d, J = 8.1 Hz, 

1H), 6.82-6.84 (d, J = 8.0 Hz, 2H), 6.96-6.98 (d, J = 8.2 Hz, 2H), 7.27-7.31 (t, J = 7.4 Hz, 

2H), 7.36-7.40 (t, J = 7.4 Hz, 2H), 7.55-7.57 (d, J = 7.4 Hz, 2H), 7.74-7.76 (d, J = 7.4 Hz, 

2H); 
13

C NMR (CDCl3, 100 MHz) δppm  22.6, 27.9, 29.4, 32.0, 36.8, 40.5, 47.1, 52.5, 

67.2, 77.3, 116.8, 120.1, 125.2, 125.4, 127.1, 127.2, 127.9, 130.4, 141.5, 143.9, 156.4, 

156.6, 171.5, 172.6. 

Preparation of cyclo(L-Lys(tBoc)-D-Tyr) (23). The linear dipeptide Fmoc-L-Lys(tBoc)-

D-Tyr-OCH3 (22) (1.0 g, 1.58 mmol) was dissolved in DCM-piperidine (v/v: 80:20, 20 

mL) and stirred at room temperature for 10 h. The reaction progress was monitored by 
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TLC. Reaction mixture was evaporated to dryness and residue was extracted with 

dichloromethane, washed with water, dried over anhydrous sodium sulphate. Solvent was 

evaporated under vacuum and the crude product was purified on silicagel column 

chromatography using MeOH/CHCl3 (v/v: 1.2/98.8) as eluent to obtain 23 as a white 

powder in fair yield (0.33 g, 55%). 
1
H NMR (DMSO-d6, 400 MHz) δppm 1.04-1.27 (m, 

5H), 1.35 (s, 9H), 2.73-3.01 (m, 6H), 4.01 (b, 1H), 6.62-6.64 (d, J = 8.3 Hz, 2H), 6.69-

6.72 (t, J = 5.3 Hz, 1H), 6.93-6.95 (d, J = 8.3 Hz, 2H), 7.89 (s, 1H), 8.01 (s, 1H), 9.22 (b, 

1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 20.7, 28.2, 29.2, 31.3, 37.8, 52.9, 55.7, 77.3, 

114.8, 125.7, 131.0, 155.5, 156.1, 167.5, 167.5. 

Preparation of cyclo(L-Lys-D-Tyr)-NDI-cyclo(L-Lys-D-Tyr) (NCDP 5). cyclo(L-

Lys(tBoc)-D-Tyr) (23), (0.27 g, 0.70 mmol) was dissolved in TFA-DCM (v/v, 1:1, 10 

mL), triisopropylsilane (TIPS, 0.2 mL) and the resulting reaction mixture was stirred at 

room temperature for 8 h. The reaction progress was monitored by TLC. Reaction 

mixture was evaporated to dryness and co-evaporated thrice with toluene to yield 24 as a 

white solid in excellent yield (0.27 g, 98%) and used as such without any further 

purification. 1,4,5,8-naphthalenetetracarboxylic dianhydride (60 mg, 0.22 mmol) and 

cyclo(L-Lys-D-Tyr) (24) (0.20 g, 0.49 mmol) were dissolved in N,N-dimethylformamaide 

(20 mL). N,N-diisopropylethylamine (60 mg, 0.49 mmol) was added and refluxed at 80 

ºC for 16 h. The reaction progress was monitored by TLC. Reaction mixture was cooled 

to room temperature, precipitated with ether and the precipitate was filtered washed with 

methanol, acetonitrile and dried under vacuum to yield NCDP 5 as yellowish brown solid 

in good yield (0.14 g, 78 %). 
1
H NMR (DMSO-d6, 400 MHz) δppm 1.19-1.35 (m, 6H), 

1.48-1.64 (m, 8H), 2.90-2.92 (m, 2H), 2.96-3.01 (m, 2H), 3.97-4.01 (m, 6H), 6.61-6.64 

(d, J = 8.4 Hz, 4H), 6.92-6.94 (d, J = 8.4 Hz, 4H), 7.94 (b, 2H), 8.03 (b, 2H), 8.64 (b, 

4H), 9.21 (s, 2H); MALDI-TOF = m/z837.26 [M+Na]
+
, 853.22 [M+K]

+
; Elemental 
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analysis. Found: C, 64.85; H, 5.24; N, 10.30; Calcd: C, 64.86; H, 5.20; N, 10.31 for 

C44H42N6O10. 

Preparation of D-Phe-OCH3.HCl (25). Methanol (20 mL) was taken in a two-necked 

round-bottomed flask fitted with a reflux condenser and an addition funnel, cooled to ice 

cold temperature. D-Phenylalanine (1.0 g, 6.20 mmol) was dispersed in above ice-cooled 

methanol and thionyl chloride (SOCl2) (1.10 g, 9.32 mmol) was added dropwise, stirred 

at ice cold temperature for 30 min and then refluxed at 80 ºC for 4 h. The reaction 

progress was monitored by TLC, after the completion of reaction solvent was removed 

under vacuum to yield 25 as white solid in quantitative yield (1.29 g, 99%). 
1
H NMR 

(D2O, 400 MHz) δppm 3.26-3.42 (m, 2H), 3.88 (s, 3H), 4.47-4.50 (t, J = 7.2 Hz, 1H), 7.33-

7.35 (m, 2H), 7.44-7.50 (m, 3H); 
13

C NMR (D2O, 100 MHz) δppm 35.6, 53.6, 54.1, 128.1, 

129.3, 129.4, 133.7, 170.1. 

Preparation of Fmoc-L-Lys(tBoc)-D-Phe-OCH3 (26). Fmoc-L-Lys(tBoc)-OH (1.97 g, 

4.21 mmol), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (1.33 g, 6.95 

mmol) and hydroxybenzotrizole (0.93 g, 6.95 mmol) were dissolved in dichloromethane 

(25 mL) and cooled to ice temperature. D-Phenylalanine methyl ester hydrochloride (25) 

(1.0 g, 4.63 mmol) and N,N-diisopropylethylamine (1.79 g, 13.91 mmol) were added and 

the reaction mixture was stirred at ice temperature for 1 h and then at room temperature 

for 6 h. The reaction progress was monitored by TLC. Reaction mixture was evaporated 

to dryness and residue was extracted with dichloromethane, washed with water, dried 

over anhydrous sodium sulphate. Solvent was evaporated under vacuum and the crude 

product was purified on silicagel column chromatography using MeOH/CHCl3 (v/v: 

0.8/99.2) as eluent to obtain 26 as a white powder in very good yield (2.25 g, 85%). 
1
H 

NMR (CDCl3, 400 MHz) δppm 1.25 (b, 2H), 1.43 (s, 9H), 1.52-1.75 (m, 4H), 3.01-3.18 
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(m, 4H), 3.71 (s, 3H), 4.15-4.20 (m, 2H), 4.36 (b, 2H), 4.56 (b, 1H), 4.86 (b, 1H), 5.42 (b, 

1H), 6.49 (b, 1H), 7.08-7.09 (d, J = 6.8 Hz, 2H), 7.18-7.23 (m, 3H), 7.28-7.32 (t, J = 7.4 

Hz, 2H), 7.37-7.41 (t, J = 7.4 Hz, 2H), 7.56-7.59 (t, J = 6.4 Hz, 2H), 7.75-7.77 (d, J = 7.5 

Hz, 2H); 
13

C NMR (CDCl3, 100 MHz) δppm 22.4, 28.5, 29.7, 32.2, 38.0, 39.9, 47.2, 52.5, 

53.2, 54.9, 67.3, 79.3, 120.1, 125.2, 127.2, 127.3, 127.8, 128.7, 129.3, 135.8, 141.4, 

143.9, 156.2, 171.4, 171.8. 

Preparation of cyclo(L-Lys(tBoc)-D-Phe) (27). The linear dipeptide Fmoc-L-Lys(tBoc)-

D-Phe-OCH3 (26) (1.0 g, 1.54 mmol) was dissolved in piperidine-DCM (v/v, 20:80, 25 

mL) and stirred at room temperature for 10 h. The reaction progress was monitored by 

TLC. Reaction mixture was reduced to half and toluene (20 mL) was added to precipitate 

the compound. The precipitate was washed with methanol, ether and dried under vacuum 

to yield 27 a white powder in fair yield (0.34 g, 58%). 
1
H NMR (DMSO-d6, 400 MHz) 

δppm 1.04-1.27 (m, 4H), 1.36 (s, 9H), 1.46-1.56 (m, 2H), 2.81-2.93 (m, 4H), 3.09-3.13 (m, 

1H), 4.11 (b, 1H), 6.70-6.73 (t, J = 5.4 Hz, 1H), 7.16-7.18 (m, 2H), 7.22-7.28 (m, 3H), 

7.95 (s, 1H), 8.09 (s, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 20.8, 28.2, 29.2, 31.5, 

38.4, 53.0, 55.4, 77.3, 126.6, 128.0, 130.0, 135.9, 155.5, 167.3, 167.5. 

Preparation of cyclo(L-Lys-D-Phe)-NDI-cyclo(L-Lys-D-Phe) (NCDP 6): cyclo(L-

Lys(tBoc)-D-Phe) (27), (0. 20 g, 0.52 mmol) was dissolved in TFA-DCM (v/v, 1:1, 10 

mL), triisopropylsilane (TIPS, 0.2 mL) and the resulting reaction mixture was stirred at 

room temperature for 8 h. The reaction progress was monitored by TLC. Reaction 

mixture was evaporated to dryness and co-evaporated thrice with toluene to yield 28 as a 

white solid in an excellent yield (0.20 g, 98 %) and used as such without any further 

characterization. 1,4,5,8-naphthalenetetracarboxylic dianhydride (40 mg, 0.17 mmol) and 

cyclo(L-Lys-D-Phe) (28) (0.20 g, 0.51 mmol) were dissolved in N,N-dimethylformamaide 
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(20 mL). N,N-diisopropylethylamine (60 mg, 0.51 mmol) was added and refluxed at 80 

ºC for 16 h. The reaction progress was monitored by TLC. Reaction mixture was cooled 

to room temperature and the precipitate was filtered, washed with methanol, acetonitrile 

and dried under vacuum to yield NCDP 6 as pale brown solid in a good yield (90 mg, 72 

%). 
1
H NMR (DMSO-d6, 400 MHz) δppm 1.19-1.37 (m, 4H), 1.50-1.64 (m, 8H), 2,86-2.90 

(dd, J = 13.5 Hz, J = 4.8 Hz, 2H), 2.94-2.96 (t, J = 4.6 Hz, 2H), 3.08-3.12 (dd, J = 13.6 

Hz, J = 4.3 Hz, 2H), 3.97-4.01 (t, J = 7.3 Hz, 4H), 4.10-4.11 (m, 2H), 7.16-7.18 (m, 4H), 

7.19-7.28 (m, 6H), 7.98 (b, 2H), 8.10 (b, 2H), 8.64 (s, 4H); MALDI-TOF = m/z 

805.27[M+Na]
+
, m/z 821.24[M+K]

+
; Elemental analysis. Found: C, 67.50; H, 5.45; N, 

10.73; Calcd: C, 67.51; H, 5.41; N, 10.74 for C44H42N6O8. 

 

3.5 Appendix 

 1
H NMR and MALDI-TOF spectrum of NCDP 1 

 1
H NMR and MALDI-TOF spectrum of NCDP 2 

 1
H NMR and MALDI-TOF spectrum of NCDP 3 

 1
H NMR and MALDI-TOF spectrum of NCDP 4 

 1
H NMR and MALDI-TOF spectrum of NCDP 5 

 1
H NMR and MALDI-TOF spectrum of NCDP 6 
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1
H NMR spectrum of NCDP 1 

 

 

 

 

 

 

 

MALDI-TOF mass spectrum of NCDP 1 
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1
H NMR spectrum of NCDP 2 

 

 

 

 

 

MALDI-TOF mass spectrum of NCDP 2 
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1
H NMR spectrum of NCDP 3 

 

 

 

 

 

MALDI-TOF mass spectrum of NCDP 3 
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1
H NMR spectrum of NCDP 4 

 

 

 

 

 

 

 

MALDI-TOF mass spectrum of NCDP 4 
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1
H NMR spectrum of NCDP 5 

 

 

 

 

 

 

 

 

MALDI-TOF mass spectrum of NCDP 5 
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1
H NMR spectrum of NCDP 6 

 

 

 

 

 

 

 

 

MALDI-TOF mass spectrum of NCDP 6 
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4.1 Introduction 

Oxidative stress caused by excessive free radicals has a detrimental effect on overall well-

being and implicated in a number of pathological conditions and aging of humans.
1,2

 A 

critical amount of free radicals is essential to maintain certain biochemical functions 

under normal physiological conditions. However, the presence of excessive reactive 

radical species beyond the critical concentration that cannot be controlled by natural 

antioxidant mechanisms involving superoxide dismutases, catalases, glutathione, and 

peroxidins adversely affect almost every organ function and pose severe health 

problems.
3-8

 Oxidative stress causes cellular and tissue damage leading to cancer, 

inflammatory bowel disease and responsible for various neurodegenerative disorders 

including Alzheimer’s disease (AD), Parkinson disease (PD), multiple sclerosis, 

amyotrophic lateral sclerosis (ALS) leading to memory loss and dementia.
9,10

 Among all 

the neurodegenerative disorders, AD is the most common form of dementia epitomized 

by the progressive impairment of cognitive ability leading to death.
10,11

 Aggregation and 

deposition of toxic Aβ (amyloid beta), hyperphosphorylation of tau protein and formation 

of neurofibrillary tangles (NFTs) are the hallmark changes observed in AD. Furthermore, 

AD is associated with the production of excessive reactive oxygen species by metal 

associated Aβ aggregates. The toxicity in AD is multifactorial and many in vitro studies 

on disease models and clinical studies have demonstrated that Aβ aggregate-induced 

oxidative stress plays a key role in the loss of cognitive function and disease progression 

leading to death.
11,12

 Natural polyphenolic compounds such as non-flavonoid curcumin, 

resveratrol, tannic acid, melanins and flavonoid quercetin, epigallocatechin gallate 

(EGCG), silibinin and few synthetic polyphenolic compounds have been studied for 

modulating the oxidative stress associated toxicity in AD.
13-15

 The major problem 

associated with the existing natural or synthetic molecules for controlling oxidative stress 
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in various disease conditions such as AD is their limited bioavailability, blood brain 

barrier (BBB) crossing ability along with other unwanted health effects. 

 Cyclic dipeptides (CDPs) also known as 2,5-diketopiperazines (DKPs) are the 

smallest cyclic form of peptides containing a 6-membered heterocyclic lactam core. CDPs 

are secondary metabolites that are conserved through evolution and ubiquitously present 

in nature ranging from bacteria to humans with diverse biological functions.
16

 

Cyclodipeptide synthases (CDPSs) and nonribosomal peptide synthetases (NRPSs) 

facilitates the non-ribosomal biosynthesis of a number of unmodified and modified 

CDPs.
17,18

  CDP derivatives obtained either from natural sources or chemical synthesis 

are important class of active molecules with diverse biological functions such as bacterial 

quorum sensing, antibacterial, antimicrobial, anticancer properties, neuroprotective 

functions and even as carriers for biologically important molecules across the blood brain 

barrier.
19-22 

CDPs owing to their rigid cyclic structure are stable towards enzymatic 

degradation, which further augments the possibility of developing CDP derived systems 

for oral delivery. Inspired by the beneficial properties of polyphenolic antioxidant 

molecules and unique properties of CDPs, we have designed a series of aromatic CDPs 

(7-12) with varying proteinogenic and non-proteinogenic phenolic amino acid 

composition and examined their antioxidant property. Free radical scavenging property 

against 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals, cytocompatibility with murine 

adrenal-derived  PC12 cells and disaggregation of preformed Aβ1-42 were studied. To the 

best of our knowledge, this is the first report on a systematic study of the structure-

property relation of CDPs for antioxidant property with potential biomedical applications.  
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Scheme 4.1. Synthesis of CDP 7. Reagents and conditions: (i) 1,2-ethanediol, reflux, 18 h.  

 

 

 

 

 

 

 

 

 

 

Scheme 4.2. Synthesis of CDP 8. Reagents and conditions: (i) EDC.HCl, HOBt, DIPEA, DCM, 0 

ºC- RT, 6 h. (ii) TFA-H2O (v/v; 1:1), TIPS, RT, 4 h. (iii) NMM, 0.1M CH3COOH, Sec-BuOH, 

100 ºC, 6 h. EDC.HCl = 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride, HOBt = 

1-hydroxybenzotriazole, DIPEA = N,N-diisopropylethylamine, DCM = dichloromethane, TFA = 

trifluoroacetic acid, NMM = N-methyl morpholine.  

 

 

 

 

  

Scheme 4.3. Synthesis of CDP 9. Reagents and conditions: (i) 1,2-ethanediol, reflux, 24 h.  
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Scheme 4.4 Synthesis of CDP 10. Reagents and conditions: (i) Di-tert-butyl dicarbonate, NaOH, 

1,4-dioxane-H2O, 24 h, RT. (ii) EDC.HCl, HOBt, DIPEA, H-L-Phe-OCH3.HCl, DCM, 0 ºC- RT, 

6 h. (iii) TFA-H2O (v/v; 1:1), TIPS, RT, 4 h. (iv) NMM, 0.1M CH3COOH, Sec-BuOH, 100 ºC, 6 

h. DOPA: 3,4-dihydroxyphenylalanine. 

 

 

 

 

 

 

 

 

 

Scheme 4.5. Synthesis of CDP 11. Reagents and conditions: (i) EDC.HCl, HOBt, DIPEA, DCM, 

0 ºC- RT, 5 h. (ii) TFA-H2O (v/v; 1:1), TIPS, RT, 4 h. (iii) NMM, 1M CH3COOH, Sec-BuOH, 

100 ºC, 6 h.  
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Scheme 4.6. Synthesis of CDP 12. Reagents and conditions: (i) 1,2-ethanediol, reflux, 24 h.  

 

4.2 Results and Discussion 

4.2.1 Synthesis of CDPs 

Cyclic dipeptides 7 [cyclo(L-Phe-L-Phe], 9 [cyclo(L-Tyr-L-Tyr] and CDP 12 [cyclo(L-

DOPA-L-DOPA] were prepared by the condensation of corresponding amino acids in 

ethylene glycol under reflux conditions (Schemes 4.1, 4.3. 4.6).
23,24

 While, CDPs 8 

[cyclo(L-Phe-L-Tyr], 10 [cyclo(L-Phe-L-DOPA] and 11 [cyclo(L-Tyr-L-DOPA] were 

prepared through the synthesis of linear dipeptides followed by the cyclization under 

reflux conditions in sec-butanol (Schemes 4.2, 4.4, 4.5).
25

 Synthesis protocols 

(condensation and cyclization) were optimized for each CDP to obtain the maximum 

possible yields with minimum synthesis steps (Scheme 4.1-4.6). Chemical purity and 

integrity of the prepared peptides and CDPs was evaluated using NMR, mass 

spectrometry, and elemental analysis.  

 

4.2.2 Antioxidant activity 

The potential of CDPs 7-12 to scavenge the free radicals was evaluated colorimetrically 

by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals.
26

  The aqueous ethanol solution 

of DPPH radicals shows a deep violet colour with strong absorption in the visible region 

(460-560 nm) with a direct correlation of the colour intensity to the concentration of 

radicals and hence serves as a measure to calculate the radical scavenging property of 
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Figure 4.1 Antioxidant assay of CDPs 7-12. Concentration-dependent radical scavenging 

property of CDPs 7-12 against DPPH free radicals after (A) 30 min, (B) 60 min, (C) 90 min and 

(D) 120 min of incubation at room temperature under dark conditions. The absorbance was 

measured at 490 nm. Values shown are means ± SEM of three independent experiments 

performed in three to four replicates.  

 

CDPs. Natural antioxidant molecule ascorbic acid (AA, vitamin C) that is present in diet 

and helps in maintaining the physiological hemostasis, and butylated hydroxyanisole 

(BHA) a synthetic antioxidant that is used commercially in the food industry were used as 

positive controls and untreated DPPH as a negative control to study the antioxidant 

efficacy of CDPs. Increasing concentrations (0-50 µM) of CDPs (7-12) were incubated 

with a degassed aqueous ethanol solution of DPPH (100 µM) at room temperature under 

dark conditions. The change in concentration of DPPH radicals was calculated by 

measuring the colorimetric intensity at 490 nm using a microplate reader at regular 

intervals of 30, 60, 90 and 120 min of incubation (Figure 4.1). The untreated DPPH 

samples at each time point served as control and the antioxidant efficacy of CDPs was 



Antioxidant CDPs 

 

167 
 

calculated with respect to the control. After 30 min of incubation, lower concentrations of 

CDPs (< 5µM) did not show significant antioxidant activity, similar results were observed 

for the positive controls AA and BHA. However, significant radical scavenging activity 

was observed at CDP concentrations above 5 µM in an amino acid side chain dependent 

manner. CDPs 7, 8 and 9 containing either phenylalanine or tyrosine in the structure did 

not show any radical scavenging property under the studied conditions at all time points 

(Figure 4.1). CDPs 10 and 12 containing one and two DOPA amino acids respectively 

showed very good activity which is better than the positive controls. Surprisingly, CDP 

11 with tyrosine and DOPA did not show any significant radical scavenging property 

under the studied conditions. CDPs 10 and 12 showed superior radical scavenging i.e. 

antioxidant properties compared to AA and BHA at corresponding concentrations at 60, 

90 and 120 min incubation. The observed radical scavenging property of CDP 10 and 12 

was attributed to the ability of DOPA to undergo keto-enol tautomerization and neutralize 

the DPPH radicals similar to the mechanism observed in natural phenolic antioxidant 

molecules curcumin and melanin.
14,27,28

  Among CDP 10 and 12, CDP 12 showed higher 

radical scavenging property which is attributed to the presence of two DOPA moieties in 

CDP 12. Overall, this study confirmed the phenolic amino acid composition dependent 

antioxidant activity of CDPs and DOPA-containing CDPs 10 and 12 found to be potential 

antioxidant compounds (Figure 4.1).  

 

4.2.3 Cytotoxicity analysis 

Murine adrenal medulla derived PC12 (pheochromocytoma) cells were chosen for 

assessing the cytotoxicity of CDPs (7-12) in vitro. The viability of PC12 treated with 

various concentrations of CDPs was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. Cell permeable MTT is a tetrazolium 
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Figure 4.2 Cytotoxicity study of CDPs 7-12. MTT assay results showing % of viable cells 

treated with different concentration of (A) CDP 7, (B) CDP 8, (C) CDP 9, (D) CDP 10, (E) CDP 

11 and (F) CDP 12 for 24 h. All data points represent mean ± SEM (n=3). #(p < 0.05), * (p < 

0.01) and ** (p < 0.001) denotes significant difference compared to control. MTT: 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 

 

derivative and is reduced by mitochondrial oxidoreductases of live cells to purple-colored 

formazan crystals. Thus, the amount of purple-colored formazan produced is measured by 

a change in the optical density at 570 nm, which is a direct correlation to the cell viability. 

The measured optical intensity of wells containing CDP treated cells, in comparison to 

the control wells that received only complete media was calculated as the percentage of 
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cell viability and hence the toxicity of the CDPs. Untreated cells served as a positive 

control to calculate the percentage cell viability. PC12 cells were treated with increasing 

concentrations of CDPs 7-12 (0-50 µM) for 24 h and the cell viability calculated using 

MTT and the results are shown Figure 4.2. All the CDPs (7-12) showed good cell 

viability with more than 50% viable cells at concentrations less than 20 µM. CDPs 7 and 

11 exhibited cytotoxicity at higher concentrations (≥40 µM) (Figure 4.2A,E). CDPs 8, 9, 

10 and 12 showed good cell viability with PC12 cells for all the concentrations studied 

after 24 h of treatment (Figure 4.2B,C,D,F). Altogether, the in cellulo study exemplified 

the non-cytotoxic nature of CDPs, especially the free radical scavenging lead molecules 

CDP 10 and 12.  

 

4.2.4 Aβ1-42 disaggregation study 

Aβ aggregates were prepared from the Aβ1-42 peptide and studied their disaggregation in 

presence of varying equivalents of CDPs 10 and 12. CDPs 10 and 12 were chosen among 

the other CDPs because of their potential antioxidant property and cytocompatibility with 

PC12 cells (Figure 4.1 and 4.2). Briefly, the aggregation was induced by incubating the 

regenerated Aβ1-42 in slightly acidic conditions for 24 h at 37 ºC and the aggregation of 

Aβ1-42 into fibrillar structures was confirmed by transmission electron microscopy (TEM) 

analysis (data not shown).  

 The disaggregation efficacy of CDPs 10 and 12 towards the Aβ1-42 aggregates was 

measured using thioflavin T (ThT) fluorescence assay and the results are expressed as a 

percentage of Aβ disaggregation with respect to the control or untreated Aβ1-42 aggregates. 

As shown in Figure 4.3, one equivalent of CDPs (Aβ1-42/CDP, 1:1) showed no significant 

disaggregation of preformed Aβ1-42 aggregates. However, five equivalents of CDPs 10 
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Figure 4.3 Thioflavin T (ThT) fluorescence assay showing the results of disaggregation of Aβ1-42 

aggregates treated with different equivalents of CDPs 10 and 12 for 24 h at 37 ºC. Values shown 

are means ± SEM of three independent experiments performed in three to four replicates. 

 

and 12 showed an average 20% and 27% disaggregation of preformed Aβ1-42 aggregates, 

respectively. A similar trend is observed with increasing the concentration of CDPs to 10 

equivalents, and an average disaggregation of 22% and 33% Aβ1-42 aggregates was 

observed for CDPs 10 and 12, respectively (Figure 4.3). CDP 12 showed better 

disaggregation properties in comparison to CDP 10 for all the concentrations studied, 

which highlights the structure-activity relationship with respect to the amino acid 

composition. Overall, the disaggregation studies of illustrated the potential of CDPs 10 

and 12 to disaggregate or dissolve the toxic aggregates of Aβ1-42. Further studies to 

validate the antioxidant effect of CDP 10 and 12 and inhibition of multifaceted AB-

toxicity is under progress in our laboratory. 

 

4.3 Conclusion 

In summary, we have designed and synthesized aromatic CDPs containing both 

proteinogenic and non-proteinogenic amino acids with a variable number of phenolic 

hydroxyl moieties. CDPs 7-12 were rationally designed based on the superior biological 
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activities observed with natural polyphenolic compounds such as curcumin, EGCG, and 

melanin. The significance of amino acid composition on the radical scavenging property 

of CDPs was examined systematically using DPPH-based calorimetric assay.  CDPs with 

catechol (DOPA) moiety (10 and 12) emerged as the potential antioxidant molecules with 

better activity compared to other CDPs. The antioxidant property of CDPs 10 and 12 was 

found to be superior to the natural ascorbic acid (AA) and synthetic antioxidant (BHA) 

molecules. The cytocompatible nature of CDPs was demonstrated using murine brain 

PC12 cells and antioxidant CDPs were found to be non-toxic in nature. The potential 

applications of radical scavenging CDPs in modulating the toxicity of Alzheimer’s 

disease (AD) was demonstrated in dissolving the Aβ aggregates. The preliminary studies 

on disaggregation of preformed Aβ1-42 aggregates demonstrated the potential of CDPs 10 

and 12 to dissolve the toxic protein aggregates. In general, DOPA-containing CDPs 10 

and 12 showed strong antioxidant, good cytocompatibility and potential to dissolve 

aggregates of Aβ1-42. CDP 12 showed overall better antioxidant and Aβ disaggregation 

properties compared to CDP 10 and therefore has the potential to modulate the 

multifaceted toxicity caused by protein aggregates which further aggravated by the 

reactive radical species. A detailed study exploring the potential applications of 

antioxidant CDPs is currently underway in our laboratory. 

 

4.4 Experimental Section 

Materials. Amino acids, coupling reagents and other chemicals were obtained from 

Spectrochem (India), Boc-protected amino acids were obtained from Sigma-Aldrich. All 

the solvents used for synthesis and spectroscopy studies were of spectroscopic grade and 

used as received from Spectrochem (India) without any further purification. Milli-Q water 

was used for extractions during synthesis, spectroscopic studies for gelation studies and 
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for the preparation of phosphate buffered saline (PBS) solutions. Thin Layer 

Chromatography (TLC) was performed using TLC Silica gel 60 F254 silica plates 

obtained from Merck and visualization of the compounds was achieved using UV light 

(254 and 365 nm) and ninhydrin treatment. Purification of compounds by column 

chromatography was carried using 60-120 mesh Silica gel obtained from ACME 

chemicals.  

NMR spectroscopy. 
1
H and 

13
C NMR spectra were recorded on a Bruker AV-400 

spectrometer in CDCl3, DMSO-d6 or D2O at 300 K. Chemical shifts (δ) are reported in 

parts per million (ppm) with respect to residual solvent peak and the coupling constant (J) 

values are reported in hertz (Hz). The multiplicity of NMR signal are represented as s = 

singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet and m = multiplet.  

Elemental analysis. Elemental analysis of vacuum dried CDPs was carried out on a 

Thermo Scientific FLASH 2000 organic element analyzer. 

High resolution mass spectrometry (HRMS). HRMS spectra were recorded on Agilent 

6538 UHD HRMS/Q-TOF spectrometer either in acetonitrile or methanol using positive 

ion electrospray ionization method. 

Antioxidant assay. The inherent antioxidant property of CDPs was evaluated against the 

scavenging of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals. The potential of CDPs to 

scavenge radicals was evaluated by incubating the different concentrations of CDPs with 

DPPH (100 µM) radicals in aqueous ethanol for different time points and the amount of 

un-scavenged radicals was calculated by measuring the intensity at 490 nm using a 

microplate reader (Infinite® 200 PRO, TECAN). Ascorbic acid (AA, vitamin C), 

butylhydroxyanisole (BHT) were used as positive control and untreated DPPH was used 

as negative control to measure the antioxidant efficiency of CDPs. The antioxidant 
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efficacy of CDPs was expressed in terms of percentage of free radical scavenging activity 

as a function of concentration and incubation time using the formula, 

                        
                                            

                     
      

Cell culture. Murine adrenal medulla derived PC12 cells were used to evaluate the 

cytocompatibility of CDPs 7-12. Cells from cryopreserved stock were revived and grown 

in complete growth medium containing Roswell Park Memorial Institute (RPMI, Gibco) 

1640 media supplemented with 10% heat-inactivated horse serum, 5% fetal bovine serum 

(Gibco), 1% antibiotic-antimycotic solution (Sigma). Cell cultures were maintained at 37 

ºC, 95% humidity and 5% CO2 using a humidified CO2 incubator and the culture media 

was changed every alternate day of culture. Cells were detached from the tissue culture 

flasks upon reaching 70-80% of the confluence using 0.05% trypsin-EDTA (Gibco), 

harvested by neutralizing with complete media and centrifugation at 1500 rpm for 5 min. 

The cells were then subcultured for further use as required.  

Cell viability study. The cytotoxicity of CDPs was evaluated by measuring the viability 

of PC12 cells treated with increasing concentrations (0-40 μM) for 24 h in culture using 

MTT assay. Approximately l0
4
 cells/well of PC12 cells were seeded into 96 well plate 

and incubated for 24 h in humidified CO2 incubator. 10% MTT (5 mg/mL, Sigma) 

reagent was added and incubated for 3 h at 37 ºC. The purple colored formazan crystals 

formed were solubilised using high purity dimethyl sulfoxide (DMSO; Merck) and the 

intensity of color was measured by recording the optical density (570 nm with 690 nm 

reference) using a microplate reader (Infinite® 200 PRO, TECAN). The measured optical 

intensity of CDP treated cells containing wells, in comparison to the control wells that 

received only complete media was calculated as the percentage of cell viability.  
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Preparation of Aβ1-42 aggregates. Aβ1-42 peptide (0.25 mg) (Calbiochem, Merck) was 

dissolved in hexafluoro-2-propanol (HFIP, 0.3 mL) and incubated at room temperature 

for 1 h. The solution was then sonicated at room temperature for 10 min and the obtained 

clear colorless HFIP solution was aliquoted into three 0.5 mL micro-centrifuge tubes 

(each tube receiving 0.083 mg of Aβ1-42). HFIP was removed in a fume hood overnight 

followed by vacuum drying at room temperature for 3-4 h in a desiccator. The 

regenerated Aβ1-42 samples were stored at -20 ºC until further use. Regenerated Aβ1-42 

peptide was dissolved in DMSO at a concentration of 5 mM and the clear solutions were 

then diluted to final concentration of 100 µM using 10 mM HCl, vortexed for 15-30 sec 

and incubated for 24 h at 37 ºC. The formation of Aβ1-42 aggregates was confirmed by 

thioflavin T (ThT) fluorescence assay and transmission electron microscopy (TEM). 

Aβ1-42 disaggregation studies. The preformed Aβ1-42 aggregates were incubated with 

increasing equivalents of CDPs (9 and 11) with respect to aggregates (1:1 to 1:10) in 

phosphate buffered saline (1X, pH ~7) for 24 h at 37 ºC. Control samples received only 

PBS without any CDPs. ThT fluorescence assay was performed to calculate the 

percentage disaggregation or dissolution of preformed Aβ1-42 aggregates and expressed as 

% dissolution as a function of the ratio of Aβ1-42 aggregates to CDPs. 

 Thioflavin T fluorescence assay. A ThT concentration of 10 µM in PBS (1X, pH ~7.2) 

was used to measure the spectral changes of CDP treated and untreated preformed Aβ1-42 

aggregates. Fluorescence measurements were carried for the samples in a 384 flat bottom 

black well plate, the emission intensity was recorded at 485 nm with an excitation at 440 

nm using a microplate reader (Infinite® 200 PRO, TECAN) at room temperature.  

Statistical analysis. Results are reported as mean ± standard deviation and the statistical 

analysis was carried out using one-way ANOVA analysis.  
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Preparation of cyclo(L-Phe-L-Phe) (CDP 7). H-L-Phe-OH (1.0 g, 6.05 mmol) was 

dispersed in ethylene glycol (10 mL) and refluxed at 195 ºC for 18 h under inert 

conditions. The reaction mixture was cooled to room temperature, the white precipitate 

was filtered, washed thoroughly with ethylene glycol (2x30 mL) and recrystalized from 

ethanol to obtain in CDP 7 in good yield (0.64 g, 72%). 
1
H NMR (DMSO-d6, 400 MHz). 

δppm 2.20-2.25 (dd, J1 = 8.6 Hz, J2 = 3.8 Hz, 2H), 2.54-2.59 (dd, J1 = 8.4 Hz, J2 = 3.0 Hz, 

2H), 3.95-3.98 (m, 2H), 7.02-7.04 (m, 2H), 7.18-7.30 (m, 6H), 7.92 (b, 4H); 
13

C NMR 

(DMSO-d6, 100 MHz) δppm 54.6, 114.5, 125.6, 130.8, 155.8, 166.8; HRMS: m/z Found: 

295.1432 [M+H]
+
, Calcd: 295.1447 [M+H]

+
,. Elemental analysis. Found: C, 73.22; H, 

6.40; N, 9.75; Calcd: C, 73.45; H, 6.16; N, 9.52 for C18H18N2O2. 

Preparation of cyclo(L-Phe-L-Tyr) (CDP 8). Boc-L-Phe-OH (0.50 g, 1.8 mmol), 

hydroxybenzotrizole (0.38 g, 2.8 mmol) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC. HCl; 0.54 g, 2.81 mmol) were 

dissolved in dichloromethane (DCM; 40 mL) and cooled to 0 ºC. L-Tyrosine methyl ester 

hydrochloride (3) (0.44 g, 1.90 mmol) and N,N-diisopropylethylamine (DIPEA; 0.73 g, 

5.62 mmol) were added and the reaction mixture was stirred at ice cold temperature for 1 

h and then at room temperature for 5 h. The reaction progress was monitored by thin layer 

chromatography (TLC). The reaction mixture was evaporated to dryness and extracted 

with dichloromethane, washed with water, dried over anhydrous sodium sulfate and the 

obtained Boc-dipeptide (29) was used for cyclization without any purification. Boc-L-

Phe-L-Tyr-OCH3.HCl (0.30 g, 0.68 mmol) (29) was dissolved in dichloromethane-

trifluoroacetic acid mixture (DCM:TFA, v/v: 1:1, 8 mL) at ice-cold temperature and a 

catalytic amount of triisopropylsilane (TIPS. 0.2 mL) was added and the resulting 

reaction mixture was stirred at room temperature for 4 h. Reaction progress was 

monitored using thin layer chromatography. The reaction mixture was evaporated to 
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dryness and co-evaporated thrice with toluene to obtain H-L-Phe-L-Tyr-OCH3.HCl as a 

white solid and is used for cyclization as such without any further characterization. N-

Methylmorpholine (76 mg, 0.75 mmol) and acetic acid (0.1 M) in sec-butanol (15 mL) 

were added to the linear dipeptide H-L-Phe-L-Tyr-OCH3.HCl and refluxed at 100 ºC for 6 

h under inert conditions. The reaction mixture was cooled to room temperature, the 

precipitate was filtered and washed with ice-cold ethanol (3x30 mL) and dried under 

vacuum to obtain CDP 8 in good yield (0.26 g, 75%). 
1
H NMR (DMSO-d6, 400 MHz). 

δppm 2.14-2.21 (m, 2H), 2.25-2.60 (m, 2H), 3.88-3.94 (b, 2H), 6.66-6.68 (d, J = 5.2 Hz, 

2H), 6.82-6.84 (d, J = 5.2 Hz, 2H), 7.02-7.04 (d, J = 4.4 Hz, 2H), 7.18-7.29 (m, 3H), 7.85 

(b, 2H), 9.21 (s, 1H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 55.3, 55.7, 115.0, 126.4, 

128.1, 129.7, 130.8, 136.6, 156.0, 166.1, 166.2. HRMS: m/z Found: 311.1380 [M+H]
+
, 

Calcd: 311.1396 [M+H]
+

. Elemental analysis. Found: C, 69.35; H, 6.82; N, 9.55; Calcd: 

C, 69.66; H, 5.85; N, 9.03 for C18H18N2O3. 

Preparation of cyclo(L-Tyr-L-Tyr) (CDP 9). H-L-Tyr-OH (1.0 g, 5.5 mmol) was 

dispersed in ethylene glycol (10 mL) and refluxed at 195 ºC for 24 h under inert 

conditions. The reaction mixture was cooled to room temperature, the off-white solid was 

filtered, washed thoroughly with ethylene glycol (2x30 mL) and recrystalized from 

ethanol to obtain CDP 9 in moderate yield (0.45 g, 50%). 
1
H NMR (DMSO-d6, 400 

MHz). δppm 2.56-2.61 (dd, J1 = 8.7 Hz, J2 = 2.9 Hz, 2H), 2.86-2.91 (dd, J1 = 8.6 Hz, J2 = 

2.1 Hz, 2H), 3.30 (b, 2H), 6.60-6.62 (d, J = 5.2 Hz, 4H),  6.89-6.91 (d, J = 5.2 Hz, 4H), 

7.91 (b, 2H), 9.20 (b, 2H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 36.9, 54.8, 114.7, 125.8, 

131.0, 156.0, 167.0.; HRMS: m/z Found: 327.1330 [M+H]
+
, Calcd: 327.1345 [M+H]

+
, 

Elemental analysis. Found: C, 66.15; H, 5.80; N, 8.68; Calcd: C, 66.25; H, 5.56; N, 8.58 

for C18H18N2O4. 
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Preparation of cyclo(L-Phe-L-DOPA) (CDP 10). Boc-L-DOPA-OH (0.65 g, 2.18 

mmol) (30), hydroxybenzotrizole (HOBt, 0.45 g, 3.28 mmol) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC. HCl; 0.63 g, 3.28 mmol) were 

dissolved in dichloromethane (DCM; 60 mL) and cooled to 0 ºC. L-Phenylalanine methyl 

ester hydrochloride (5) (0.47 g, 2.18 mmol) and N,N-diisopropylethylamine (DIPEA; 0.85 

g, 6.56 mmol) were added and the reaction mixture was stirred at ice cold temperature for 

1 h and then at room temperature for 5 h. The reaction progress was monitored by thin 

layer chromatography (TLC). The reaction mixture was evaporated to dryness and 

extracted with dichloromethane, washed with water, dried over anhydrous sodium sulfate 

and the obtained Boc-dipeptide (31) was used for cyclization. Boc-L-Phe-L-DOPA-

OCH3.HCl (31) (0.40 g, 0. 87 mmol) was dissolved in dichloromethane-trifluoroacetic 

acid mixture (DCM:TFA, v/v: 1:1, 10 mL) at ice-cold temperature and a catalytic amount 

of triisopropylsilane (TIPS. 0.4 mL) was added and the resulting reaction mixture was 

stirred at room temperature for 4 h. Reaction progress was monitored using thin layer 

chromatography. The reaction mixture was evaporated to dryness and co-evaporated 

thrice with toluene to obtain H-L-DOPA-L-Phe-OCH3.HCl as a white solid and is used 

for cyclization as such without any further characterization. N-Methylmorpholine (97 mg, 

0.96 mmol) and acetic acid (0.1 M) in sec-butanol (15 mL) were added to the linear 

dipeptide H-L-Phe-L-Tyr-OCH3.HCl and refluxed at 100 ºC for 6 h under inert 

conditions. The reaction mixture was cooled to room temperature, the precipitate was 

filtered and washed with ice-cold ethanol (3x30 mL) and dried under vacuum to obtain 

CDP 10 in moderate yield (0.12 g, 40%). 
1
H NMR (DMSO-d6, 400 MHz). δppm 2.04-2.09 

(dd, J1 = 8.5 Hz, J2 = 3.9 Hz, 1H), 2.17-2.22 (dd, J1 = 8.3 Hz, J2 = 4.2 Hz, 1H), 2.44-2.45 

(m, 1H), 2.57-2.61 (dd, J1 = 8.6 Hz, J2 = 3.1 Hz, 1H), 3.84 (b, 1H), 3.92 (b, 1H), 6.29-

6.31 (m, 1H), 6.47-6.48 (m, 1H), 6.61-6.63 (d, J = 5.1 Hz, 1H), 7.04-7.06 (m, 2H), 7.18-
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7.29 (m. 3H), 7.77-7.79 (m, 2H), 8.65 (s, 1H), 8.79 (s 1H); 
13

C NMR (DMSO-d6, 100 

MHz) δppm 55.4, 55.8, 115.2, 117.3, 120.6, 126.3, 127.0, 128.1, 129.7, 136.6, 144.0, 

144.6, 166.0, 166.2. HRMS: m/z Found: 327.1330 [M+H]
+
, Calcd: 327.1345 [M+H]

+
. 

Elemental analysis. Found: C, 66.08; H, 5.85; N, 8.84; Calcd: C, 66.25; H, 5.56; N, 8.58 

for C18H18N2O4. 

Preparation of cyclo(L-Tyr-L-DOPA) (CDP 11). Boc-L-Tyr-OH (1.29 g, 4.28 mmol), 

hydroxybenzotrizole (HOBt; 0.93 g, 6.87 mmol) and 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC. HCl; 1.32 g, 6.87 mmol) were 

dissolved in dichloromethane (DCM; 60 mL) and cooled to 0 ºC. L-DOPA methyl ester 

hydrochloride (1.25 g, 5.04 mmol) and N,N-diisopropylethylamine (DIPEA; 0.98 g, 7.56 

mmol) were added and the reaction mixture was stirred at ice cold temperature for 1 h and 

then at room temperature for 5 h. The reaction progress was monitored by thin layer 

chromatography (TLC). The reaction mixture was evaporated to dryness and extracted 

from dichloromethane, washed with water, dried over anhydrous sodium sulfate and the 

obtained Boc-dipeptide used for cyclization without any further purification. Boc-L-Tyr-

L-DOPA-OCH3.HCl (32) (0.50 g, 1.05 mmol) was dissolved in dichloromethane-

trifluoroacetic acid mixture (DCM:TFA, v/v: 1:1, 10 mL) at ice-cold temperature and a 

catalytic amount of triisopropylsilane (TIPS. 0.4 mL) was added and the resulting 

reaction mixture was stirred at room temperature for 4 h. Reaction progress was 

monitored using thin layer chromatography. The reaction mixture was evaporated to 

dryness and co-evaporated thrice with toluene to obtain H-L-Tyr-L-DOPA-OCH3.HCl as 

an off-white solid and is used for cyclization as such without any further characterization. 

N-Methylmorpholine (0.12 g, 1.16 mmol) and acetic acid (0.1 M) in sec-butanol (15 mL) 

were added to the linear dipeptide H-L-Tyr-L-DOPA-OCH3.HCl and refluxed at 100 ºC 

for 6 h under inert conditions. The reaction mixture was cooled to room temperature, the 



Antioxidant CDPs 

 

179 
 

precipitate was filtered and washed with ice-cold ethanol (3x30 mL) and dried under 

vacuum to obtain CDP 11 in good yield (0.11 g, 65%). 
1
H NMR (DMSO-d6, 400 MHz). 

1
H NMR (DMSO-d6, 400 MHz). δppm 2.03-2.13 (m, 2H), 2.46-2.47 (m, 1H), 2.54-2.55(m, 

1H), 3.81 (b, 3H), 6.29-6.32 (m, 1H), 6.49 (m, 1H), 6.62-6.68 (m, 2H), 6.84-6.86 (m, 2H), 

7.65 (b, 2H), 8.61 (s, 1H), 8.73 (s, 1H), 9.14 (s, 1H); δppm 106.4, 109.7, 119.7, 125.3, 

127.5, 129.0, 142.7   

Preparation of cyclo(L-DOPA-L-DOPA) (CDP 12). H-L-DOPA-OH (1.0 g, 5.07 mmol) 

was dispersed in ethylene glycol (10 mL) and refluxed at 195 ºC for 24 h under inert 

conditions. The reaction mixture was cooled to room temperature, the off-white solid was 

filtered, washed thoroughly with ethylene glycol (2x30 mL) and recrystallized from 

ethanol to obtain CDP 12 in fair yield (0.36 g, 40%). 
1
H NMR (DMSO-d6, 400 MHz). 

δppm 2.02-2.07 (dd, J1 = 8.3 Hz, J2 = 4,3 Hz, 2H), 2.46-2.47 (m, 2H), 3.79 (b, 2H), 6.29-

6.32 (m, 2H), 6.48-6.49 (m, 2H), 6.62-6.64 (d, J = 4.9 Hz, 2H), 7.65-7.66 (m, 2H), 8.65 

(b, 2H), 8.72 (b, 2H); 
13

C NMR (DMSO-d6, 100 MHz) δppm 39.2, 55.9, 115.2, 117.1, 

120.6, 127. 1, 143.9, 144.9, 1661.1. HRMS: m/z Found: 359.1228 [M+H]
+
, Calcd: 

359.1233 [M+H]
+
. Elemental analysis. Found: C, 60.25; H, 5.36; N, 7.68; Calcd: C, 

60.33; H, 5.06; N, 7.82 for C18H18N2O6. 

 

4.5 Appendix 

 

 1
H NMR and 

13
C NMR spectra of CDP 7 

 1
H NMR and 

13
C NMR spectra of CDP 8 

 1
H NMR and 

13
C NMR spectra of CDP 9 

 1
H NMR and 

13
C NMR spectra of CDP 10 

 1
H NMR and 

13
C NMR spectra of CDP 11 

 1
H NMR and 

13
C NMR spectra of CDP 12 
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1
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1
H NMR spectrum of CDP 8 
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1
H NMR spectrum of CDP 9 
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1
H NMR spectrum of CDP 10 
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1
H NMR spectrum of CDP 11 
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1
H NMR spectrum of CDP 12 
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5. 1 Introduction 

Biomaterial scaffold characteristics such as stiffness, wettability, topography, magnetic, 

and conducting properties along with soluble growth factors play a pivotal role in cellular 

adhesion, proliferation, and differentiation for tissue engineering (TE) applications.
1,2

 

Electroactive biomaterial scaffolds have drawn enormous attention in tissue engineering 

and regenerative medicine applications for tissues, whose functions are highly 

coordinated by endogenously generated electric fields (bioelectricity).
3,4

 Cardiac 

myocytes, skeletal myoblasts, neurons, and osteoblasts are the examples of cells that 

respond to electric stimuli.
5-7

 Another crucial aspect that needs to be addressed at the host 

tissue-biomaterial interface is the development of oxidative stress by cells and tissues, 

which leads to cell death, tissue injury, and maximizes the inflammation.
8-11

 Moreover, 

oxidative stress is also associated with several pathological conditions and delayed wound 

healing.
12-15

 Recently, many research groups have involved in developing antioxidant 

biomaterials through physical mixing and covalent chemical modification of the 

polymeric scaffolds with small molecules with antioxidant properties, although only 

meeting with moderate success.
16-19

 Given this background, biomaterial scaffolds with 

inherent antioxidant activity along with other preferred physical and chemical cues are 

very much in demand for tissue engineering and regenerative medicine owing to their 

synergistic benefits.  

 Skeletal muscle tissue engineering (SMTE) involves the design of biomaterial 

scaffolds that can promote myogenic differentiation in myoblasts to generate functional 

myotubes and offers potential applications in repairing and regenerating the impaired 

muscle tissues. Developing such scaffolds has potential applications both in 

understanding the myotube assembly process in vitro and in regenerating the damaged 

muscle tissue in vivo.
20,21

 Skeletal myoblasts are electroactive in nature and the myogenic 
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differentiation into myotubes can be modulated using electroactive biomaterial scaffolds 

when coupled with optimal signaling molecules (biochemical cues).
22-24

 Mimicking the 

extracellular matrix (ECM) of muscle cells in designing novel biomaterial scaffolds for 

SMTE has drawn the attention of several researchers. Synthetic conducting polymers 

(CPs) such as polyaniline, polypyrrole, poly(3,4-ethylenedioxythiophene), and multiwall 

carbon nanotubes (MWNTs) mixed with synthetic and natural polymers in electrospun 

scaffold form and bioceramics with conducting properties have been used for promoting 

myogenic differentiation in vitro.
25-30

 In spite of the promising applications in modulating 

cellular functions, CPs have limited use for long-term in vivo TE applications because of 

the problems of biocompatibility, toxicity, and non-biodegradability along with difficulty 

in fabricating different 3D scaffold formats. Further, the scaffolds prepared from the CP-

synthetic polymer blends require additional biofunctionalization with biomolecules to 

make the scaffolds suitable for cell adhesion and proliferation.
31,32 

 The scaffold material for SMTE should be biocompatible, biodegradable, 

moldable to various desired material formats, and should be readily available for large-

scale applications. Silk fibroin, extracted from silkworm cocoons, is characterized by its 

superior biocompatibility, biodegradability, and easy processability into various scaffold 

formats and such material has been chosen as the base polymer for making scaffolds in 

the present study. Given its unique properties, silk fibroin has been extensively used in 

various biomedical, tissue engineering, electronic, and bioelectronic applications.
33-44

 The 

electrical conducting properties were imparted to the otherwise non-conducting silk 

scaffolds with melanin incorporation. Melanin was chosen specifically over other 

additives such as graphene oxide and MWNTs because of its proven biocompatibility, 

biodegradability and conducting properties along with its excellent antioxidant property 

under physiological conditions.
45-50

 Melanin is the naturally occurring polymeric pigment 
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having functionalities ranging from structural coloration to protection from sunlight and 

radicals.
51

 Chemically, melanins are heterocyclic in nature and contain repeating units of 

5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid formed through the 

oxidation of tyrosine.
52,53

 Melanin alone or in conjunction with synthetic polymers has 

rarely been used for biomaterial preparation and its potential in tissue engineering has not 

been evaluated to the full extent.
54 

 In the present study, we illustrate the strategy of combining silk fibroin and 

melanin to develop antioxidant and electroactive biomaterial scaffolds for SMTE 

applications in order to overcome the limitations associated with scaffolds made from 

blends of synthetic and conducting polymers. Herein, we constructed biomaterial scaffold 

films and electrospun fiber mats using silk/melanin composite (SM) material with 

characteristic intrinsic antioxidant and conductivity properties in order to study the effect 

of topography along with conducting nature of the scaffold on myogenesis. The results of 

murine skeletal myoblast C2C12 cell attachment, proliferation, and differentiation into 

myotubes on SM films and mats in vitro exemplified the significance of scaffold 

conductivity and topography in modulating aligned myotube formation and potential of 

SM electrospun scaffolds in SMTE applications. 

 

5.2 Results and Discussion 

5.2.1 Fabrication of silk and silk/melanin composite scaffolds 

Silk fibroin (silk; SF) was extracted from the cocoons of domesticated mulberry silkworm 

Bombyx mori using previously reported protocol (Scheme 5.1).
55

 Pristine SF and melanin 

blend (SM; wt/wt 90:10)-regenerated silk fibroin solutions made from hexafluoro-2-

propanol (HFIP) were used to fabricate biomaterial scaffold films and 
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Scheme 5.1 Silk fibroin extraction from Bombyx mori cocoons and preparation of silk fibroin 

sponges. 

 

electrospun nonwoven mats. HFIP was chosen as the solvent owing to its unique 

properties of dissolving most of the high molecular weight proteins at room temperature 

and its widespread use in the preparation of biomaterial scaffolds from various synthetic 

polymers as well as biopolymers.
56,57

 Free-standing, flexible, and peelable 2D films were 

fabricated by drop-casting the respective solutions onto polystyrene substrates.  

 ECM-mimicking nonwoven, nanofibrous 3D fiber mats were prepared from 

pristine and melanin-blended silk fibroin using robust electrospinning technique. 

Electrospinning was chosen over the other fiber forming techniques (such as phase 

separation and self-assembly), because of its versatility and compatibility with a wide  
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 Figure 5.1 Scanning electron microscopy (SEM) micrographs of SF (A) and SM films (B). 

Photographs of In-house, custom modified stationary collector with SS mesh (C) and free 

standing silk/melanin composite (SM) and pristine (SF) electrospun mats (D). 

 

range of synthetic and biopolymers and solvent systems, as well as its easy scalability.
58-

66
 The key electrospinning working parameters such as solvent, concentration, and 

composition (collectively known as solution parameters), voltage, needle diameter, flow 

rate, collector type and collector distance from the tip of the needle (collectively known 

as process parameters), and temperature and humidity (collectively known as ambient 

parameters) were optimized for the preparation of bead-free, uniform, and reproducible 

fiber mats.
62-64

 A custom-designed stationary collector modified with stainless steel iron 

mesh stuck on non-stick aluminum foil (grounded) was used for the collection of fiber 

mat during the electrospinning (Figure 1C). Custom modification of the collector 

facilitated the fabrication of large-area, easily peelable, and free-standing fiber mats from  
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Figure 5.2 Fabrication and characterization of scaffolds. Scanning electron microscopy (SEM) 

micrographs of SF mat (fiber diameter 470 ± 45 nm) (A) and SM mat (fiber diameter 343 ± 40 

nm) (B). Insets in (A) and (B) shows 6 mm discs cut from the corresponding electrospun mats for 

cell culture experiments. FT-IR analysis of as prepared and methanol treated films and mats (C). 

Broken lines represent as prepared and solid lines represent methanol treated scaffolds. Vertical 

dotted lines are inserted to visualize, shift in the silk fibroin amide absorption before after 

methanol treatment. Thermal stability of scaffolds. TG (D) and DSC (E) of SF film, SM film, SF 

mat and SM mat. Increased thermal stability is observed with the addition of melanin for both 

drop-cast films and electrospun mats. TG: thermogravimetric analysis, DSC: differential scanning 

calorimetry. 

 

SF and SM solution in 10-15 min, unlike the case of conventional non-stick aluminum 

foil that takes 4-8 h to obtain free-standing fiber mats (Figure 1D).
65,66

 Thus prepared 

films and electrospun mats were treated with a methanol–water mixture (v/v 90:10) for 

obtaining more stable scaffolds through induced β-sheet formation in silk.  
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5.2.2 Characterization of scaffolds  

The surface morphology, topography of the drop-casted films, and electrospun fiber mats 

were analyzed using scanning electron microscopy (SEM). Pristine SF and composite SM 

films showed uniform surface texture without any cracks in the structure (Figure 5.1A, 

B). Crack-free films signify the uniform distribution of the protein in the case of pristine 

SF films and thorough blending of silk and melanin in the case of SM films. Biomaterial 

scaffold films with concurrent macro and microscopic cracks will be of the least 

significance for tissue engineering applications, because of the absence of uniform 

physical properties throughout the film. SEM analysis of SF electrospun mats revealed 

the presence of bead-free, randomly aligned porous submicron diameter fiber networks, 

as shown in Figure 5.2A. The fibers were obtained with very narrow size distribution and 

had an average diameter of 470 ± 45 nm, measured using ImageJ software. Similarly, SM 

electrospun fiber mats were obtained with uniformly distributed network of fibers with 

narrow size distributions. Interestingly, the formation of relatively aligned fiber mats was 

observed with silk/melanin blend solution under similar conditions (Figure 5.2B). The 

formation of bead-free and predominantly aligned fiber mats with relatively smaller fiber 

diameter (343 ± 40 nm) from SM was attributed to the increased conductivity of the 

electrospinning solution with melanin blending.
67-69

 The electrospun mats were flexible 

for cutting or punching to attain the required scaffold dimensions for tissue engineering 

applications (insets in Figure 5.2A, B). 

 The secondary structure of the base polymer, silk fibroin in as-prepared films, 

electrospun mat scaffolds, and the induced β-sheet formation through methanol treatment 

was analyzed by monitoring the amide bond vibration frequencies in IR spectrum (Figure 

5.2C). Fourier transform infrared (FTIR) spectrum of as-prepared SF films showed 

characteristic peaks at 1650 and 1621 cm
-1

 in amide-I region (C=O stretching) and 1514  
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Characteristic 

absorption 

SF Film 

 

 As-made       Methanol 

                       treated 

SM Film 

 

 As-made      Methanol 

                   treated 

SF mat 

 

 As-spun     Methanol 

                   treated 

SM mat 

 

 As-spun     Methanol 

                   treated 

 

Amide-I 

 

 

1650 cm-
1 

 

1621 cm-
1
 

 

1699 cm
-1 

 

1620 cm
-1
 

 

1642 cm
-1
 

 

1699 cm
-1 

 

1619 cm
-1
 

 

1640 cm-
1 

 

 

 

1699 cm
-1 

 

1622 cm
-1
 

 

1636 cm
-1
 

 

1699 cm
-1 

 

1623 cm
-1
 

Amide-II 

 
1514 cm

-1
 1512 cm

-1
 1516 cm

-1
 1512 cm

-1
 1526 cm

-1
 1514 cm

-1
 1524 cm

-1
 1515 cm

-1
 

 

Table 5.1 FT-IR amide-I and amide-II absorption frequencies of as prepared and methanol treated 

SF film, SM film, SF mat, and SM mats.  

 

cm
-1

 in the amide-II region (N-H stretching), indicating the coexistence of random helical 

and β-sheet conformations in the films. SF films, after methanol treatment, showed 

shifted peaks at 1699, 1619, and 1512 cm
-1

 assigned to the β-sheet conformation of silk 

(silk-II). The similar vibrational frequency shift of characteristic amide-I and II peaks 

from the random coil and helical conformation to β-sheet conformation was observed for 

SM films, and SF and SM mats with methanol treatment. The characteristic vibration 

frequencies of the amide bonds of as-prepared film and mats samples (1642 and 1516 cm
-

1
 for SM film and 1636 and 1524 cm

-1
 for SM mat) exhibited a shift corresponding to 

silk-II conformation upon the methanol treatment (1699, 1619, and 1512 cm
-1

 for SM 

film and 1699, 1623, and 1515 cm
-1 

for SM mat; Table 5.1). Electrospun mats exhibited 

more random and α-helical (silk I) structure in as-prepared SF and SM mats compared to 

the corresponding films, as seen from the amide bond absorption positions. The observed 

difference in the amide absorption peaks of as-prepared films and mats is attributed to the 

fact that the secondary structure of silk fibroin is strongly influenced by both fabrication 

method and the biomaterial format.
70

 FTIR analysis clearly suggested the zero 

interference of melanin incorporation in the secondary structure of silk fibroin in 

scaffolds. 
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Sample Contact angle 

 

Water     DMEM 

Images of drops 

 

Water                                   DMEM 

 

 

 

SF film 

 

 

 

 

 

SM film 

 

 

 

 

 

57 ± 0.2  57 ± 1.2  

 

 

 

 

 

    60 ± 0.2  61 ± 0.4 
 

 

 

   

 

Table 5.2 Hydrophilicity of pristine silk fibroin and silk/melanin composites. Contact angle 

values and images of water and DMEM droplets on the surface of SF and SM spin coated 

scaffolds.  

 

 

 

 

 

 The hydrophilic properties, as reflected in their contact angles, affect cellular 

adhesion and proliferation on the scaffolds. The influence of melanin blending on the 

surface wettability was evaluated by measuring the contact angles using Milli-Q water 

and Dulbecco’s modified Eagle’s medium (DMEM) cell culture media, under ambient 

conditions, using the sessile drop method. Melanin blending had no profound effect on 

the hydrophilicity of the silk fibroin spin coated films (57 ± 0.2 for water, 57 ± 1.2 for 

DMEM) and only a marginal increase in the contact angles was observed with melanin 

addition, owing to the oligomeric aromatic nature of melanin (60 ± 0.2 for water, 61 ± 0.4 

for DMEM) (Table 5.2). The scaffolds (both SF and SM) are hydrophilic, as evidenced 

by the wettability behavior, and are well in the suitable range for cell adhesion.  

 The thermal decomposition behavior of the SF and SM films and electrospun fiber 

mats (SF mat and SM mat) was studied by thermogravimetric (TG) and differential 

scanning calorimetric (DSC) analysis.
71,72

 Representative TG graphs of SF and SM 

scaffolds are shown in Figure 5.2D. The initial weight loss around 100 °C for all the 
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scaffolds is due to the loss of water. TG curves of SF film, SM film, SF mat, and SM mat 

showed decomposition temperature at 264.9 ± 1.7, 268 ± 0.2, 265.2 ± 0.2, and 268.5 ± 0.6 

°C, respectively. The decomposition temperature of melanin-incorporated films and 

electrospun mats was apparently higher than the corresponding pristine SF scaffolds. The 

higher thermal stability, as reflected in decomposition temperatures of SM scaffolds, can 

be attributed to the increased stability of scaffolds with the incorporation of melanin with 

the aromatic backbone. The higher thermal stability of melanin-incorporated scaffolds 

was further confirmed by carrying out DSC analysis. DSC curves showed higher 

degradation temperature for SM film and SM mat at 279.6 ± 0.7 and 283.7 ± 0.1 °C than 

that of the SF film and SF mat at 276.4 ± 1.8 and 281.9 ± 0.4 °C, respectively (Figure 

5.2E).
72 

 

 

  

 

 

 

 

 

Figure 5.3 Electrical conducting properties of SF film, SM film, SF mat and SM mat. Sheet 

resistance values of scaffolds studied under physiological (humid) conditions.  
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 The electrical conducting property of silk/melanin composites in comparison with 

silk alone was evaluated using a two-point resistivity probe at 25 °C and under humid 

conditions. SM spin-coated and electrospun samples exhibited characteristic linear 

variation of current with voltage, as indicated by I-V curves compared to the pristine SF 

scaffolds. The slope of I-V curve became more prominent in the case of SM samples 

under the studied humid conditions (data not shown). Sheet resistance values for SF, SM 

spin-coated, and electrospun scaffolds measured under physiological conditions are 

shown in Figure 5.3. Sheet resistance values were used to estimate the improvement in 

electroactive nature of scaffolds with melanin incorporation, instead of conductivity 

values owing to the porous nature of electrospun scaffolds. The spin-coated SM samples 

showed half of the sheet resistance values compared to the corresponding SF spin-coated 

samples, highlighting the contribution from melanin. Electrospun SM scaffolds displayed 

a further decrease in the sheet resistance values under the same conditions and as much as 

2.5 times less sheet resistance was observed (1.64E + 05 Ω for SM films to 6.72E + 04 Ω 

for SM mats; Figure 5.3). The observed lowest sheet resistance values for SM mats as 

compared to SM films and SF scaffolds can be attributed to the porous nature, increased 

hydration, and hydration-dependent conductivity of melanin.
49

 The improved 

conductivity (i.e., decreased sheet resistance) values of the scaffolds containing melanin 

support the hypothesis of preparation of conducting biomaterial scaffolds by blending 

melanin with silk fibroin. 

 The radical scavenging capacity of silk/melanin solutions and scaffolds was 

evaluated against the inhibition of lipophilic radicals (1,1-diphenyl-2-picrylhydrazyl 

(DPPH)) over a time period of 60 h. The results of antioxidant activity are shown in 

Figure 5.4A, as percentage inhibition of radicals by scaffolds with time. Highest radical 

scavenging activity was shown by silk/melanin solutions with 88% inhibition, followed  
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Figure 5.4 Free radical scavenging properties of scaffolds. (A) Radical scavenging property of 

SF, SM solutions and scaffolds (films and mats) against DPPH free radicals. DPPH: 1,1-diphenyl-

2-picrylhydrazyl. (B) Cellular reactive oxygen species detection assay. Fluorescence from 

myoblasts cultured on TCPS control, SF film, SM film, SF mat and SM mat after 48 h of culture 

and treatment with CM-H2DCFDA. Fluorescence monitored at 535 nm with the excitation at 485 

nm. CM-DCFDA: 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate.  
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by SM mats and SM films with 68% and 46% of radical inhibition, respectively. Notably, 

SM solutions showed rapid radical scavenging activity compared to the corresponding 

scaffolds, while the film and mat scaffolds of SM exhibited persistent activity over a 

prolonged time period compared to SM solutions, the desired property for cell culture 

applications. The rapid radical scavenging activity of SM solutions can be attributed to 

the increased availability of SM material for radical inhibition. Silk fibroin solutions, 

films, and electrospun mats have shown very little antioxidant activity as compared to SM 

scaffolds under the studied experimental conditions. The consistent radical scavenging 

activity of SM solutions and scaffolds was assigned to the strong antioxidant property of 

incorporated melanin. 

 

5.2.3 Cytocompatibility of scaffolds 

The suitability of scaffolds for muscle tissue engineering was evaluated by measuring the 

viability, cytotoxicity, and proliferation of myoblasts seeded onto the scaffolds through 

MTT, LIVE/DEAD, and cell proliferation assays, respectively. The viability of cells 

grown on the scaffolds was evaluated for their mitochondrial reductase activity of live 

cells using MTT assay. The metabolic activity of mouse myoblast cells (C2C12) on 

different SF and SM scaffolds was evaluated after 24, 48, and 72 h using MTT assay. As 

shown in Figure 5.5A, consistent yet statistically significant increase in the number of 

viable cells was observed from day 1 to day 3. There was no significant difference in the 

cell number on the scaffolds on all the days. The cytotoxicity of pristine and silk/melanin 

composite scaffolds (films and mats) on myoblasts was calculated by LIVE/DEAD assay. 

Representative images of cells cultured on SF and SM scaffolds stained with fluorescein 

diacetate (FDA)/propidium iodide (PI) dye combination are shown in Figure 5.5B-F.  
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Figure 5.5 Cell viability and proliferation studies of myoblasts on scaffolds. (A) MTT assay 

results showing number of viable cells on SF film, SM film, SF mat and SM mat samples cultured 

for a time period of 1, 2 and 3 days respectively. ‘*’ denotes statistically significant difference (p 

< 0.05) in cell number with respect to the corresponding control within each group. ‘#’ denotes 

significant difference compared with day 1 of each sample and ‡ indicates a significant difference 

between films and electrospun mat at the given time point. Data points represent mean ± SD 

(n=3). Live/dead staining of C2C12 myoblasts grown on (B) TCPS control, (C) SF film, (D) SM 

film, (E) SF mat and (F) SM mat after 3 days of culture.  (Green = FDA (live); red = PI (dead)); 

scale bar = 100 μm. (G) PicoGreen assay results showing total DNA content of cells on 

TCP/coverslip, SF film, SM film, SF mat and SM mat samples cultured for a time period of 1, 2 

and 3 days respectively. ‘#’ denotes significant difference compared with day 1 of each sample. 

Data points represent mean ± SD (n=3). A standard curve of known dsDNA (ng/mL) was used to 

calculate the DNA content from the samples. MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide. 

 

A high fraction (>99%) of FDA-stained cells, with only a few nuclei stained with PI, was 

observed on the scaffolds, indicating excellent biocompatibility of the scaffolds. 

Homogeneous distribution of cells on the surface of films and infiltration through the 

pores in the case of electrospun mats was observed for both SF and SM scaffolds. The 
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evidence for infiltration of cells into the electrospun mats can be seen in Figure 5.5E, F; 

when the focus is on the surface of the mat, the interior cells are out of focus.
32

 In 

addition to infiltration through pores, the cells grown on electrospun mats showed distinct 

stretched morphological behavior, unlike the cells cultured on films. Melanin 

incorporation further assisted in extended morphological stretching and alignment of cells 

on SM mats as compared to the electrospun mats from SF alone (Figure 5.5E, F).   

 The proliferation of myoblasts on scaffolds was further evaluated by quantifying 

the total DNA content of cells cultured on pristine and composite silk scaffolds after 24, 

48, and 72 h using PicoGreen assay. As shown in Figure 5.5G, a marked increase in the 

DNA content of myoblasts grown on each scaffold after 24, 48, and 72 h was observed. 

There was no significant difference in the DNA content of cells grown on all the 

scaffolds, indicating the excellent cytocompatibility of scaffolds. The proliferation studies 

have demonstrated that silk scaffolds are equally compatible with myoblast cells as with 

the control substrates (TCPS). The topography of scaffolds (films and mats) had the least 

effect on cell viability and proliferation rate, but rather had a profound effect on the 

morphological alteration of the myoblasts with an additive effect imparted by melanin 

incorporation. 

 

5.2.4 Oxidative stress control in myoblasts 

Oxidative stress developed in myoblasts during the culture impairs myogenic 

differentiation and even inhibits myogenesis at higher concentrations.
73,74

 Further, the 

increased oxidative stress plays a detrimental role during muscular pathologies by altering 

the muscle functionality and even leads to cell death. The protective role of SM scaffolds 

against the oxidative stress and consequent lethal effect on myoblast culture and 
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differentiation was therefore evaluated by measuring the intracellular reactive oxygen 

species (ROS) levels of myoblasts cultured on silk scaffolds using 5-(and-6)-

chloromethyl-2′,7′- dichlorodihydrofluorescein diacetate (CM-H2DCFDA) assay. Figure 

5.4B shows the DCFDA fluorescence from myoblasts cultured on SF and SM scaffolds 

for 48 h. A twofold decrease in the DCFDA fluorescence intensity was observed from the 

myoblasts cultured on SM scaffolds (films and mats) as against the myoblasts cultured on 

the pristine SF scaffolds. Myoblasts cultured on TCPS acted as a control to observe the 

oxidative stress of myoblasts on scaffolds, and myoblasts on TCPS with extrinsically 

added hydrogen peroxide (H2O2) served as the positive control for DCFDA fluorescence. 

The observed decrease in DCFDA fluorescence on SM scaffolds (films and mats) further 

asserts the protective antioxidant activity of melanin/silk fibroin scaffolds against the 

basal ROS. Thus, melanin blending with SF has imparted a unique protective function 

against lethal oxidative stress to the SM scaffolds.  

 

5.2.5 Myogenic differentiation of myoblasts on scaffolds 

In the present study, myogenesis was induced by subjecting the myoblasts cultured on SF 

and SM scaffolds to serum starvation conditions after reaching confluency. Myoblasts 

started fusing under serum starvation conditions and resulted in the formation of 

multinucleated myotubes. The high aspect ratio of long myotubes formed on SM 

scaffolds after 7 days of culture (3 days in differentiation media) was visualized using 

SEM and the corresponding images are shown in Figure 5.6A-F. Myoblasts cultured on 

TCPS control showed no myogenic differentiation and remained as individual cells even 

after 3 d of culture in differentiation medium (Figure 5.6A). SF scaffolds with low or no 

conductivity resulted in the formation of shorter and less prominent myotubes without 

any regular alignment (Figure 5.6B, D). The formation of relatively better myotubes on  
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Figure 5.6 Myogenic differentiation of C2C12 myoblasts and quantification of myotube 

formation on scaffolds. SEM micrographs of myoblasts on (A) TCPS control, (B) SF film, (C) 

SM film, (D) SF mat, (E) SM mat after 7 days of culture (3 days in serum starvation) and (F) 

shows the magnified image of myotubes on SM mat. (G) and (H) shows quantification of 

myotube formation and myogenic index of myoblasts cultured on SF film, SM film, SF and SM 

mats respectively. The average length and width of myotubes on SF and SM scaffolds were 

calculated after 3 days of differentiation, from the corresponding SEM micrographs. ‘*’ 

represents significant differences with respect to SF film (p < 0.05). 

 

SF electrospun mats, as compared to the SF films, was attributed to the topographical 

cues of SF mats mimicking ECM and is in agreement with previous reports, highlighting 

the significance of topography in myoblast differentiation (Figure 5.6D). SM films 

supported the myogenesis to some extent and formation of short and random myotubes as 

compared to the SF films and mats, highlighting the instructive role of conducting 

melanin in myogenesis (Figure 5.6C). The best myogenic differentiation was observed on  
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Figure 5.7 Fluorescence staining of myoblasts on control, SF film, SF mat, SM film and SM mat 

after 3 days in differentiation medium (serum starvation). Actin filaments and nucleus were 

stained with Alexa Fluor 488-Phalloidin (green) and Hoechst stain (blue) respectively. Scale bar 

100 μm, for all the panels.  

 

SM electrospun mats, which combine both the properties of scaffold conductivity and 

ECM-mimicking topography (Figure 5.6E, F). After 7 days of culture, myoblast cells on 

SM mats differentiated into well-defined and aligned myotubes with very good myotube 

aspect ratio (length to width ratio). The extent of myogenesis on different scaffolds was 

further quantified by measuring the average myotube length and width after 3 days of 
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culture in differentiation medium. Figure 5.6G shows the calculated average length and 

width of myotubes on SF and SM scaffolds. A marked increase in myotube length and 

width on SM electrospun mats from the quantitative calculation further highlighted the 

potential of SM electrospun mats for skeletal tissue engineering. 

 The myotube assembly was further analyzed by staining the actin cytoskeleton 

with Alexa Fluor 488-Phalloidin and by counterstaining the nucleus with Hoechst stain. 

Figure 5.7 shows the fluorescence images of myoblast cells that had proliferated on SF 

and SM scaffolds along with the control, visualized after 3 days of culture (in 

differentiation media). As can be seen in Figure 5.7, after 3 days of culture in serum 

starvation, a confluent monolayer of individual myoblast cells was observed on the 

control TCPS. Concurrently on all silk scaffolds, the cells were fused to form 

multinucleated myotubes (SM mat > SM film > SF mat > SF film > TCPS). Especially, 

the myotubes formed on SM mats were numerous, with high aspect ratio, and were often 

branched. There was no appreciable difference in the myotubes number and aspect ratio 

between SM films and mats, except for the presence of multiple branching in SM mats. 

Besides, the number of myotubes formed on SM scaffolds was higher than SF scaffolds, 

suggesting improved myotube organization and differentiation upon incorporation of 

melanin. The multinucleated myotubes were more aligned on mats than on films, forming 

long myofibers. In addition, a significant increase in the myogenic index (Figure 5.6H) 

for both SM film and SM mat indicated the enhanced ability of cells to fuse on melanin-

containing matrices, resulting in enriched myoblast differentiation. Moreover, the 

myogenic index increased from 58% on SM film to 72% on SM mat, suggesting the 

apparent role of topographical cues in inducing myoblast fusion and differentiation. 

Overall, the myoblast differentiation studies confirm the crucial role of topography and 

conductivity of biomaterial scaffolds in determining the myoblast cell fate. 
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5.3 Conclusion 

In conclusion, we have successfully fabricated biocompatible, pristine, and melanin 

composite silk fibroin biomaterial scaffolds with antioxidant and electroactive properties 

and further explored their potential use in skeletal muscle tissue engineering. Melanin 

incorporation showed a distinctly positive effect on the scaffold properties and improved 

the myogenic differentiation of myoblasts into myotubes in vitro. Silk/melanin composite 

scaffolds showed strong antioxidant properties, helping in the reduction of the 

intracellular ROS levels and, hence, the oxidative stress. Silk fibroin/melanin composite 

electrospun fiber mats supported the proliferation of mouse myoblast C2C12 cells and 

induced better differentiation into aligned high aspect ratio myotubes compared to the 

corresponding films, highlighting the significance of both topography and conductivity of 

scaffolds in muscle tissue engineering. To the best of our knowledge, this study is the first 

attempt to impart dual functionality of antioxidant property and electrical conductivity to 

biomaterial scaffolds made exclusively from biopolymers for skeletal muscle tissue 

engineering. We strongly believe that this study will inspire the development of 

biomaterial scaffolds with multiple cues in synergy for both in vitro and in vivo 

applications. 

 

5.4 Experimental Section 

Silk fibroin extraction. Regenerated silk fibroin solution was prepared from the 

mulberry silkworm B. mori cocoons of CB gold variety (Mysuru, India) according to a 

previously reported protocol.
55

 Briefly, water-soluble sericin was removed by boiling the 

cocoon pieces for 30 min in 0.02 M Na2CO3 solution. The resulting native silk fibroin 

fibers were rinsed with Milli-Q water, and dried and dissolved in 9.3M LiBr 

(Spectrochem India) at 60 °C for 4 h. The obtained amber-colored solution was dialyzed 
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against Milli-Q water with a total of six water changes at regular intervals. The aqueous 

regenerated silk fibroin solution was centrifuged for 20 min at 6000 rpm, 4 °C to remove 

the insoluble debris, and stored at 4 °C until further use. Lyophilization of aqueous fibroin 

solution was carried out by initially freezing the solution using liquid N2, followed by 

freeze drying at -70 °C for 14 h to yield water-insoluble fibroin sponges (Scheme 5.1). 

Preparation of films. Silk fibroin solution (6 wt%) was reconstituted from HFIP at room 

temperature from silk sponges. Pristine silk fibroin films were prepared by drop-casting 

the fibroin solution onto the polystyrene substrates. Drop-casted films were air-dried 

overnight in a fume hood and treated with 90% methanol–water mixtures for 10 min to 

promote β-sheet formation. Bioreagent grade synthetic melanin suitable for cell culture 

experiments was purchased from Sigma (product code: M0418) and used as received for 

the preparation of scaffolds and all culture experiments. Silk/melanin composite films 

were prepared from the silk/melanin (wt/wt 90:10) HFIP solution (6 wt%) and subjected 

to methanol treatment. The treated films were dried under high vacuum to completely 

remove the solvents from films and stored at room temperature in airtight bags until 

further use.  

Preparation of electrospun mats. SF nonwoven electrospun fiber mats were made by 

electrospinning from its HFIP solution. SF was reconstituted from HFIP (6 wt%) and 

electrospinning was carried out at a voltage of 1.5 kV cm
-1

 with a flow rate of 0.8 mL h
-1

 

using a 22G blunt-ended needle under ambient conditions. A custom-modified stationary 

surface consisting of stainless steel mesh fixed onto a stationary collector covered with 

aluminum foil was used to obtain easily peelable, free-standing electrospun mats (Figure 

5.1). Silk/melanin composite mats were prepared similarly by electrospinning 

silk/melanin HFIP solution (6 wt%; 90/10). The freestanding electrospun fiber mats were 
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peeled from the collector and treated with 90% methanol–water mixtures for 10 min to 

increase the aqueous stability of mats through the β-sheet formation in silk. Fiber mats 

were dried under high vacuum and stored in an air-lock cover until further use at room 

temperature.  

Scanning electron microscopy (SEM). The morphology of drop-casted 2D films and 

electrospun 3D mat scaffolds was analyzed by field emission scanning electron 

microscope (Carl Zeiss Ultra 55) at 5 kV. Briefly, the scaffolds were mounted onto SEM 

stubs using double-sided carbon tape and gold sputtering was carried out on the samples 

prior to morphological analysis. The average fiber diameter in the case of electrospun 

mats was determined using ImageJ software. The fiber diameter distributions were 

measured from 50 different locations on the SEM micrographs and the mean diameter 

with standard deviation was calculated. 

FTIR spectroscopy. The secondary structure of silk in the films and electrospun mat 

scaffolds was analyzed using FTIR spectroscopy with attenuated total reflection (ATR) 

sampling technique (GladiATR, PerkinElmer). Briefly, the spectra of as-prepared and aq. 

methanol treated scaffolds were recorded with 0.2 cm
-1

 data interval and with a resolution 

of 4 cm
-1

 using the diamond crystal as substrate. All the spectra presented are the average 

of 64 scans in the wavelength range of 4000-400 cm
-1

 and the data were plotted as % 

transmittance against wave number (cm
-1

). 

Contact angle measurement. The hydrophilicity of the pristine silk and silk-melanin 

composite materials was assessed by contact angle measurement (Holmarc). Briefly, 

pristine silk and silk-melanin composites using HFIP were spin-coated onto glass slides, 

aq. methanol treatment was carried out, and subsequently, static contact angles were 

measured using the sessile drop method for both water and DMEM cell culture media in 
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triplicate. At least three sample sets (n = 3) were used for all the experiments and results 

were expressed as mean ± standard deviation for all the samples. 

Thermal stability. The thermal properties of films and electrospun scaffolds were 

evaluated using TG (Mettler, TGA/DSC 2) and DSC (TA DSC, Q2000) analysis. TGA 

measurement was carried out by heating the scaffolds at 5 °C min
-1

 in the temperature 

range of 40-600 °C under the continuous dry nitrogen flow of 20 mL min
-1

. DSC was 

carried out at a heating rate of 5 °C min
-1

 in the temperature range of 40-400 °C under the 

continuous 20 mL min
-1

 nitrogen gas flow. 

Conductivity measurements. Electrical contacts of about 100 nm thickness on the glass 

slides were made by thermal evaporation of gold using a shadow mask. Samples (films 

and electrospun mats) for conductivity measurement were prepared on glass slides 

containing patterned gold electrodes by spin-coating and electrospinning from the 

corresponding silk fibroin and silk/melanin solutions. The electrical properties of 

scaffolds were measured for methanol-treated samples under humid conditions to mimic 

the cell culture environment using Keithley 2420 and a two-point resistivity probe 

according to previously reported method.
47

 

Antioxidant activity. The intrinsic antioxidant activity of silk/melanin solutions and 

scaffolds was evaluated against the inhibition of lipophilic radical (DPPH) ions using 

previously reported protocol with slight modifications.
48

 The efficiency of silk/melanin 

solutions and scaffolds to inhibit the DPPH (100 × 10
-6

 M) radicals in aqueous ethanol 

was evaluated by incubating 60 μL of solutions (silk and silk/melanin from HFIP) and 

scaffolds (SF, SM films, and mats) containing equal amount of pure and composite silk 

material (i.e., the amounts of silk and silk/melanin are same for both solution and 

scaffolds sample sets used) and measuring the absorbance at 490 nm using a microplate 
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reader (Eppendorf BioSpectrometer AF2200). Equal weights of silk/melanin used in 

solution samples and scaffolds form for maintaining the uniformity while comparing the 

activity of composite among solution and scaffolds (solid). The antioxidant efficacy of 

solutions and scaffolds was expressed in terms of percentage of free radical inhibition as a 

function of incubation time. 

Cell culture. C2C12 mouse myoblast cell line obtained from National Centre for 

Biological Science (NCBS) was used in the in vitro cell culture experiments. 

Cryopreserved cells were revived and expanded in DMEM (Invitrogen) supplemented 

with 20% fetal bovine serum (FBS; Invitrogen), 1% antibiotic-antimycotic solution 

(Sigma), and 2 × 10
-3

 M l-glutamine (Invitrogen). Cell cultures were maintained at 37 °C 

using a humidified CO2 incubator (Sanyo, MCO-18AC, USA) and the culture media was 

changed every alternate day of culture. Cells were detached from the tissue culture flasks 

after reaching 70%–80% of the confluence using 0.05% trypsin-EDTA (Invitrogen) and 

sub-cultured for further use. All the cell culture experiments were carried out using cells 

from passages 3-7. 

Cell viability studies. The biocompatibility of scaffolds was evaluated by measuring the 

viability and proliferation of myoblasts seeded onto the scaffolds. Cell viability test was 

performed using MTT (3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, 

Sigma) assay on pristine and silk/melanin composite scaffolds (films and electrospun 

mats). MTT assay is one of the best quantitative assays to determine the metabolic 

activity of cells. MTT interacts directly with the mitochondria of live cells and the 

resulting change in the optical density gives the number of live cells. Approximately 5 × 

10
3
 cells mL

-1
 of C2C12 myoblast cells were seeded onto the sterilized samples placed in 

24-well plates and incubated for 1, 2, and 3 d in humidified CO2 incubator at 37 °C. After 
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the desired incubation period, the medium in the well plate was removed and washed 

twice with PBS (phosphate buffered saline), followed by addition of 15% MTT reagent 

(Sigma) prepared in DMEM (without phenol red) for 4 h. The purple-colored formazan 

crystals formed were solubilized using high purity DMSO (Merck) and the intensity of 

color was measured by recording the optical density at 595 nm using a microplate reader 

(iMark, Bio-rad laboratories, India). The measured intensity of formed formazan crystals 

is the direct measure of the number of viable and metabolically active C2C12 mouse 

myoblast cells on the scaffolds. 

LIVE/DEAD assay. Fluorescence diacetate (FDA) and propidium iodide (PI) dye 

combination was used for staining the live and dead cells, respectively. Esterases present 

in the live cells catalyze the de-esterification of nonfluorescent FDA to green fluorescent 

fluorescein and impart green fluorescent color to the live cells. The red nuclei in the 

fluorescent images represent the dead cells arising from PI intercalation with nuclear 

DNA of dead or cell membrane-compromised cells. Myoblasts on scaffolds, after the 

stipulated period of culture, were washed with 1X PBS and stained with 1 mL of FDA 

(25 mg mL
-1

) for 15 min at 37 °C and with 1 mL of PI (10 mg mL
-1

) for 5 min at room 

temperature. Samples were washed twice with 1X PBS and myoblast LIVE/DEAD ratio 

was assessed by fluorescence microscopy imaging within 15-20 min post the staining 

procedure.  

Cell proliferation studies. Picogreen assay was used to measure the proliferation of 

myoblasts by measuring the total DNA content of the cells cultured on pristine and 

composite silk scaffolds. Quant-iT Picogreen dsDNA assay kit (Invitrogen) was used to 

quantify the total DNA content, as per the manufacturer’s protocol. After 1, 2, and 3 d of 

myoblast culture, the samples were washed in 1X PBS and lysed with 250 mL of 0.1% 
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Triton-X for 10 min. Equal volumes of 1X TE buffer and 100 mL of Picogreen working 

reagent (1:300 dilution of the stock) were added in a 96-well plate to the cell lysate. The 

fluorescence intensities were recorded after 5 min incubation using a multimode plate 

reader (Eppendorf AF2200) with excitation and emission wavelengths of 485 and 535 

nm, respectively. A standard curve of known dsDNA (ng/mL) was used to calculate the 

DNA content from the samples. 

Oxidative stress in cells. The reduction of cellular oxidative stress in the myoblasts 

cultured on SF and SM scaffolds was estimated using 5-(and-6)-chloromethyl-2′,7′-

dichlorodihydrofluorescein diacetate (CM-H2DCFDA), a reactive oxygen species (ROS) 

indicator dye (Invitrogen). CM-H2DCFDA can freely permeate the plasma membrane of 

intact cells and it is nonfluorescent until the acetate groups are removed by intracellular 

esterases and oxidation occurs within the cells. When oxidized by various reactive 

oxygen species, it is irreversibly converted to the fluorescent form DCF which is a 

measure of the accumulated intracellular ROS. For ROS measurements, myoblasts 

adhered on scaffolds, after 48 h of culture, were incubated with CM-H2DCFDA (10 × 10
-

6 
M) for 30 min at 37 °C in dark. After 30 min, samples were washed thrice with 1X PBS 

to remove the extracellular dye and subsequently the intrinsic ROS level of cells on 

different scaffolds was estimated by measuring the fluorescence intensity. Fluorescence 

measurements were made using a fluorescence microplate Reader (Eppendorf 

PlateReader, AF2200) set to 37 °C, using an excitation wavelength of 485 nm and an 

emission wavelength of 535 nm. For positive control, cells were treated with 1 μL H2O2 

immediately before fluorescence measurements and the unstained cells were considered 

as negative control. 
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Myoblast differentiation studies. Differentiation of myoblasts on scaffolds into 

multinucleated myotubes was induced by replacing complete media with DMEM 

containing 1% FBS after the culture attained 90% confluence. Cells were then grown 

under serum starvation conditions for the complete fusion of myoblasts to give rise to 

myotubes. The formation of myotubes on the pristine and composite silk scaffolds was 

analyzed by observing the morphological features under scanning electron microscope 

and using fluorescence microscope after actin staining. For SEM imaging, the samples 

were washed with PBS and fixed with 1.5% glutaraldehyde (Loba Chemie, India) in PBS 

for 30 min at 4 °C. A series of ethanol wash (30%, 50%, 70%, 90%, and 100%) was done 

subsequently to dehydrate the samples completely. The dried samples were then sputter-

coated (Vacuum Tech, Bangalore, India) with gold and observed under scanning electron 

microscope (FEI Inspect). Actin filaments were visualized under a fluorescence 

microscope (Nikon Eclipse, model LV100D, Japan) after staining with Alexa Fluor 488-

Phalloidin (Invitrogen) for 20 min and the nuclei were counterstained with Hoechst stain 

33342 (Invitrogen). Myotube length and width were calculated from SEM images using 

ImageJ software and all the results presented are the average of five calculations. The 

myogenic index was quantified as the number of nuclei residing in the cells containing ≥3 

nuclei divided by the total number of nuclei from fluorescence micrographs using ImageJ 

software. 

Statistical analysis. Results are reported as mean ± standard deviation and the statistical 

analysis was carried out using SPSS-16.0 (IBM, USA) software. At least three sample 

sets (n = 3) were used for all the experiments and were repeated at least thrice. Values of 

p < 0.05 were considered as statistically significant. 
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6.1 Introduction 

Stem cells are considered as prospective candidates for tissue engineering (TE), 

regenerative medicine or therapy and also for developing disease models aimed at drug 

testing, owing to their unique biological properties, such as the ability to differentiate into 

various cell types, and hence, organs.
1-4

 Stem cell maintenance in the undifferentiated and 

pluripotent state through self-renewal and modulation of their differentiation into cell 

lineage of interest lays the foundation for most TE and regenerative medicine 

applications. Self-renewal and directed in vitro differentiation of stem cells are better 

facilitated on biomaterial scaffolds that mimic the microenvironment of the native 

biological extracellular matrix (ECM). The scaffolds that promote proliferation and 

guided (trans)differentiation of stem cells on-demand for clinical needs are considered as 

ideal biomaterial scaffolds.
5-8

 On the other hand, classical approach involves the use of 

specific biological supplements (cues) along with other soluble growth factors for the 

modulation of stem cell proliferation and differentiation.
9-12

 hMSCs obtained from bone 

marrow (BMSCs) and adipose tissues (ADSCs) are indispensable for stem cell culture, 

differentiation studies and stem cell-based therapies, because of their ease of isolation and 

expansion. These adult stem cells, that are either commercially available or obtained from 

the patients are ideal for developing stem cell-laden biomaterial scaffolds for therapeutic 

and diagnostic applications.
11,13-15

 In contrast, the use of human embryonic stem cells 

(hESCs) is limited due to the unavailability, immune response and ethical issues.  

 Synthetic or natural polymers and inorganic material-based different scaffold 

formats (films, electrospun mats, sponges and solid surfaces) have been used in 

conjunction with ECM-mimicking surface functionalization, for maintaining stem cells in 

culture and for directing their differentiation.
16,17

 Strategies including modulation of 

scaffold properties such as biomaterial stiffness and topography and employment of 
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external magnetic and electric stimuli among others were used to achieve control over 

stem cell fate.
18-25

 Small molecules of either biological or synthetic origin have also been 

used to control the differentiation of stem cells under various culture conditions.
26,27

 

Among all the different biomaterials studied for neuronal tissue engineering, polymeric 

scaffolds are preferred, owing to their comparable substrate properties with respect to the 

native biological matrix (ECM). The harsh processing conditions associated with 

synthesis, limited scaffold format scope and non-free-standing nature of scaffolds made 

from synthetic polymers limit their exclusive use as biomaterial scaffolds for neural tissue 

engineering. Furthermore, synthetic polymers lack cell binding motifs and require an 

additional layer of biopolymer coating to facilitate cellular adhesion and proliferation. In 

contrast, the biopolymers possess good biocompatibility owing to their biological origin 

and support cellular adhesion. However, the major shortcomings of biopolymers that need 

to be addressed are large-scale availability, stability, and processability into various 

scaffold formats.
11,28-32

 

 In particular, an ideal biomaterial scaffold for stem cell-based tissue engineering 

should be biocompatible, biodegradable, and easily malleable into various scaffold 

formats, preferably under ambient conditions (similar to physiological conditions) and in 

aqueous solvents. Further, the biomaterial scaffolds must endure sterilization conditions 

without losing their integrity, be readily available in large amounts for industrial-scale 

scaffold preparation, remain stable at room temperature to avoid expensive cold storage 

conditions, and be self-supporting for in vivo implantation.
33

 Silk fibroin (SF)  protein 

extracted from the cocoons of  domesticated silkworm Bombyx mori is a high molecular 

weight protein made of repeating alternating blocks of hydrophobic crystalline β-sheet 

and hydrophilic amorphous peptide domains.
34,35

 SF has been extensively used for 

various tissue engineering, regenerative medicine, and biomedical applications, because 
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of its unique biocompatibility, biodegradability with slow degradation rate, moldability 

into different scaffold formats, and scope for imparting the desired properties by simple 

physical mixing and covalent modification.
36-42

 SF proteins have also been used for 

coating the poly (D, L-lactic acid) and polyurethane biomaterial scaffolds to improve their 

interaction with osteoblasts and fibroblasts, respectively.
43,44

 SF biomaterials have been 

successfully used for various stem cell-based tissue engineering applications and as 

biomaterial-stem cell interface material for brain electronic-device implants.
45-48

 Herein, 

SF was used as the base biopolymer to fabricate the scaffolds for neural tissue 

engineering, because of its proven unique physical, chemical and biomaterial properties. 

 In this study, the fabrication of free-standing SF films (SFFs) surface 

functionalized with integrin-binding short peptides (YIGSR: Tyr-Ile-Gly-Ser-Arg and 

GYIGSR: Gly-Tyr-Ile-Gly-Ser-Arg) derived from the ECM protein laminin, and their 

potential application for directed in vitro differentiation of hMSCs into neuron-like cells 

is demonstrated.  Bone marrow-derived adult hMSCs were chosen to study the 

anticipated biomaterial properties of surface-functionalized SFFs for stem cell-based 

tissue engineering applications. YIGSR, a pentapeptide occurring at 929-933 amino acid 

positions in high molecular weight ECM glycoprotein laminin (~ 900 kDa) is the major 

integrin-binding motif that facilitates cellular adhesion.
49

 YIGSR and its analogs from 

laminin protein were used previously to functionalize the biomaterial scaffolds made 

from synthetic polymers and inorganic materials, and such scaffolds are demonstrated to 

promote embryonic stem cell adhesion, proliferation and in some cases for the neurite 

outgrowth.
50-54

 YIGSR (L1) and its derivative GYIGSR (L2) with an additional flexible 

glycine amino acid were custom-prepared using solid phase peptide synthesis (SPPS) and 

tethered onto the surface of SFFs, post-film fabrication. SFFs were functionalized by both 
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Scheme 6.1 Fabrication of functionalized SFFs. (A) Schematic showing the preparation of free-

standing SFFs by drop-casting from SF HFIP solution. (i) Preparation of  SF HFIP solution (4 

wt%) from SF sponges; (ii) SFF drop-casting from HFIP solution under ambient conditions;  (iii) 

Air drying of drop-casted SFFs; (iv) Aqueous methanol treatment of SFFs to improve the water 

stability. (B) Schematic showing the surface functionalization of SFFs through physical 

adsorption, (v) SFF incubation with peptides L1 (YIGSR), L2 (GYIGSR) and laminin in PBS for 

4h; and through covalent grafting, (vi) EDC/NHS activation of SFFs, covalent amide bond 

formation with peptides L1 and L2 in PBS. HFIP: hexafluoro-2-propanol; PBS: phosphate 

buffered saline; EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS: N-

hydroxysuccinimide.  

 

physical adsorption and by covalent amide bond formation to study the effect of nature of 

functionalization and presence of additional glycine linker as in L2 in inducing the hMSC 

proliferation and differentiation. The results obtained were also compared with that of 

laminin protein-coated SFFs. The results of hMSC adhesion, proliferation, and 

differentiation into neuron-like cells in the presence of retinoic acid exemplified the 
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significance of covalent surface functionalization of SFFs with GYIGSR. Maintaining 

and directing the transdifferentiation of hMSCs showed the potential of SFFs covalently 

functionalized with simple laminin peptide (GYIGSR) for stem cell-based TE and 

regenerative medicine applications. 

 

 

 

 

 

 

 

 

Scheme 6.2 Chemical structures of integrin binding laminin-derived peptide motifs. L1: YIGSR; 

L2: GYIGSR.  

 

6.2 Results and Discussion 

6.2.1 Synthesis of surface-functionalized SFFs 

SF protein was extracted from the cocoons of domesticated mulberry silkworm Bombyx 

mori and lyophilized to obtain silk sponges according to the protocols, reported 

elsewhere.
42,55 

Solution parameters such as protein (SF) concentration, the chemistry of 

solvent, and process parameters such as drop-casting conditions, and drying conditions 

were optimized to obtain free-standing, flexible and crack-free SFFs under ambient 

conditions. SFFs were prepared from 4 wt% solutions of SF in hexafluoro-2-propanol 
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Scheme 6.3 Schematic showing the solid phase peptide synthesis (SPPS) of peptides L1 (YIGSR) 

and L2 (GYIGSR) on rink amide resin. (i) Fmoc-deprotected rink amide resin; (ii) HBTU in 

DMF, DIPEA in NMP; (iii) 40% piperidine in DMF; (iv) TFA:H2O:TIPS (90:05:05) and the 

synthesis was carried out under ambient conditions. HBTU: O-(benzotriazol-1-yl)-N,N,N’,N’- 

tetramethyluronium hexafluorophosphate; DIPEA: N,N-diisopropylethylamine ; DMF: N,N-

dimethylformamide; NMP: N-methyl-2-pyrrolidone; TFA: trifluoroacetic acid; TIPS: triisopropyl 

silane. 

 

(HFIP) by the drop-casting method, and the obtained films were treated with aqueous 

methanol to impart water stability through induced β-sheet formation (Scheme 6.1A). The 

desired laminin peptides L1 and L2 (Scheme 6.2) were prepared on rink amide resin 

using solid phase peptide synthesis (Scheme 6.3), and purified using semi-preparative 

high performance liquid chromatography (HPLC), while the integrity of prepared 

peptides was established by high-resolution mass spectrometry (HRMS) (Figures 6.7 and 

6.8). 

 SFFs were surface-functionalized with laminin peptides (L1 and L2) through 

physical adsorption and covalent amide bond formation using suitably modified 

protocols, reported in the literature. (Schemes 6.1B).
56-58

 Briefly, surface covalent 
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functionalization of SFFs was achieved by the amide bond formation by surface 

functional group activation, followed by 1-ethyl-3-(dimethylaminopropyl) carbodiimide 

hydrochloride (EDC.HCl)/N-hydroxysuccinimide (NHS) peptide coupling. Peptides (L1 

and L2) and laminin protein were physically adsorbed on the SFF surface by incubating 

with the corresponding solutions in phosphate buffered saline (PBS). All the 

functionalized SFFs were then rinsed thoroughly with excess PBS and milli-Q water, 

dried under vacuum at room temperature and stored in air-tight bags until further use. 

TCPS, unmodified SFFs (UM-SFF) and laminin protein-coated SFFs (Lam-SFF) were 

used as control substrates to study the effect of SF and efficiency of short peptide-tethered 

SFFs for stem cell proliferation and differentiation applications. The pristine un-modified 

(UM-SFF) SFFs, the physically modified ones with peptide L1 (PL1-SFF), L2 (PL2-SFF) 

and laminin protein (Lam-SFF), and the covalently functionalized SFFs with L1 (CL1-

SFF) and L2 (CL2-SFF) were characterized thoroughly using various biophysical 

techniques, and their potential use as biomaterial scaffolds in cell culture and tissue 

engineering applications was studied. 

 

6.2.2 Characterization of SFFs 

The surface morphology of pristine aqueous methanol-treated SFFs and the effect of 

functionalization on the integrity of films were analyzed using scanning electron 

microscopy (SEM). Pristine UM-SFF showed a homogenous smooth surface, free from 

both microscopic and macroscopic cracks, making them suitable scaffolds for cell culture 

applications. SEM micrographs of surface-functionalized SFFs showed smooth surface 

morphology, and hence, surface functionalization did not affect the integrity of the films 

data not shown). The surface morphology of SFFs was studied using atomic force 

microscopy (AFM) to further understand the effect of functionalization (physical  
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Figure 6.1 Characterization of pristine and surface functionalized SFFs. AFM micrographs of (A) 

UM-SFF (Roughness values Ra = 512 nm, RMS = 637 nm) and (B) CL1-SFF (Roughness values 

Ra = 940 nm, RMS = 1250 nm). (C) FTIR analysis of aqueous methanol treated pristine and 

surface functionalized SFFs. Vertical dotted lines are inserted to visualize and compare the SF 

amide absorption in SFFs. (D) Thermogravimetric (TG) graphs of SFFs showing high 

decomposition temperatures (>250 ºC).  

 

adsorption and covalent modification). AFM images (roughness profile) of pristine (UM-

SFF) and covalently modified SFF with L1 (CL1-SFF) are shown in Figures 6.1.AFM 

analysis indicated an increase in the surface roughness upon functionalization (from 637 

pm for UM-SFF to 1.25 nm for CL1-SFF) in the nanoscale regime. The observed overall 

marginal increase in the RMS (root mean square) roughness can be attributed to the 

exposure of the SFFs to the phosphate buffered saline (PBS) and to other reagents used 
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Figure 6.2 FT-IR analysis of as prepared and aqueous methanol treated  SFFs. Gray line 

represents as prepared and the black line represents aqueous methanol treated SFFs. Vertically 

dotted lines are inserted to visualize, shift in the silk fibroin amide absorption before and after 

aqueous methanol treatment. 

 

for the functionalization process and peptide tethering. The overall surface morphology 

(SEM) and roughness (AFM) analysis indicated crack-free, uniform films and the 

compatibility of protocols used for the surface modification in retaining the integrity of 

films. 

 The secondary structure of silk (β-sheet structure of crystalline domain) in SFFs 

was analyzed using Fourier transform infrared spectroscopy (FTIR) analysis in the amide-

I (C=O stretching) and amide-II (N-H stretching) regions.  As-prepared SFFs showed 

amide peaks, which are characteristic of the co-existence of random helical and β-sheet 

conformations, i.e. silk-I structure (1650, 1621, 1514 cm
-1

). The shifting of IR absorption 

peaks upon aqueous methanol treatment for UM-SFF indicated improved β-sheet content 

(silk-II structure; 1699, 1619, and 1512 cm
-1

) (Figure 6.2). Similar to aqueous methanol-

treated UM-SFF, vibration frequencies, characteristic of β-sheet rich silk-II structure, 

were observed for all the functionalized SFFs (PL1-SFF: 1699, 1618, and 1508 cm
-1

; 
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CL1-SFF: 1699,1618, and 1511 cm
-1

; PL2-SFF: 1697,1618, and 1512 cm
-1

; CL2-SFF: 

1699,1618, and 1515 cm
-1

; Lam-SFF: 1699,1620, and 1510 cm
-1

). Such observations 

indicate the retention of the β-sheet secondary structure, and hence, stability under culture 

conditions (Figure 6.1C). FTIR analysis further emphasized that the functionalization has 

a trifling effect on the stability and integrity of SFFs. Thermogravimetric (TG) analysis 

was carried out to evaluate the thermal stability and decomposition behavior of SFFs with 

increasing temperature. Pristine and functionalized SFFs showed very good thermal 

stability with decomposition temperatures above 250 ºC. In particular, a weight loss of 

less than 50% was observed even at temperatures as high as 500 ºC (Figure 6.1D).  

Therefore, high decomposition temperatures (>250 ºC) of SFFs indicate the potential of 

SFFs for room temperature storage, avoiding expensive cold storage conditions. 

 Hydrophilic property of biomaterial scaffolds is vital in modulating the cellular 

adhesion, proliferation, and differentiation of various cell types. To assess the hydrophilic 

nature of SFFs, contact angle (CA) measurements were performed using the sessile drop 

technique with Milli-Q water and alpha minimum essential medium (αMEM) cell culture 

medium under ambient conditions.  Pristine UM-SFF films showed a contact angle of 

64.6 ± 0.1 for water and 55.9 ± 0.9 for αMEM culture medium. On the other hand, 

surface functionalization marginally altered the hydrophilicity of scaffolds, which is 

reflected in the contact angle values for surface-functionalized SFFs (PL1-SFF: 64.5 ± 0.8 

(H2O), 53.1 ± 0.9 (αMEM); CL1-SFF: 61.2 ± 0.6 (H2O), 55.9 ± 0.9 (αMEM); PL2-SFF: 

61.9 ± 0.6 (H2O), 50.7 ± 0.2 (αMEM); CL2-SFF: 60.6 ± 0.6 (H2O), 54.9 ± 0.7 (αMEM); 

Lam-SFF: 65.4 ± 0.2 (H2O), 59.9 ± 0.8 (αMEM)) (Table 6.1). Overall, contact angle 

measurements of SFFs using water and cell culture medium established the hydrophilic 

nature of functionalized SFFs.  
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Table S1. Hydrophilicity of pristine and surface functionalized SFFs. Contact angle values for 

water and αMEM droplets on the surface of SFFs measured under ambient conditions. 

 

 

Sample 

 

H2O 

Contact angle 

 

αMEM 

Contact angle 

 

 

UM-SFF 

PL1-SFF 

CL1-SFF 

PL2-SFF 

CL2-SFF 

Lam-SFF 

 

64.6 ± 0.1  

64.5 ± 0.8 

61.2 ± 0.6 

61.9 ± 0.6 

60.6 ± 0.6 

65.4 ± 0.2 

 

55.9 ± 0.9  

53.1 ± 0.9 

55.9 ± 0.9 

50.7 ± 0.2 

54.9 ± 0.7 

59.9 ± 0.8 

 

 

6.2.3 Cell culture  

hMSCs of bone marrow origin were chosen for the cell culture and intended 

transdifferentiation studies.  The viability of hMSCs on SFFs was evaluated using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. MTT, chemically a 

tetrazolium derivative, is reduced by cellular oxidoreductases to purple-colored formazan 

crystals inside the cells. Thus, the amount of purple-colored formazan produced is 

measured by a change in the optical density at 595 nm, which gives information about 

cell viability on SFFs. TCPS served as a control to compare the suitability of SFFs for 

cell culture applications. Similarly, pristine silk films (UM-SFF) served as the control 

substrates to study the effect of surface functionalization on cell viability and 

proliferation. As shown in Figure 6.3A, no significant change in the hMSC cell number 

on TCPS and SFFs after 1-day culture could be recorded and such observations indicate 

the suitability of SFFs for hMSCs adhesion and viability, comparable to commercial cell  
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Figure 6.3 Cell viability and proliferation of hMSCs cultured on pristine and surface 

functionalized SFFs. (A) MTT assay results showing number of viable cells on TCPS control, 

pristine and functionalized SFF scaffolds for the culture period of 1, 4 and 7 days. ‘*’ represents 

statistically significant difference (p < 0.05) in cell number with respect to the hMSCs cultured on 

TCPS control substrate. (B) PicoGreen assay results show the total DNA content of hMSCs 

cultured on TCPS/coverslip, pristine and functionalized SFFs after 1, 4 and 7 days of culture. ‘*’ 

represents statistically significant difference (p<0.05) in the DNA content with respect to DNA 

content of hMSCS cultured on tissue culture treated control substrate (TCPS/coverslip). ‘#’ 

represents statistically significant difference (p<0.05) of DNA content with respect to physically 

modified counterparts within the group. A standard curve of known dsDNA (ng/mL) 

concentration was used to calculate the DNA content from the samples. All data points represent 

mean ± SD (n=3). MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.  
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culture standard TCPS. On the contrary, a significant increase in the number of hMSCs 

on day 7 of culture was observed for all SFFs in comparison to TCPS, demonstrating the 

beneficial effect of SFFs for stemness in terms of sustained maintenance and proliferation 

in culture in vitro (Figure 6.3A). 

 The proliferation profile of hMSCs over a period of seven days in culture was 

evaluated by quantifying the total DNA content of cells cultured on TCPS,  pristine and 

surface-functionalized SFF scaffolds after 1, 3, and 7-day intervals using PicoGreen assay 

(Figure 6.3B). A marked increase in the total DNA content of hMSCs grown on each SFF 

scaffold compared to cells grown on TCPS after 3 and 7-days in culture (p<0.05) 

indicated the synergistic benefits of SFFs in promoting the hMSCs viability and 

proliferation for extended periods of in vitro ( 7 days) cultures. A thorough analysis of 

hMSC proliferation data indicated a statistically significant increase in the DNA content 

of cells grown on covalently modified SFFs (CL1-SFF and CL2-SFF) as compared to 

their physically modified counterparts (PL1-SFF and PL2-SFF; p<0.05). This important 

observation highlights the significance of covalent modification over physical adsorption. 

As expected, laminin-functionalized SFFs (Lam-SFF) showed better hMSC proliferation 

compared to TCPS. 

 The cytocompatibility and suitability of SFFs for the proposed hMSC culture 

studies was further assessed by LIVE/DEAD staining assay. hMSCs grown on TCPS and 

SFFs were stained with fluorescein diacetate (FDA) and propidium iodide (PI) to stain the 

cell cytoplasm (green) and nuclei (red) in the case of live and dead cells, respectively. 

FDA is cell permeable and gets de-esterified by cellular enzymes to give a green color to 

the live cell cytoplasm upon excitation, whereas PI is impermeable to viable cell 

membranes and stains dead and cell membrane-compromised cells through DNA 



Chapter 6 

 

240 
 

 

 

 

 

Figure 6.4 Live/dead staining of hMSCs on (A) TCPS control, (B) UM-SFF, (C) PL1-SFF, (D) 

CL1-SFF, (E) PL2-SFF, (F) CL2-SFF and (G) Lam-SFF after 3 days of culture. Green = FDA 

(live); red = PI (dead); scale bar = 100 μm. FDA: fluorescein diacetate; PI: propidium iodide.  

 

intercalation. Figure 6.4 shows the representative images of FDA-PI stained fluorescence 

images of hMSCs on TCPS and SFFs after 3 days of culture. A significant number of 

hMSCs stained with FDA were observed for TCPS and all SFFs with only a few nuclei 

stained red with PI. This corroborates with the MTT and PicoGreen analysis, highlighting 

the cytocompatibility of SFFs for hMSCs culture experiments, in vitro. Moreover, hMSCs 

adhered to CL2-SFF and Lam-SFF tend to form cellular aggregates, partly resembling the 

neurosphere-like structures generated from neural stem cells (NSCs).
59
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Figure 6.5 Influence of surface functionalization on neuron-like morphological transitions of 

hMSCs. Fluorescence images of hMSCs cultured on (A) TCPS control, (B) UM-SFF, (C) PL1-

SFF, (D) CL1-SFF, (E) PL2-SFF, (F) CL2-SFF and (G) Lam-SFF in neuronal differential media 

for 7 days. hMSC cytoskeleton stained green with Alexa Fluor 488-Phalloidin and nuclei 

counterstained blue with DAPI. Scale bar = 100 μm.  

 

6.2.4 Differentiation of hMSCs into neuron-like cells 

Transdifferentiation of hMSC into neuronal lineage was achieved by culturing cells on 

the surface-functionalized SFF scaffolds in the presence of biochemical cue, retinoic acid 

[RA: (2E,4E,6E,8E)-3,7-dimethyl-9-(2,6,6-trimethylcyclohexen-1-yl)nona-2,4,6,8-

tetraenoic acid]. hMSCs cultured on SFFs in regular αMEM culture media did not show 

any significant morphological transformation, indicating the absence of any 

differentiation  (data not shown). High proliferation of hMSCs cultured on functionalized 

SFFs as compared to TCPS control in the absence of biochemical cue for differentiation 

highlights the potential use of SFFs as scaffolds for maintaining hMSCs in the 
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undifferentiated pluripotent state for TE applications.  RA, a metabolite of Vitamin A, is 

known to induce the (trans)differentiation of embryonic and adult stem cells to neuron-

like cells when used in combination with appropriate biomaterial scaffolds.
60,61

 The 

morphological changes of hMSCs, were monitored using fluorescence microscopy 

analysis after cell staining and the representative merged fluorescence images are shown 

in Figure 6.5. The cytoskeleton was stained with Alexa Fluor 488-Phalloidin, and DAPI 

was used to counterstain the nuclei of fixed cells on TCPS and SFFs after 7 days of 

hMSCs culture in neuronal induction media. Cells cultured on control substrate (TCPS or 

glass coverslip) showed well spread spindle-like morphology, typical of the 

undifferentiated hMSCs (Figure 6.5A). In contrast, hMSCs cultured on laminin-coated 

SFFs (Lam-SFF) exhibited elongated and interconnected cellular networks similar to 

NSC culture in vitro (Figure 6.5G). hMSCs cultured on pristine (UM-SFF) films 

exhibited slightly stretched morphology as compared to the cells on control TCPS 

substrate (Figure 6.5B). hMSCs cultured on physically modified SFFs with YIGSR 

peptide (PL1-SFF) showed slightly stretched morphology similar to UM-SFF, and few 

cells showed elongated cell morphology (Figure 6.5C). Likewise, cells cultured on 

covalently modified SFFs (CL1-SFF) showed stretched morphology similar to PL1-SFF 

while some of the cell population showed elongated and interconnected cellular networks 

(Figure 6.5D). hMSCs cultured on SFFs physically modified with L2 (PL2-SFF) largely 

showed laterally extended morphology comparable to hMSCs on PL1-SFF  and cellular 

connectivity resembling cells on CL1-SFF (Figure 6.5E). In contrast, hMSCs cultured on 

SFFs covalently modified with L2 (CL2-SFF) showed a uniform population of cells that 

were laterally elongated and well-interconnected as well (Figure 6.5F). The observed 

morphological changes of hMSCs from well-spread spindle-like individual cells to 

laterally elongated and interconnected cellular network on CL2-SFF scaffolds was similar 
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to the cell growth and differentiation on laminin-functionalized SFFs (Lam-SFF). Such 

cellular morphological changes certainly indicate the transdifferentiation of hMSCs to 

become NSC-like cells. The observed morphological changes of hMSCs were more 

prominent on CL2-SFF and were comparable to Lam-SFF, indicating the advantage of 

flexible glycine linker in integrin binding and modulating the differentiation of stem cells. 

Further, directed differentiation of hMSCs into NSC-like cells only in the presence of RA 

exemplifies the potential biomaterial platforms for on-demand control of stem cell 

differentiation fate. NSC-like morphological features were observed only for hMSCs 

grown on CL1-SFF, CL2-SFF, and Lam-SFF. Hence, PL1-SFF and PL2-SFF scaffolds 

were excluded from further gene expression studies. 

 

6.2.5 Gene expression analysis 

The observed phenotypic or morphological changes of hMSCs were further corroborated 

with gene expression and densitometric analysis of neuron-specific markers using 

semiquantitative reverse transcription-polymerase chain reaction (RT-PCR).  mRNA 

levels of neuron-specific markers, such as nestin (NES), β-tubulin III (TUBB3 or TUJ1), 

neurofilament light polypeptide (NEFL), and microtubule-associated protein 2 (MAP2) 

were monitored, while glyceraldehyde-3-phosphate dehydrogenase (GADPH) served as 

the internal control. The PCR products were then separated using gel electrophoresis and 

quantified by scanning in a gel documentation system. RT-PCR analysis demonstrated 

changes in the gene expression of neuronal specific markers for hMSCs grown on CL1-

SFF and CL2-SFF, in comparison to the control TCPS and UM-SFF on day 7 (Figure 

6.6). The gene expression of markers specific to neuronal progenitor cells (NES), 

immature neurons (TUBB3) was up-regulated for the hMSCs cultured on CL1-SFF as 

compared to control TCPS and UM-SFF scaffolds. Conversely, both MAP2 and NEFL, 
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Figure 6.6 Influence of SFF surface functionalization on inducing transdifferentiation of hMSC 

into neuron-like cells. (A) Neuronal gene marker analysis of hMSCs cultured on TCPS, UM-SFF, 

CL1-SFF, CL2-SFF and Lam-SFF for 7 days in neuronal differentiation medium containing 

retinoic acid (RA, 1 µM). (B) Quantitative analysis of neuronal progenitor (NES) premature 

(TUBB3, NEFL) and mature neuronal expression (MAP2) in hMSCs cultured on TCPS, UM-

SFF, CL1-SFF, CL2-SFF and Lam-SFF after 7 days.  ‘*’ represents statistically significant 

difference (p<0.05) with respect to internal GAPDH control.  NES:  nestin; TUBB3: class III β-

tubulin; NEFL: neurofilament light polypeptide; MAP2:  microtubule-associated protein 2; 

GAPDH: glyceraldehyde-3-phosphate dehydrogenase.  

 

which are the markers for mature neurons, were faintly expressed in cells cultured on 

CL1-SFF. Interestingly, hMSCs cultured on CL2-SFF showed up-regulation of gene 

expression for progenitor, mature neuron-specific markers (TUBB3, NEFL, MAP2) 

(Figure 6.6). Relatively low levels of NES expression can be attributed to the fact that 

hMSCs on CL2-SFF were likely to have a mixed population of progenitor and mature 

cells, with a majority of mature cells leading to the lesser amount of NES expression. 

Overall, gene expression analysis exemplified the significance of covalent modification 

of SFFs for neural tissue engineering and further portrayed the importance of additional  



Silk Fibroin Films for hMSC Transdifferentiation 

 

245 
 

Table 6.2 List of primers used for the semi-quantitative RT-PCR neuronal specific gene 

expression analysis. NES: nestin; TUBB3: class-III beta tubulin; NEFL: neurofilament light 

polypeptide; MAP2: microtubule-associated protein 2.  

 

Genes 

 

Primer Sequence 

 

Forward                                Reverse 

 

Amplicon 

Size (bp) 

 

GAPDH 

 

AGGTCGGTGTGAACGGATTTG 

 

 

TGTAGACCATGTAGTTGAGGTCA 

 

 

123 

NES AACAGCGACGGAGGTCTCTA TTCTCTTGTCCCGCAGACTT 220 

 

 

TUBB3 ATGTGGTGCGGAAGGAGTGTGAAA TGTTCATGATGCGGTCGGGATACT 

 

144 

NEFL ACCTCCTCAACGTGAAGATGGCTT ACTCTTCCTTGGCAGCTTCTTCCT 

 

384 

MAP2 TAACCAACCACTGCCAGACCTGAA 

 

GCCACATTTGGATGTCACATGGCT 232 

 
 

glycine amino acid linker in between the SFF surface and laminin peptide (YIGSR), in 

aiding hMSCs differentiation into neuron-like cells. 

 

6.3 Conclusion 

In conclusion, we have successfully fabricated ECM-mimicking, laminin-peptide 

(YIGSR) functionalized, free-standing silk fibroin films and showcased their potential 

application for stem cell proliferation and differentiation into neuronal cells. Surface 

functionalization of SFFs was evaluated through physical adsorption and covalent bond 

formation for guiding such differentiation. Surface-functionalized SFFs showed good 

compatibility with hMSCs and promoted their stemness (sustained proliferation without 

detectable differentiation). In contrast, SFFs modified by covalent bond formation with 

integrin-binding laminin-derived peptides (YIGSR in CL1-SFF and GYIGSR in CL2-

SFF) successfully induced the differentiation of hMSC into neuron-like cells, comparable 
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to laminin protein-coated SFFs (Lam-SFF). Such important observation demonstrates the 

potential of such short peptides in replacing the laminin protein on suitably fabricated silk 

fibroin scaffold for neuronal tissue engineering applications. CL1-SFF having YIGSR on 

its surface supported the differentiation into neuronal progenitor cells but failed to 

promote matured neurons. Interestingly, CL2-SFF with additional glycine linker between 

SFF surface and YIGSR was the best scaffold in promoting differentiation of hMSCs into 

matured neuron-like cells. Overall, CL2-SFF substrates showed better differentiation 

efficiency compared to other functionalized SFFs including the physically coated 

counterpart (PL2-SFF). This highlighted the significance of permanent surface 

modification, i.e., covalent amide bond formation for intended long-term use of SFF 

biomaterial scaffolds. Altogether, laminin peptide functionalized SFF offers several 

benefits including ease of short peptide synthesis, aqueous functionalization route, and 

long-term stability. Moreover, the flexibility to maintain hMSCs in an undifferentiated 

state as well as to induce neuronal lineage commitment on-demand in the presence of 

retinoic acid make SFFs, ideal biomaterial scaffolds tissue engineering and regenerative 

therapy applications.  

 

6.4 Experimental Section 

6.4.1 Materials and methods 

All the chemicals and solvents were purchased either from Sigma-Aldrich or 

Spectrochem India and used for peptide synthesis without further purification unless 

otherwise specifically mentioned. Fmoc amino acids with appropriate side chain 

protection group were obtained from Novabiochem and used as received. Preparative 

high performance liquid chromatography (HPLC, Shimadzu LC-8A) was used to purify 

peptides and their purity was monitored at 215 nm for peptide content. High resolution 
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mass spectrometry (HRMS, Agilent UHD Accurate-Mass Q-TOF LC/MS system) was 

used to further confirm the integrity of peptides. Mulberry silkworm Bombyx mori 

cocoons of CB gold variety for scaffold preparation were procured from Ramnagara silk 

cocoon market, Karnataka, India. 

 

6.4.2 Solid phase synthesis of peptides 

Peptides YIGSR (L1) and GYIGSR (L1) were synthesized using standard solid phase 

peptide synthesis (SPPS) through Fmoc-chemistry on Multisyntech Syro II automated 

peptide synthesizer. Fmoc-Rink amide resin (Novabiochem) was used as solid support for 

the synthesis. O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate 

(HBTU, Novabiochem) along with N, N-diisopropylethylamine (DIPEA, Spectrochem, 

India) was used as activation mixture and 4 equivalents of Fmoc protected amino acids 

(0.5 mmol) in N,N-dimethylformamide (DMF, Spectrochem, India) were used for peptide 

couplings at room temperature. 40% Piperidine in DMF was used for the deprotection of 

Fmoc- group from N-terminus of amino acids. Peptide cleavage from the resin and side 

chain deprotection was achieved by reacting the resin with cleavage cocktail 

(TFA:DCM:TIPS, 90:05:05) for 15 min at room temperature. The peptide was cleaved 

from the resin on cleavage transfer workstation of the peptide synthesizer using inert gas 

(dry N2) positive pressure. Peptides were precipitated from the cleavage cocktail and 

purified by reverse phase preparative HPLC. The integrity of synthesized peptides was 

confirmed by HRMS analysis.  
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6.4.3 Preparation of surface functionalized SFFs 

Silk fibroin extraction. Silk fibroin solution was prepared from the cocoons of mulberry 

silkworm Bombyx mori according to the protocols reported by us and others.
42,55

 The 

cocoons were cut into approximately 4 cm x 4 cm size pieces, washed thoroughly with 

deionised water and boiled for 30 min in 20 mM Na2CO3 solution. The silk fibroin was 

washed thoroughly with plenty of milli-Q water to remove the water-soluble sericin outer 

layer. The obtained native silk fibroin was dissolved in 9.3M LiBr at 60 ºC and the 

resulting amber-colored solution was dialyzed using an activated 14 kDa MWCO 

cellulose membrane (Sigma) against milli-Q water with a total of six water changes at 

regular intervals. Lyophilization of aqueous regenerated silk fibroin solution was carried 

out by initially freezing the solution using liquid N2 followed by freeze drying at -70 ºC 

for 24 h to yield fibroin sponges.  

Preparation of SFFs. Silk fibroin sponges were dissolved in HFIP (4 wt %) at room 

temperature and silk fibroin films (SFFs) were prepared by the drop-casting method 

according to the protocols reported by us earlier.
42

 Drop-casted films were air dried 

overnight at 25 ºC and treated with 90% methanol-water mixture (v/v) to promote the β-

sheet formation that increases the stability of films when they are used in water and in 

culture media. The films were further air dried overnight at room temperature and stored 

in air-tight bags. Physical and chemical modifications were carried out using water stable 

SFFs obtained after methanol treatment. 

Physical adsorption of peptides on SFFs. Physical surface adsorption of laminin-

derived integrin binding peptides (L1 and L2) and laminin protein from Engelbreth-

Holm-Swarm murine sarcoma basement membrane (Sigma, L 2020) on SFFs was 

achieved by incubating the films with L1, L2 (0.2 mg peptide/mL of PBS, pH 7.4) and 
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laminin (20 µg/mL) solutions for 4 h at 37 ºC. The films were then rinsed twice each with 

PBS and milli-Q water, dried under vacuum at room temperature. 

Covalent functionalization of SFFs. The surface covalent functionalization of SFFs with 

peptides (L1 and L2) was carried out using reported methods with slight modifications.
56-

58
 SFFs were soaked in PBS (10 mM, pH 6.5) for 30 min to achieve the surface 

realignment of hydrophilic groups and to promote the covalent functionalization. The 

activation of -COOH groups of Asp and Glu amino acids of PBS soaked SFFs was 

achieved by treating with activation buffer containing 1-ethyl-3-(dimethylaminopropyl) 

carbodiimide hydrochloride (EDC.HCl)/N-hydroxysuccinimide (NHS) solution (0.5 

mg/mL of EDC and 0.7 mg/mL of NHS in PBS buffer) for 15 min at ambient conditions. 

The activated NHS esters of SFFs were reacted with laminin-derived integrin binding 

peptide motifs YIGSR (L1) and GYIGSR (L2) (0.2 mg/mL) in PBS (pH 7.4) at ambient 

temperature for 2 h. After the reaction, SFFs were washed with PBS (pH 7.4) for 5 min, 

rinsed twice with PBS and once with milli-Q water to remove the buffer salts from the 

film surface and dried in vacuum at room temperature. 

 

6.4.4 Characterization of surface functionalized SFFs 

Scanning electron microscopy (SEM). The surface morphology of as-prepared, aqueous 

methanol treated, and surface modified (both physical and chemical) SFFs was analyzed 

by field emission scanning electron microscope (FESEM, Carl Zeiss Ultra 55) at 5-10 kV. 

SFF samples were mounted onto SEM stubs using double-sided carbon tape and gold 

sputtering was carried out on the samples, prior to morphological analysis.  

Fourier-transform infrared (FTIR) spectroscopy. The secondary structure of silk in 

the pristine and functionalized films was analyzed using FTIR spectroscopy with 
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attenuated total reflection (ATR) sampling technique (GladiATR, PerkinElmer). Briefly, 

the spectra of as- prepared, aqueous methanol treated and surface functionalized SFFs 

were recorded with 0.2 cm
-1

 data interval and with a resolution of 4 cm
-1

 using the 

diamond crystal as substrate. All the spectra presented are an average of 64 scans in the 

wavelength range of 4000-400 cm
-1

 and the data was plotted as % transmittance (% T) 

against wavenumber (cm
-1

). 

Atomic force microscopy (AFM). The surface morphology and roughness of the 

samples were measured using atomic force microscope (JPK, NanoWizard® 3-AFM). 

Samples were adhered onto microscope glass slide using 2 component epoxy glue and the 

analysis was carried out in intermittent contact (AC) mode under ambient conditions. 

Surface wettability of SFFs. The wettability of the pristine and surface functionalized 

SFFs was assessed by contact angle measurements (Holmarc). Briefly, pristine and 

surface functionalized silk films were prepared on glass coverslips and subsequently 

contact angles were measured using sessile drop method for both milli-Q water and 

αMEM cell culture media under ambient conditions. The results were presented as mean 

± standard deviation (n=3). 

 Thermal stability of SFFs. Thermal stability and decomposition properties of pristine 

and surface functionalized SFFs were evaluated using thermogravimetric analysis (TGA; 

Mettler, TGA/DSC 2). TGA measurement was carried out by heating the SFFs (pristine 

and functionalized) at 5 ºC/min in the temperature range of 40 ºC to 800 ºC under a 

continuous flow of dry nitrogen (20 mL/min). 
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6.4.5 In vitro cell culture experiments 

Cell culture. Human mesenchymal stem cells (hMSCs) were procured from Institute for 

Regenerative Medicine, Texas A&M HSC COM, USA and all the experiments involving 

hMSCs were carried out with the prior approval from the Institutional Committee for 

Stem Cell Research and Therapy (IC-SCRT), Indian Institute of Science, Bengaluru. The 

cells from cryopreserved stock were revived and grown in complete growth medium 

containing alpha modified Eagle’s medium (αMEM; Invitrogen) supplemented with 20% 

fetal bovine serum (MSC FBS; Invitrogen), 1% antibiotic-antimycotic solution (Sigma) 

and 2 mM L-glutamine (Invitrogen).  

 Cell cultures were maintained at 37 ºC, 95% humidity and 5% CO2 using a 

humidified CO2 incubator (Sanyo, MCO-18AC, USA) and the culture media was changed 

every alternate day of culture. Cells were detached from the tissue culture flasks upon 

reaching 70-80% of confluency using 0.05% trypsin-EDTA (Invitrogen) and harvested by 

neutralizing with complete media and centrifugation at 1500 rpm for 5 min. The cells 

were then subcultured for further use as required. 

Cell viability studies. The cytocompatibility of functionalized SFFs was evaluated by 

measuring the viability and proliferation of hMSCs seeded onto 16 mm diameter circular 

SFFs with an average thickness of 15 µm. Cell viability test was performed using MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) assay on pristine 

and functionalized SFFs. MTT interacts with mitochondrial reductases of live cells and 

the resulting change in the optical density give the number of live cells. Approximately 

l0
4
 cells/mL of hMSCs were seeded on the sterilized films placed in 24 well plates and 

incubated for 1, 4 and 7 days in humidified CO2 incubator. Cell culture media in the wells 

was removed and washed twice with PBS after a stipulated period of culture, 15% MTT 
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reagent (Sigma) prepared in DMEM (without phenol red) was added and incubated for 4 

h at 37 ºC. The purple colored formazan crystals formed was solubilized using high purity 

DMSO (Merck) and the intensity of color was measured by recording the optical density 

at 595 nm using a microplate reader (iMark, Bio-rad Laboratories, India). The measured 

intensity of formed formazan crystals is the direct measure of number of viable and 

metabolically active hMSCs on the SFFs.   

LIVE/DEAD assay. Live and dead hMSCs on the SFFs were stained using fluorescein 

diacetate (FDA; green) and propidium iodide (PI; red) dye, respectively. Green 

fluorescence color is imparted to the live cells by de-esterification action of esterases 

which convert non-fluorescent FDA to green fluorescent fluorescein. Cell-impermeable 

PI intercalates with nuclei of dead or cell membrane compromised cells and imparts red 

fluorescence. hMSCs cultured on SFFs for the stipulated period were washed with 1X 

PBS, stained with 1 mL of FDA (25 mg/mL) for 15 min at 37 °C and with 1 mL of PI (10 

mg/mL) for 5 min at room temperature. Samples were washed twice with 1X PBS and 

hMSC LIVE/DEAD ratio was assessed by fluorescence microscopy imaging within the 

15–20 min of post staining procedure. 

Cell proliferation studies. The proliferation of hMSCs on pristine and functionalized 

SFFs was evaluated using PicoGreen assay by measuring the total DNA content of the 

cells on the scaffolds. Quanti-iT Picogreen dsDNA assay kit (Invitrogen) was used to 

quantify the total DNA content. DNA quantification was carried out as per 

manufacturer’s protocol. After 1, 4 and 7 days of culture, the samples were washed in 1X 

PBS and lysed with 250 mL of 0.1% Triton-X for 10 min. Equal volumes of 1X TE 

buffer and 100 mL of Picogreen working reagent (1: 300 dilution of the stock) were 

added in a 96 well plate to the cell lysate. The fluorescence intensity was recorded after 5 
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min incubation using a multi-mode plate reader (Eppendorf AF2200) with excitation and 

emission wavelengths of 485 and 535 nm, respectively. The total amount of DNA of cells 

cultured on different scaffolds was quantified using a standard curve of known dsDNA 

(ng/mL) concentration and fluorescence intensity.  

 

6.4.5 hMSC neuronal differentiation and RT-PCR 

hMSC differentiation studies. Differentiation of hMSCs into neuron-like cells was 

induced by the addition of 1 µM retinoic acid (RA) to αMEM culture media. The 

formation of neuron-like cells on the pristine and surface functionalized SFFs was 

analyzed by observing the morphological features using fluorescence microscopy analysis 

after 7 days in culture. After 7 days of culture, the TCPS and SFF-cell constructs were 

rinsed twice with PBS and fixed in 4% paraformaldehyde (Merck, India) for 20 min. The 

cell-scaffold constructs were further rinsed in PBS, permeabilized with 0.1% Triton-X-

100 (Sigma, USA) for 10 min, followed by washing in PBS and blocking with 1% BSA 

for 30 min. The fixed and permeabilized cells were then stained with Alexa Fluor 488-

Phalloidin (1:200 dilution, Invitrogen) for 20 min to visualize the cytoskeleton F-actin 

filaments, and counterstained with 1 mg/mL of DAPI stain (Invitrogen) to observe the 

cell nuclei. Fluorescence images were obtained using an inverted fluorescence 

microscope (Nikon Eclipse, model LV100D, Japan). 

 Semi-quantitative RT-PCR analysis. Approximately, 10
4
 hMSCs/mL were seeded on 

sterile TCPS, peptide and laminin functionalized SFFs in 24 well plates and maintained 

for 7 days in humidified CO2 incubator with the addition of biochemical cue retinoic acid 

(1 µM) in αMEM media. For mRNA analysis, total RNA was extracted using TRIzol 

(Invitrogen, USA) reagent, according to the manufacturer’s protocol. The quality and 
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quantity of total extracted RNA samples were then examined using spectrophotometric 

OD260 (RNA) and OD280 (protein) measurements. RNA samples with an optical density 

ratio (OD260/OD280) greater than 1.9 were used for cDNA synthesis. The total RNA 

(0.5 µg) was reverse transcribed using the First-Strand cDNA Synthesis Kit (Fermentas, 

USA). PCR procedure was carried as follows: 5 min at 94 °C (1 cycle); 30 s at 94 °C 

(denaturation step), 30 s at the appropriate annealing temperature for the primer set under 

study (55-60 °C), 1 min at 72 °C (extension step) for the 25-30 cycles and a final 

annealing step for 7 min at 72 °C . The PCR products were separated by electrophoresis 

and quantified using gel documentation system. GAPDH mRNA level was used as 

internal normalization control. The primer sequences for the genes of interest are listed in 

Table 6.2. 

Statistical analysis. All the results are reported as mean ± standard deviation and the 

statistical analysis was carried out using SPSS-16.0 (IBM, USA) software. At least three 

sample sets (n=3) were used for all the experiments and was repeated at least thrice. 

Values are considered statistically significant only when p < 0.05. 

 

6.5 Appendix 

 HPLC chromatogram and HMRS spectrum of L1 

 HPLC chromatogram and HMRS spectrum of L2 
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Figure 6.7 Characterization of L1 (YIGSR). (A) HPLC chromatogram showing the purity of L1. 

The chromatogram absorption was monitored at 215 nm using PDA detector. (B) HRMS 

spectrum of L1. HRMS (ESI): m/z calcd for C26H44N9O7 : 594.3364 [M+H]
+
; found: 594. 3356.  
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Figure 6.8 Characterization of L2 (GYIGSR). (A) HPLC chromatogram showing the purity of 

L2. The chromatogram absorption was monitored at 215 nm using PDA detector. (B) HRMS 

spectrum of L2. HRMS (ESI): m/z calcd for C26H47N10O8 : 651.3578 [M+H]
+
; found: 651.3565.  
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Miscellaneous 
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Miscellaneous Highlights of Ph.D Work 

 

 Received Graduate Student Travel Grant to deliver an oral presentation at 8th 

Annual International Workshop on Advanced Materials organized by Ras Al 

Khaimah Center for Advanced Materials (RAKCAM), Ras Al Khaimah, United 

Arab Emirates in 2016. 

  

 Received Best Poster Award at Winter School on Frontiers in Material 

Science-2013, organized by University of Cambridge and ICMS at Bangalore, 

India in 2013. 

 

 Received Best Poster Award at Chennai Chemistry Conference-2013, Central  

Leather Research Institute (CLRI), Chennai, India in 2013. 

  

 Part of research work is highlighted in ChemistryViews as “Pigments in Tissue 

Engineering” in 2016. 
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