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Abstract 

Peptide self-assembly has been extensively investigated for the preparation of 

functional biomaterials that can be used for the various interdisciplinary areas of 

research which include antibacterial therapy, wound healing, drug delivery and 

tissue engineering. The low-molecular-weight peptide-based hydrogels have 

attracted significant attentions in the area of biomedical research because of their 

biocompatibility, non-immunogenicity, biodegradability, and chemical simplicity. 

In the thesis work, the Amoc (9-anthracenemethoxycarbonyl)-capped dipeptides 

have been designed and synthesized which self-assemble into the water and form 

hydrogels owing to the participation of noncovalent interactions. The synthesized 

hydrogels have been employed for various in vitro and in vivo biological 

applications.  

The main objectives of the present study are: 

1. To design and synthesize the Amoc-capped dipeptide-based biocompatible 

and injectable hydrogels for the differential biological effect on bacterial and 

human blood cells. 

2. To design and synthesize an Amoc-capped dipeptide-based hydrogel which 

show anti-inflammatory activity on rat air pouch model of acute inflammation. 

3. To design and synthesize an Amoc-capped dipeptide-based coassembled 

nanofibrous and thixotropic hydrogel for dermal wound healing. 

4. To design and synthesize an Amoc-capped dipeptide-based coassembled 

hydrogel for in vivo wound dressing application. 

 

1. Investigations of peptide-based biocompatible injectable shape-memory 

hydrogels: differential biological effects on bacterial and human blood cells 

Chapter 2 describes the self-assembly of Amoc-capped dipeptides, which self-

assembled to form injectable and self-healable hydrogels with inherent 

antibacterial properties. Self-supporting hydrogels 1 and 2 were obtained through 

molecular self-assembly of Amoc-capped dipeptides 1 and 2 (peptide 1: Amoc-

FL-OH; peptide 2: Amoc-FY-OH; F = L-phenylalanine, L = L-leucine, and Y = L-

tyrosine) at physiological conditions (pH 7.4, 37 °C). The noncovalent interactions 

such as hydrogen bonding and π-π stacking interactions are the driving force for 

the self-assembly of Amoc-capped dipeptides. TEM and SEM revealed 3D dense 

nanofibrillar networks of the hydrogels. The rheological experiments revealed that 

the hydrogels are robust and self-healing up to several cycles with nonsignificant 

loss of their strength. The self-assembly process was analyzed by fluorescence 

spectroscopy, and the presence of a secondary structure in peptide hydrogels was 

confirmed by PXRD, FTIR, and CD spectroscopy experiments. The inherent 

antibacterial properties of hydrogels were evaluated using two Gram-positive 

Staphylococcus aureus, Bacillus subtilis and three Gram-negative Escherichia 

coli, Pseudomonas aeruginosa, and Salmonella typhi bacteria. These hydrogels 

exhibited potent antibacterial efficacy against Gram-positive and Gram-negative 

bacteria. The biocompatibility and cytotoxicity of the hydrogels were evaluated 

using 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), 
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hemolysis, and lipid peroxidation (LPO) assay on human blood cells. The 

hydrogels were hemocompatible and they decreased LPO values on human red 

blood cells probably via increased cellular stability against oxidative stress. 

Furthermore, MTT data showed that the hydrogels were biocompatible and 

promoted cell viability and proliferation on cultured human white blood cells. 

 

2. Investigations of anti-inflammatory activity of a peptide-based hydrogel 

using rat air pouch model 

Chapter 3 describes the design and development of peptide-based biocompatible 

materials with inherent therapeutic potentials. An Amoc-capped dipeptide 3 

(Amoc-LF-OH: L = L-leucine, F = L-phenylalanine) was designed and synthesized 

for acute inflammation, which encapsulated large amount of water and formed 

biocompatible, injectable, thixotropic, and self-healable hydrogel 3 at 

physiological condition (pH 7.4, 37 °C). The SEM and TEM images revealed the 

dense and cross-linked nanofibrillar networks, which were responsible for the 

formation of thixotropic hydrogel. The self-assembly process was investigated by 

UV-vis, fluorescence and time-correlated single photon counting spectroscopy, 

which suggest strong noncovalent interactions between hydrogelators. The 

secondary structure was analyzed by FTIR and CD spectroscopic techniques which 

showed antiparallel arrangement of peptides in the self-assembled state. The 

rheological experiment showed viscoelastic nature of the hydrogel. In vitro 

cytotoxicity of the hydrogel was investigated with the human embryonic kidney 

cell (HEK293) line which suggested that the synthesized peptide was 

noncytotoxic. The hydrogel showed an antibacterial efficacy against Gram-

positive and Gram-negative bacteria. In vivo anti-inflammatory activity of the 

hydrogel was investigated using the rat air pouch model of acute inflammation. 

The major parameters considered for the anti-inflammatory study were exudate 

volume, total and differential white blood cell count, tissue histology, and lipid 

peroxidation assay. These experimental data suggest biocompatibility and 

potential therapeutic applications of peptide hydrogel in inflammation. 

 

3. Evaluation of a peptide-based coassembled nanofibrous and thixotropic 

hydrogel for dermal wound healing 

Chapter 4 presents a paradigm of coassembled hydrogel with a suitable mechanical 

strength that exhibited in vitro and in vivo biological applications. The designed 

and synthesized Amoc-capped dipeptide 4 (Amoc-FF-OH: F = L-phenylalanine) 

self-assembled into the tough and robust hydrogel 4 owing to participation of 

various noncovalent interactions. The coassembled hydrogels 5-8 were prepared 

by physical integration of various equivalents (0.25, 0.5, 1 and 2) of β-cyclodextrin 

(β-CD), respectively. The mechanical strength of the hydrogel was tuned by 

incorporation of equimolar β-CD with self-assembling peptides (peptide:β-CD = 

1:1) which led to the formation of a coassembled hydrogel 7. The coassembled 

hydrogel 7 demonstrated simple syringe injectability and thixotropy. The 

nanostructural morphology of the coassembled hydrogel revealed highly 
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crosslinked and entangled nanofibrillar network. Insight into the coassembly 

process, 1H NMR, FTIR, PXRD and circular dichroism spectroscopic data 

elucidated the presence of noncovalent interactions between β-CD and peptide, 

which could be the driving force for the formation of ordered nanostructures. The 

coassembled hydrogel 7 showed potent antibacterial activity against Gram-

positive bacteria. In vitro biocompatibility of the coassembled hydrogel was 

investigated with the human embryonic kidney (HEK293) and MCF-7 cell lines. 

Additionally, confocal laser scanning microscopic images showed cell penetration 

of the hydrogel 7 with blue fluorescence. Moreover, the in vivo wound healing 

activity of coassembled hydrogel 7 was investigated by histopathology study. The 

biochemical parameters such as nitric oxide, collagen contents were evaluated by 

Griess and hydroxy proline assay. All the results corroborate wound healing 

efficacy of nanofibrillar antibacterial coassembled hydrogel 7. 

 

4. Investigations of a Coassembled Hydrogel as a Wound Dressing System 

Chapter 5 illustrates an Amoc-capped dipeptide 5 (Amoc-YY-OH: Y = L-tyrosine) 

based coassembled hydrogel, which exhibited in vivo wound dressing 

applications. The Amoc-capped dipeptide (20 mmol L-1) 5 self-assembled and 

formed hydrogel 9. Additionally, the Amoc-capped dipeptide coassembled with β-

cyclodextrin (β-CD) at physiological conditions (pH 7.4, 37 °C), which resulted 

into the stable and self-supporting hydrogel 10. The electron microscopic images 

of hydrogel 10 revealed the presence of entangled nanofibrillar networks owing to 

the coassembly of peptide and β-CD. The rheological investigations illustrated the 

viscoelastic nature of the hydrogel 10. Additionally, the coassembled hydrogel 10 

showed shear thinning because of dynamic making and breaking of cross-linked 

entangled networks through the noncovalent interactions. The coassembled 

hydrogel 10 exhibited inherent antibacterial activity against Gram positive 

Bacillus subtilis and Staphylococcus aureus bacteria. The biocompatibility of 

hydrogel was investigated using HEK293 and MCF-7 cell lines, which suggested 

noncytotoxic nature of the hydrogel. Moreover, the progress of wound dressing 

activity of hydrogel 10 was monitored by optical photographs and 

histopathological analysis of wound tissue. Furthermore, the hydrogel 10 

significantly reduced the nitrite level and worked as an anti-inflammatory agent 

during the healing process. All the experimental data showed the coassembly of 

peptide and β-CD into a self-supporting hydrogel 10, which exhibited as in vivo 

wound dressing system. 
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1.1 Introduction of Self-Assembling Peptides 

In the era of biomaterial science, self-assembling systems have emerged for the 

development of various well-defined and self-organized structures.[1-9]In 

supramolecular chemistry, the monomeric units are spontaneously assembled into 

the thermodynamically favoured highly regular nanostructures.[10-12] Many 

interacting self-assembling components connect and form organized complex 

architectures with the aim to design and implement the chemical functional 

systems.[13] The noncovalent interactions such as hydrogen bonding, π- π stacking 

and van der Waals forces are considered as the foundation in self-assembling 

systems.[14] Molecular self-assembly of natural biomolecules such as peptides, 

proteins, nucleic acids, lipids, polysaccharides and other cellular components are 

widely used to study their functions related with their self-assembling 

structures.[15-18] Recently, peptides are widely used for the development of stimuli 

responsive and self-adaptive biomaterials, which could be used for different 

biomedical applications (Figure 1.1).[19-21] 

 

 
 

Figure 1.1 Self-assembly of stimuli responsive peptide-based materials. 

 

The self-organization of molecules at cellular and subcellular levels plays an 

imperative role in the construction of energetically favoured micro to 

nanostructures.[22] The self-assembling biomaterials are the results of noncovalent 

interactions, which is reversible in nature, hence, the major advantages include 

easy processability, recyclability, self-healing, stimuli responsive and controlled 

injectability.[23,24] In this context, the complex micro to nanostructures, which 

exhibit a wide variety of functions, have been obtained through the supramolecular 

interactions among the constitutive components.[25,26] One of the major objectives 

in supramolecular chemistry is to design and synthesize low molecular weight 

based building blocks, which can form ordered supramolecular structures through 

reversible noncovalent interactions.[27,28] There is great interest in the development 

of self-assembling peptide-based functional materials owing to the several key 

properties including chemical versatility and easy to functionalization with 

controllable self-assembling behavior.[29-31] The various combinations of amino 

acids help to design and synthesize enormous number of self-assembling peptides 
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with different biological functions under suitable conditions.[32,33] Twenty naturally 

occurring amino acids are used as building blocks for the development of self-

assembling peptide and protein-based functional biomaterials.[34] However, several 

non-natural amino acids are also available for the design of self-assembling 

peptides.[35] The naturally occurring amino acids are divided into various categories 

such as polar, nonpolar, aliphatic, aromatic, acidic and basic according to their side 

chain functional groups (Figure 1.2).  

 

 
 

Figure 1.2 Structure and classification of twenty amino acids, which are the 

building blocks of peptides. 

 

The ionized amino acids are hydrophilic and behave as acidic (E: glutamic acid, 

D: aspartic acid) and basic (H: histidine, R: arginine, K: lysine) in nature. The 
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nonionized amino acids at neutral pH are considered as hydrophobic amino acids, 

which include aromatic (F: phenylalanine, Y: tyrosine, W: tryptophan) and 

aliphatic (alanine: A, isoleucine: I, leucine: L, valine: V, methionine: M) side 

chains. All naturally occurring amino acids contain chiral center except glycine 

(G) and have similar kind of structure with different side chain functional groups. 

The various combinations of side chain functional groups in self-assembling 

peptides exhibit the properties and biological applications.[36-39] Peptides with 

hydrophilic or hydrophobic amino acid sequences, that self-assemble in different 

solvents, form functional materials. The choice of amino acid sequences in peptide 

backbone is the key parameter for the design and development of self-assembling 

peptides.[40] A significant number of peptides such as di, tri, tetra, penta and 

oligopeptides are synthesized which self-assembled into water to give various 

structural architectures and functional biomaterials.[41,42] Suitable 

hydrophobic/hydrophilic balance of an ideal self-assembling peptide is essential 

where molecular self-assembly dominates against the precipitation of the 

peptides.[43] The noncovalent interactions including hydrogen bonding, π-π 

stacking and hydrophobic interactions are the driving force for the self-assembly 

of peptides, which can be tuned by different stimuli including pH, temperature, 

sonication, light, salt, enzymes and metal ions.[44] The structural complementarity 

and different noncovalent interactions lead to the formation of various 

energetically favoured structures such as α-helix, β-sheets and turns.  
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Figure 1.3 The self-assembly of peptides owing to involvement of noncovalent 

interactions lead to formation of various nanostructures which are used for 

different biomedical applications.  

The self-assembled peptides exhibit remarkable physicochemical properties with 

broad-spectrum applications in various interdisciplinary areas of research 

including antimicrobial, anti-inflammatory, anticancer, wound healing, drug 

delivery, bioimaging and bioprinting (Figure 1.3).[45-50] The aromatic amino acids 

such as F, Y and W have been used extensively to design functional self-assembled 

peptides.[51] However, the additional hydrophobicity and aromatic interactions can 

be enhanced by incorporation of N-terminal aromatic protection which shows 

synergetic effect in peptide self-assembly.[52,53] The low-molecular-weight 

peptides protected with N-terminal aromatic groups have been used to tune the 

properties of self-assembling peptides.[54] 

 

1.2 Design of Self-Assembling Peptides  

Molecular self-assembly is one of the most studied approaches for the construction 

of ordered structures for specific outcome with minimal human and machine 

intervention.[55] The self-assembled peptides can compete with the biologically 

active proteins and offer useful biological functions and structural diversity as soft 

biomaterials.[56,57] Among various molecules, peptide amphiphiles, which are 

ornamented with hydrophilic and hydrophobic groups, are suitable building blocks 

for molecular self-assembly.[58,59] The self-assembling peptide-based aromatic 

amphiphiles contain three major components in their chemical structure: N-

terminal aromatic protecting group, methoxycarbonyl group, the peptide building 

blocks (Figure 1.4).  

 

 
 

Figure 1.4 General structure of self-assembling peptide and various examples of 

N-terminal protecting groups used for the fabrication of self-assembling peptides. 

 

The peptide amphiphiles aggregate to form various supramolecular architectures 

in aqueous conditions in presence of different stimuli.[60] In general, the self-

assembling short peptides are decorated with synthetic hydrophobic group in order 

to facilitate the ordered pattern.[61] Additionally, the self-assembling peptides can 

also be designed by using a hydrophobic skeleton covalently interlinked with 



7 

 

hydrophilic groups on both ends.[62,63] The peptides with two polar head groups 

attached with hydrophobic core are called bola-type which have proven to be better 

nanostructure forming peptides.[64-68] Peptide-based bolaamphiphiles with 

appropriate functional groups exhibit supramolecular nanoarchitectures with 

broad-spectrum applicability.[69-72] The therapeutic self-assembling peptides with 

inherent biological activity are used for the treatment of various diseases.[73] In 

general, the self-assembling nature of peptides into the thermodynamically stable 

structures is common phenomenon of several bioactive peptides. This hypothesis 

is well supported by previously reported articles exhibiting that peptides never 

exist as a single molecule in solutions because of the involvement of noncovalent 

interactions.[37] It is important to understand the relationship between 

thermodynamic dissolution parameters including enthalpy and entropy of the 

peptides and their self-assembling ability for the design of a gelator molecule.[74] 

 

1.3 Self-Assembling Carbamate Protected Peptides 

The objective of N-terminal protection is to facilitate the unidirectional peptide 

synthesis to achieve the desired product in excellent yields with the formation of 

minimum side products.[75] Thus, a promising protecting group is required to 

control the coupling reaction and regioselective amide bond formation. An ideal 

protecting group must be stable at various reaction conditions (temperature, pH), 

and can be easily attached/removed from amino acids and peptides.[75] The N-

terminal protection of peptide and amino acids by aromatic groups refers to a 

variety of interactions such as hydrogen bonding, hydrophobic, π-π stacking and 

other ionic interactions. Self-assembling peptides featuring with Fmoc (9-

fluorenylmethoxycarbonyl) group have been extensively studied owing to their 

inherent biocompatibility and hydrophobicity.[76-78] The Fmoc group assists the 

self-assembly process and enhance the intermolecular aromatic-aromatic 

interactions.[79] Similarly, the N-terminal of peptides and amino acids are protected 

by other aromatic groups such as phenyl, naphthalene, anthracene and pyrene to 

enhance the self-assembling tendency.[80-82] The Nmoc (naphthalene-2-

methoxycabonyl), Amoc (9-anthracenemethoxycarbonyl) and Fmoc group 

attached with peptides facilitate the self-assembling behaviour of peptides.[83] The 

hydrogelation is affected by the choice of peptide backbones and aromatic groups, 

which allow the hydrogen bonding and π-π stacking interactions among molecules.  

Peptide-based hydrogelators have been designed by various other protecting 

groups that can respond to external stimuli such as temperature, light, pH, enzymes 

and mechanical stress.[84] Anthracene protected photo-responsive peptide gelators 

are used for various applications including drug delivery, biosensor, microfluidics 

and supramolecular electronics.[84,85] Anthracene protected peptides exhibit 

photodimerization reaction when irradiated under UV light at a particular 

wavelength. The [4+4] cycloaddition reaction is well known for anthracene-based 

molecules when irradiated with UV light (>300 nm).[84] The inherent 

hydrophobicity and planarity of anthracene molecules offer optimum 
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hydrophobicity for the formation of nanostructures through noncovalent 

interactions.[86] 

 

1.3.1 Self-Assembling Naphthalene-2-methoxycabonyl (Nmoc) Protected 

Peptides 

 

 

 

Figure 1.5 The schematic representation of selenoester mediated native chemical 

ligation (NCL) reaction for the generation of Nmoc-capped self-assembled 

peptides. Reproduced from ref. 93. 

 

During the development of self-assembling peptide based materials, various N-

terminal aromatic-protecting groups have been used which can participate in 

aromatic-aromatic interactions with suitable hydrophobicity required for the 

hydrogelation.[87] Therefore, the amino acids and peptides are protected with 

naphthalene group which is more biocompatible aromatic motif for the fabrication 

of soft biomaterials.[88,89] Das et al. designed N-terminal aromatic protecting group 

naphthalene-2-methoxycarbonyl (Nmoc) for the synthesis of peptide-based self-

assembling materials.[90,91] Nmoc-protected tripeptides were reported for the 

evolution of enzyme-catalysed thermodynamically stable Nmoc-protected 

peptides, which were driven by π-π stacking interactions.[90] An enzyme lipase was 

used for the inclusion of gastrodigenin with a number of Nmoc-protected 

dipeptides, which evolved blue light emitting peptide nanofibers.[92] The same 

group reported oxo-ester and seleno-ester directed native chemical ligation (NCL) 
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of Nmoc protected peptides, which led to the generation of self-assembled 

materials at room temperature (Figure 1.5).[93,94] Further, native chemical ligation 

followed by desulfurization techniques were used to control peptide self-assembly 

(Figure 1.6). The thiol groups of cysteine and penicillamine of the ligated peptides 

converted into Ala and Val moieties using desulfurization reactions.[94]  

 

 

 

Figure 1.6 Native chemical ligation followed by desulfurization control peptide 

self‐assembly and evolution of functionalized peptides. TCEP=Tris(2‐

carboxyethyl)phosphine. Reproduced from ref. 94. 

 

1.3.2 Self-Assembling 9-Anthracenemethoxycarbonyl (Amoc) Protected 

Peptides 

The N-terminal of peptides and amino acids can be functionalized with more 

robust, planner and aromatic anthracene ring to obtain self-supporting, thixotropic 

and injectable soft biomaterials for various biological applications.[95,96] 9-

Anthracenemethoxycarbonyl (Amoc) protected peptides enhance the 

hydrophobicity of the peptides and facilitate the better hydrogelation because of 

low concentration aggregation of the peptides with well-defined structures.[96,97] 

Additionally, Amoc aromatic peptides showed synergetic effect in π-π stacking 

interactions which self-assembled into highly entangled fibrillar structures.[98] A 

robust N-terminal protecting group 9-anthracenemethoxycarbonyl (Amoc) was 

used for the preparation of various Amoc-capped dipeptide-based hydrogelators 

(Figure 1.7). [96] The same group reported the hydrogelation of Amoc-capped 

dipeptides at room temperature, which showed excellent rheological properties for 

biomedical applications. The hydrogels formed various 3D shapes and showed 
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syringe injectability and self-recovery. The aggregation tendency of hydrogelators 

was used for antibacterial applications. In another report, the same research group 

exhibited anti-inflammatory activity of an Amoc-capped peptide which self-

assembled in water and formed thixotropic, injectable, antibacterial and 

noncytotoxic hydrogel.[97] 

 

 
 

Figure 1.7 Schematic representation of self-assembly leading to the formation of 

nanofibrillar hydrogels and biological evaluations with the self-supporting 

hydrogels. Reprinted with permission from ref. 96.  

 

Recently, a coassembled thixotropic hydrogel was reported which was prepared 

by incorporation of β-cyclodextrin (CD) with self-assembling hydrogelator Amoc-

FF-OH (Figure 1.8). [98]  
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Figure 1.8 Graphical Representation of Coassembly between Peptide 1 and β-CD 

Leading to the Formation of Ordered Structures which Results into Hydrogel 4 

(Peptide 1:β-CD = 1:1). Reproduced from ref. 98. 

 

The toughness of the hydrogels was tuned by the physical integration of β-CD with 

dipeptide (Amoc-FF-OH) owing to optimum noncovalent interactions between β-

CD and peptides, which exhibited better thixotropy and syringe injectability. 

 

1.3.3 Self-Assembling 9-Fluorenylmethyloxycarbonyl (Fmoc) Protected 

Peptides 

The Fmoc-protected peptides have been used for the fabrication of supramolecular 

soft biomaterials.[99] The amphiphilicity of peptides is acquired by N-terminal 

protection using aromatic functionalities.[100,101] The Fmoc-group is one of the 

versatile N-terminal protecting groups, which is commonly used for the solid phase 

peptide synthesis. Nowadays, the Fmoc protected peptides are used for the 

preparation of self-supporting hydrogels.[102] The Fmoc protected aliphatic amino 

acids-based dipeptide hydrogels (Fmoc-LD, Fmoc-AD, Fmoc-ID) were reported 

by Vegners and coworkers. The thermoreversible peptide hydrogels were soluble 

at 100 °C, which formed viscoelastic hydrogel at lower temperature (60 °C). 

Further, the drug was loaded into the hydrogel, which was injected into the rabbits 

to evaluate the extent of antigenicity caused by drug loaded hydrogel.[103] Later Xu 

et al. reported proteolytically stable Fmoc-AA-OH (A = D-alanine)-based short 

oligopeptidic hydrogelator.[104] This dipeptide formed hydrogel and showed 

ligand-receptor interactions, which was evident from gel-sol transition upon 

peptide-vancomycin interactions. The vancomycin disrupted the hydrophobic and 

intermolecular hydrogen bonding interactions between peptide hydrogelators and 

induced a sol-gel transition. In another report, a simple and robust approach was 

described for the preparation of peptide-based biomimetic hydrogel that 

specifically responded to the potassium (K+) ion concentration.[105] A controllable 

pH change method was used for the preparation of homogenous and reproducible 

peptide hydrogels using glucono-δ-lactone (GdL) as an acidifying agent.[106] In 

another approach, the addition of dilute acid caused rapid pH change and produced 

inhomogeneous and opaque region suspended in a clearer region. The authors 

explained the kinetics of in situ gluconic acid generation, which is slower because 

of sustained GdL hydrolysis. Hence, the pH of the system reduced slowly that 

resulted into the formation of homogeneous hydrogel. Rheological properties of 

the hydrogels were significantly affected when the hydrogels were prepared by 

NaOH / HCl method. An aromatic dipeptide was modified, which self-assembled 

to form rigid and tough hydrogel.[107] The rigidity and 3D shape of the hydrogel 

was the outcome of the aromatic interactions between the building blocks. 

Interestingly, the hydrogel contains less than 1% of Fmoc-FF dipeptide that 

converted into amyloid-like fibrillar structures in the self-assembled state. The 

dipeptide Fmoc-FF is the smallest building block, which mimics the amyloid-like 
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fibrillar morphology. The rheological data revealed the concentrations-dependent 

mechanical strength and 10 mg/mL of peptide concentrations formed rigid and 

robust hydrogel. A series of Fmoc protected self-assembling dipeptides by 

combinations of four different amino acids (G, A, L and F) have been reported.[108] 

Self-supporting hydrogels of dipeptides were prepared by pH switch method. The 

hydrogelation pH of the designed peptides varied according to their pKa values 

and was found to acidic pH (pH < 4) for Fmoc-GG, Fmoc-AG, Fmoc-AA, Fmoc-

LG, Fmoc-FG and neutral pH (pH < 8) for Fmoc-FF peptides. The importance of 

chemical functionality such as NH2, COOH or OH in Fmoc hydrogels has been 

investigated, which can influence the cellular viability.[109] The circular dichroism 

(CD) spectra of hydrogels revealed peak at 304-308 nm, which is associated with 

π-π* transition in the fluorenyl groups. The self-assembly of Fmoc-based 

dipeptides was explained by spectroscopic analysis suggesting the antiparallel β-

sheet formation with anti-parallel π-π stacking interactions between fluorenyl 

groups, which are responsible for the formation of an ordered structure.[110,111] The 

secondary structures of the peptides were corroborated by FTIR spectroscopy that 

exhibited peaks at 1635-1646 and 1685-1691 cm-1 indicating the presence of β-

sheet structure with an antiparallel arrangement.[110,111] Banerjee et al. reported 

Fmoc protected hydrogelator (Fmoc-VD-OH) that self-assembled and formed 

stable hydrogel with minimum gelation concentration of 0.2% w/v.  

 

 
 

Figure 1.9 Chemical structure of different Fmoc protected dipeptides. 
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They have utilized the hydrogels for the preparation and stabilization of fluorescent 

silver nanocluster within the 3D networks.[112] The same group also reported 

proteolytic stable hydrogel that was composed of β-amino acid residue in self-

assembling peptides.[113] The peptides (Fmoc-βA-V and Fmoc-βA-F) with β-amino 

acid residue formed viscoelastic hydrogels and exhibited better tolerance to 

external force. The minimum gelation concentration of the peptide was 0.1% (w/v) 

in PBS (50 mM) at physiological conditions (pH 7.46, 37 °C). Recently, Fmoc-

K(Fmoc)-D peptide was investigated and designated as “hypergelator” that self-

assembled at lowest gelation concentration (0.002% w/v,  28.3 × 10-6 M).[114] The 

peptide Fmoc-K(Fmoc)-D was designed by the incorporation of additional Fmoc 

group protection to K side chain that provides additional rigidity from the 

carbamate group, H-bonding from the amide group and aromatic interactions from 

fluorenyl ring. Recently, Ikeda et al. reported a series of Fmoc-capped α-methyl-

L-phenylalanine-based self-assembling dipeptides (Figure 1.9).[115] They showed 

that the position and number of methyl group attached to the dipeptides had a 

significant impact on the self-assembled nanostructures and hydrogelation ability. 

The amide modifications of a dipeptide Fmoc-FF with a new ureidopeptide Fmoc-

FuF (Fmoc-F-CONHCO-F) endowed different properties and applications 

compared to parent peptide.[116] The designed ureidopeptide gelator Fmoc-FuF 

increased the hydrogen bonding interactions, which exhibited improved 

mechanical strength with shear thinning and self-healing properties as compared 

to Fmoc-FF hydrogel. The ureidopeptide hydrogelator Fmoc-FuF showed 

antifouling properties and sustained release of encapsulated urea molecules, which 

ensures the biomedical application of Fmoc-FuF hydrogel. 

 

1.4 Different Aromatic N-terminal Protected Self-Assembling Peptides 

The self-assembling peptides can be fabricated using naphthalene, pyrene, 

naphthaleneimide and naphthalenediimide groups for the N-terminal protection 

(Figure 1.10).[117] Naphthalene (Nap)-protected self-assembling peptides have 

been used for the preparation of supramolecular nanofibers.[118] The Nap-capped 

peptides showed good biocompatibility, biostability and non-immunogenicity.[119] 

Pyrene-capped peptides offer excellent luminescent behavior mainly due to the 

transitions of different excimers of self-assembled pyrene-capped peptide.[120] 

Naphthalimide (NI) moieties are very versatile N-terminal aromatic protecting 

group and known as electron acceptor core ring.[121] The 1,8-naphthalimide 

protected peptides self-assemble into the water and various organic solvents due 

to aromatic interactions and form organized structure with excellent photophysical 

and mechanical properties.[122] 
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Figure 1.10 Various N-terminal protecting groups in self-assembling peptides. 

 

Supramolecular hydrogelation of NI-GFF and NI-FFG was demonstrated at 

neutral pH and highlighted the importance of peptide sequence for the formation 

of ordered nanostructures.[123] Similarly, naphthalenediimides (NDIs) possess 

planner structure, high electron density, thermal stability and functionalization 

tendency that has attracted researchers to design and develop N-terminal protected 

self-assembling peptide amphiphiles.[124] DNA intercalation, antitumor and 

antimicrobial activity of NDIs offer wide-range of applications in the area of 

biomaterials science.   

 

1.4.1 Self-Assembling Naphthalene Protected Peptides 

During the development of various N-terminal protecting group researchers found 

various aromatic compounds which can participate in aromatic interactions with 

suitable hydrophobicity required for the hydrogelation.[125] Therefore, the amino 

acids and peptides are protected with naphthalene (Nap) group which is more 

biocompatible aromatic motif for the fabrication of soft biomaterials.[126,127] 

Additionally, the Nap moiety is used in many commercial drug molecules such as 

propranolol, naproxen, butenafine and naftopidil.[51] Zhao and coworkers reported 

Nap conjugated self-assembling peptide Nap-FF-NO for myocardial infarction.[128] 

The authors showed that the Nap-FF-NO peptide release nitric oxide (NO) 

molecules in response to β-galactosidase which improve the cardiac function by 

promoting the angiogenesis. The self-assembly behavior of various aromatic 

protecting groups including Fmoc, naphthalene (Nap) and benzyloxy-carbonyl 

(Cbz) attached with the N-terminal of peptides was studied.[129] The Nap protected 

various dipeptides such as Nap-FF, Nap-FY, Nap-FL, Nap-FS were synthesized 

(Figure 1.11).[129]  
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Figure 1.11 Chemical structure of naphthalene (Nap) protected self-assembling 

peptides. 

 

The author investigated the role of N-terminal aromatic protection and C-terminal 

hydrophobic amino acids in the self-assembly of different peptides. The authors 

demonstrated the inverse relation between hydrophobicity (clog P) and minimum 

gelation concentrations (MGC) of peptides. The MGC value for Nap-FY and Nap-

FS increased compare to more nonpolar residue bearing peptides Nap-FF and Nap-

FL. Naphthalene protected tetrapeptide (Nap-GFFpY-OMe) was developed as 

super gelator that self-assemble after enzymatic reaction and form hydrogel at 

lowest concentrations (0.01% w/v) of peptide.[130] Other synthesized peptides 

formed hydrogel with slightly higher MGC values 0.08 and 0.4% (w/v) for Nap-

GFFpY-OH and Nap-FFpY-OMe, respectively. Additionally, the N-terminal 

protecting group and G amino acid played a crucial role for the formation of super 

hydrogelator. Different N-terminal aromatic protecting group with similar peptide 

sequence (Fmoc-GFFpY-OMe) showed higher MGC value (0.1% w/v) compared 

to the Nap-GFFpY-OMe peptide. A naphthalene containing self-assembling 

peptide (Nap-GFFY) based hydrogel was synthesized for ophthalmic drug 

delivery.[131] The Nap-GFFY peptide (0.5% w/v) formed self-assembled hydrogel 

by heating and cooling method in PBS (pH = 7.4). The Nap-GFFY and diclofenac 

sodium self-assemble together into the hydrogel and showed excellent in vivo 

ocular biocompatibility without showing any corneal irritation, opacity and 

redness which suggest the Nap-capped peptides are suitable biomaterial for the 

biomedical applications. 

 

1.4.2 Self-Assembling Pyrene Protected Peptides 

Pyrene is another N-terminal aromatic protecting group, which reinforce the 

aromatic stacking interactions of the peptides.[132] The aromatic pyrene group 

protected peptides and amino acids show monomer and excimer emission with 

different wavelength under different conditions.[133] The inherent photophysical 

stability and photoluminescence properties of pyrene group attracted the 

researchers for the development of fluorophoric self-assembled aggregates with 

defined functional structures. Furthermore, the pyrene group has greater 

fluorescence quantum yield compare to anthracene group, thereby the pyrene 

protected peptides form easily detectable excimers. The molecular self-assembly 

of pyrene containing molecules exhibits different photophysical properties from 

their constitutive building blocks. The emission property of pyrene containing self-

assembled materials is changed, which can be detected optically. In particular, 

pyrene protected peptides show excited state electron transfer from fluorophore to 

the different biological analytes and molecules.[134] Pyrene containing fluorescent 

hydrogels with ordered structural arrangements are used for the fabrication of 

biosensor systems and devices. The ordered structural arrangement of pyrene 

containing peptides endows a suitable microenvironments for the inclusion of 

bioanalytes and molecules via several noncovalent interactions.[134] Bhattacharya 
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et al. reported pyrene-appended peptide which self-assembles to form thixotropic 

hydrogel in presence of octafluoronaphthalene via complementary quadrupole-

quadrupole interaction owing to the arene-perfluoroarene complexation.[135] Lee et 

al. developed N-terminal pyrene protected peptide amphiphiles which were used 

for intracellular Ag+ ion detection in HeLa cells.[136] Xu et al. synthesized a pair of 

pyrene conjugated pentapeptides Py-A (Py-RMLRF-OH) and Py-B (Py-IQEVN-

OH) (Figure 1.12).[81] The mixture of pyrene conjugate peptides Py-A and Py-B 

results into the self-supporting hydrogel. However, the individual peptide 

remained in solution prior to the mixing at 5 mM that showed synergetic effect of 

peptides in hydrogelation process. Additionally, the author synthesized C-terminal 

protected pyrene-based similar pentapeptides A-Py and B-Py which demonstrated 

α-helix to β-sheet transformation at gel-state owing to aromatic-aromatic 

interactions. 

 

 
 

Figure 1.12 Chemical structure of N-terminal protected pentapeptide Py-A (Py-

RMLRF-OH) and Py-B (Py-IQEVN-OH) hydrogelators. 

 

1.4.3 Self-Assembling Peptides Protected with Naphthalene Imides and 

Naphthalene Diimides 

Supramolecular soft biomaterials were designed by using naphthalene imide (NI) 

and naphthalene diimide (NDI) groups as an N-terminal aromatic protecting 

group.[123,137] Among the various protecting groups, the NI and NDI have paid great 

attention because of cell penetrating ability, DNA intercalating activity, redox 
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active and electron-deficient aromatic ring that can be easily functionalized with 

peptides for different applications.[138-140] Naphthaleneimide protected 

phenylalanine (NI-F) based supramolecular hydrogelator self-assembled in water 

at pH 7.4 and formed self-supporting hydrogel.[141] The aggregation-induced 

emission of NI-F suggested the intermolecular π- π stacking and hydrogen bonding 

interactions. The fluorescence intensity increased upon the increase of water 

fraction in the water/DMSO mixture because of strong aggregation between 

gelators. The fluorescent fibers of NI-F were employed for live/dead cell imaging 

of human mesenchymal stem cells (hMSCs). NDI-appended peptide-based self-

supporting hydrogel was used for the intracellular imaging (Figure 1.13).[142] The 

peptide showed pH dependent aggregation. Upon increasing the pH of the medium, 

the NDI-appended peptide determined the pH of alkaline mitochondrial matrix by 

fluorescence colocalization techniques. Other NDI-conjugated hydrogels have 

been prepared using different chain length and influence of amino acids on self-

assembling propensity was investigated for various applications.[143-145] 

 

 
 

Figure 1.13 (A) Chemical Structure of PA-1 Showing Different Interactions and 

Functional Sites in the Molecule, (B) Photograph of a 2 wt % (16.9 mM) Hydrogel 

of PA-1 in Water under UV light, and (C) Pictorial Presentation of the Stepwise 

Hierarchical Aggregation of PA-1 to Form a Hydrogel. Reprinted with permission 

from ref. 142. 

 

1.5 Self-Assembling Peptide Amphiphiles 

The peptide-based hydrogelators are designed by incorporation of long chain alkyl 

groups at the N-terminal end of peptides that enforce the molecules for aggregation 

in water via hydrophobic interactions.[146-148] However, the hydrophilicity of the 
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peptide amphiphiles is maintained by combination of suitable amino acids which 

participate in hydrogen bonding and π-π stacking interactions.[149,150] Long alkyl 

chain functionalized peptides showed excellent aggregation properties and formed 

functional soft biomaterials with integrated biomedical applications such as 

antibacterial and drug delivery vehicles.[151,152] The nanostructural morphology and 

aggregation concentrations of the peptides can be tuned by simple change on alkyl 

chain length.[151] Although the different amino acid sequences in a peptide 

demonstrate a variety of self-assembling features.[153] Very recently, Hamley et al. 

studied the self-assembly and biological activity of amphiphilic lipopeptide 

PAEPKI-C16 using several microscopic, spectroscopic and small angle X-ray 

scattering techniques.[154] The cytotoxicity of the peptides against human dermal 

fibroblast (HDFa) and MCF-7 cells were significantly affected by the sequences 

of peptide amphiphiles. The peptide with free proline residue showed greater 

cytotoxicity probably due to different self-assembly modes. The same group 

reported carnosine-derived lapidated peptide (C16KTTβAH) which self-assembled 

into water and formed β-sheet type nanotape structure.[155] The hydrogel (1% w/v 

C16KTTβAH in PBS) showed slow uptake and sustained release of fluorescent 

Congo red dye. The authors investigated the anticancer activity of the hydrogel 

against the MCF-7 cell line. Banerjee et al. employed histidine amino acid for the 

preparation of thermal and mechanical stable charged hydrogel. The imidazole ring 

of histidine participates in the formation of extended supramolecular structures via 

noncovalent interactions between the oppositely charged self-assembling 

entities.[156] 

 

 
 

Figure 1.14 Chemical structures of lipidated peptides and photos of C16-EEYSV-

NH2 and C16−KKYSV-NH2 hydrogels formed by the heating-cooling process. 

Reprinted with permission from ref. 160.  
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Stupp et al. designed and developed several peptide amphiphile-based soft 

biomaterials for various biological applications including tissue and organ 

regenerations.[157-159] The hydrogel with suitable mechanical strength is important 

for the growth of three-dimensional neuronal cells and neuronal regeneration. The 

nanofibers have direct influence on cell adhesion, growth and proliferation, thus 

the peptide-amphiphile-based hydrogels showed the burn wound healing.[157] An 

anticancer peptide tyoservaltide (YSV) was lipidated into C16-EEYSV-NH2 

(anionic) and C16-KKYSV-NH2 (cationic) which self-assembled in PBS (pH 7.4) 

at 1 mM concentrations and formed translucent hydrogels (Figure 1.14).[160] 

Interestingly, the unlipidated and charged peptides Ac-YSV-NH2, Ac-EEYSV-

NH2 and Ac-KKYSV-NH2 didn’t self-assemble to form hydrogel even at higher 

concentrations (10 mM) suggesting the significant role of alkyl chains in the 

hydrophobic interactions that is essential for the peptide self-assembly. Banerjee 

at al. reported a series of long alkyl chain containing peptide-based hydrogelators 

[H2N-(CH2)n-CONH-F-CONHC12 (n = 1-5, C12 = dodecylamine)] with a free 

amine group at the N-terminus end (Figure 1.15).[161] The self-supporting 

hydrogels of all synthesized peptide amphiphiles were prepared at pH 6.6 and 25 

°C. The rheological data showed the stiffness of the hydrogels, which increased 

with increase in alkyl chain length probably due to the increase in hydrophobic 

interactions between the peptide amphiphiles. The FTIR and PXRD data showed 

hydrogen-bonded β-sheet like structure with the π-π stacking arrangement between 

peptide amphiphile in the self-assembled state. 
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Figure 1.15 (a) General molecular structure of the gelator peptides. (b) Pictures of 

vials containing hydrogels of P1−P5 at 3.65 mM concentration. Reprinted with 

permission from ref. 161.  

 

1.6 Self-Assembling Peptide Bolaamphiphiles 

The majority of self-assembling peptides are designed by N-terminal aromatic 

protection or covalently linked with long aliphatic chains to the constitutive 

peptides.[162] However, an interesting class of self-assembling peptides are 

designed by incorporation of relative hydrophilic groups at both ends of long alkyl 

chains or hydrophobic core groups, which are called as peptide 

bolaamphiphils.[163,164] Generally, the peptide bolaamphiphiles contain double 

sided relative hydrophilic residues compared to the central hydrophobic groups 

which ensure better water solubility and multidirectional hydrogen bonding 

interactions of the self-assembling peptides.[165,166] However, the peptide 

bolaamphiphiles can be symmetrical and asymmetrical, which depend upon the 

application of the molecules.[167-169] A pseudopeptide bolaamphiphile HO-D-Oxd-

L-Phe-CO(CH2)7CO-L-Phe-D-Oxd-OH formed hydrogel, which was used in 3D 

cell culture. A peptide-based noncytotoxic bolaamphiphile HO-WF-Suc-LW-OH 

(Suc: succinic acid) showed morphological conversion from nanovesicles to 

nanofibers. The electron microscopy images of self-assembled bolaamphiphile 

showed the formation of nanovesicles. However, the serial transformation in the 

self-assembled structure from nanovesicles (day 1) to nanocapsule (day 2) was 

observed and further incubation led to the formation of nanofibrillar structure after 

4 days. 

 

 

 

Figure 1.16 (a) Structures of peptide bolaamphiphiles (b) Dissipative reaction 

cycle of the system. Unactivated peptide bolaamphiphile 1 incorporates energy in 

the form of p-hydroxy benzylalcohol to give monoester and then diester. The 

diester self-assembles into nanofibers and forms hydrogel. The subsequent 

hydrolysis leads to dissipate the energy of diester which results in collapse the 

hydrogel. The rate of enzymatic energy dissipation (Pd) (ester hydrolysis) is lower 
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than the consumption of the energy (Pc) (esterification) to allow the formation of 

self-assembled architecture. Reprinted with permission from ref. 170.  

 

Another report demonstrated dissipative self-assembly of peptide bolaamphiphile 

(HO-WY-Suc-YW-OH) through lipase-catalyzed ester bond formation between p-

hydroxybenzyl alcohol and bolaamphiphile (Figure 1.16).[170] The lipase enzyme 

generates dynamic combinatorial libraries (DCL) of monoester and diester but the 

activated diester led to the formation of self-supporting and thixotropic hydrogel. 

Several peptide bolaamphiphiles (HO-WY-Suc-YW-OH, HO-WL-Suc-LW-OH, 

HO-FY-Suc-YF-OH, HO-AY-Suc-YA-OH, HO-VY-Suc-YV-OH, HO-LL-Suc-

LL-OH) were synthesized for the development of dynamic combinatorial library 

(DCL). Interestingly, the DCL reaction was observed only when the peptide 

bolaamphiphile is decorated with W residue at the terminal end of the peptide. 

However, the self-assembled hydrogel was observed in the case of peptide 

bolaamphiphile HO-WY-Suc-YW-OH, which was used for human umbilical cord 

stem cell proliferation. 

 

1.7 Biomedical Applications of Peptide-Based Self-Assembling Materials 

1.7.1 Self-Assembling Peptides as Cell Culture Scaffold  

Cell adhesion and proliferation on self-assembled nanofibrillar peptide surface are 

very complex process, which is mediated through specific cellular interactions 

between peptides and animal cells.[171,172] The design and synthesis of extracellular 

matrix (ECM) mimetic peptide-based hydrogels are promising candidate for cell 

culture and tissue engineering applications.[173,174] The peptide-based tissue 

engineering scaffold can be designed by combination of two different bioactive 

self-assembling peptides such as Fmoc-FF (fluorenylmethoxycarbonyl-

diphenylalanine) and Fmoc-RGD (arginine-glycine-aspartate) (Figure 1.17).[175,176] 

In such binary peptide-based hydrogel system, one component provides structural 

rigidity, stability and nanofibrous environment and second component works as 

bioactive ligand on the surface of nanofibrillar networks. The RGD peptide is a 

bioactive ligand, which was located inside the hydrophilic loop of fibronectin and 

collagen I protein and worked as a cell attachment site via binding with integrin 

(cell-surface receptor).[177] The ECM mimetic materials are extensively used for 

cell adhesion, cell migration and differentiations in the area of tissue 

engineering.[178] Biomaterial for bone tissue engineering was developed by a 

bicomponent (Fmoc-FF and Fmoc-R) hydrogel. The arginine rich hydrogel 

showed high affinity to hydroxyapatite (Ca10(PO4)6(OH)2) that was responsible for 

bone mineralization and growth of human osteoblasts. The peptide-based 3D 

scaffolds showed suitable rigidity and mechanical strength for bone tissue 

regeneration through promoting the fibroblast cell (3T3 cells) adhesion and 

proliferation. Stimuli responsive and thixotropic γ-peptide hydrogels were used for 

2D cell culture using normal (HEK293T) and cancer cell (LN229) lines.[179] Fmoc-

capped amino acid and peptide-based hydrogel was used for 2D and 3D cell culture 

of chondrocytes.[108] In 3D cell culture experiments, chondrocytes were carefully 
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mixed with the Fmoc-dipeptide hydrogels. Fluorescence microscopy was used to 

analyze the imbedded cells, which were stained by a fluorescent 2-(4-

amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) dye. Another self-

assembling dipeptide hydrogel was reported as a scaffold for in situ 3D cell 

culture.[180] The resulting concentrations of peptide were 0.5 and 1.0% (w/v) in 

self-supporting hydrogel for 3D cell culture. The higher concentrations of peptide 

increased the toughness of the hydrogel. The formation of tough hydrogel was 

ensured by test tube vial inversion method. The reported method is very simple 

and economical, which eliminates the chemical complexity associated with 

polymeric hydrogels. An octapeptide FEFEFKFK based hydrogel was used for 3D 

cell cultures of chondrocytes. 
 

 
 

Figure 1.17 (A) The structures of the two chemical analogs: Fmoc-RGD and 

Fmoc-RGE. (B) Cell adhesion and morphology in the Fmoc-FF/RGD and Fmoc-
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FF/RGE hydrogels: human adult dermal fibroblasts (HDFa) are well-spread in the 

Fmoc-FF/RGD hydrogels, and form a three-dimensional cell network 48 h post 

culture (B1); HDFa in the Fmoc-FF/RGE hydrogels maintain a round morphology 

after 48 h (B2). (C) The Fmoc-RGD concentration also influenced cell spreading: 

in the hydrogels with 30–50% Fmoc-RGD incorporated, adequate cell spreading 

occurs with over 90% spread cells. (D) Integrin blocking experiments proved 

direct interaction of the cells with RGD after 20 h: Cells with unblocked α5β1 

integrins were able to spread and directly attach to the RGD sites on the nanofibers 

(D1); Cells with blocked α5β1 integrins were unable to attach to the RGD sites and 

remained rounded (D2). Reprinted with permission from ref. 175. Copyright 

(2009) Elsevier Ltd. 

 

Recently, self-assembling pentapeptides were described as injectable delivery 

(RAPID) hydrogels for oligodendrocyte progenitor cells (OPCs).[181] The RAPID 

hydrogel shielded OPCs from mechanical and physical membrane injury owing to 

the syringe injection and supported cell viability and proliferation. Hamley et al. 

reported arginine-capped peptide bolaamphiphile for the fibroblast cell viability 

and adhesion applications.[64] The coating of peptide RFL4FR (0.1 and 0.3% w/v) 

showed good cell adhesion on solid surface with normal fibroblastic morphology. 

Recently, shortest collagen inspired peptide (Nap-FFGSO) was reported that self-

assembled in the presence of laminin mimetic peptides.[182] The self-assembled 

structure of hydrogel provided 3D nanofibrous network that mimicked biological 

activity of the natural ECM. The 3D nanofibrous network of the hydrogels is 

essential for cellular communication through biochemical signals that promotes 

the cellular viability, growth and proliferation. Similarly, a peptide-based 

bioadhesive hydrogel was designed which mimicked the function of fibronectin 

protein present in ECM.[183] The self-assembled hydrogel was achieved by 

combination of two different unprotected peptides DFFL and DFFLDV. The peptide 
DFFL formed stable nanofibrillar structure at physiological conditions and the 

bioactive moiety (LDV) was attached with the second peptide DFFLDV. The 

fibroblast cells were viable in DFFL containing hydrogel but the cell proliferation 

and adhesion were occurred when the bioactive peptides DFFLDV was mixed with 

self-assembling peptide. 

 

1.7.2 Self-Assembling Peptides as Antibacterial Agents 

The microbial infections and contaminations are one of the serious global issues, 

which cause heavy economy burdens in both healthcare and industrial sector. This 

problem is reduced and battered by the use of antibiotics. Unfortunately, the 

boundless use of antibiotics significantly leads to the growth of antibiotic resistant 

bacteria that is mentioned in World Health Organization (WHO) as a threatens to 

the human life. The emergence of methicillin-resistant Staphylococcus aureus 

bacteria attracted extensive research attention for the development of regenerative 

medicines due to their significant concern to the public health.[184] The ideal 

antibiotic alternatives are required to display potent activity towards the growth of 
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drug resistance strain.[184] It is still a huge challenge to develop a synthetic 

compound that may effective against antibiotic resistant bacteria.[185] Notably, the 

clinical use of antimicrobial peptides (AMPs) has emerged as the alternative 

approach for the development of new class of therapeutic agents.[186] Such AMPs 

are specially designed and developed to combat the unwanted bacterial growth.[187] 

However, several AMPs are involved naturally those are originated from animals 

and plants, which provide broad-spectrum antimicrobial activity and serve as a key 

and important component of innate immune response. Moreover, low molecular 

weight-based AMPs are cheap, economical, easy to synthesize and functionalize 

by traditional chemical routes thus attractive candidate for the biomedical 

diagnostics and therapies.[56] 

 

 
 

Figure 1.18 Various biochemical components of AMPs responsible for 

antimicrobial activity. 

 

A novel class of AMPs are self-assembling peptides, which include hydrogels, 

nanofibers, nanovesicles, nanotubes, nanocoatings and other nanostructures.[188] 

Many of the self-assembling AMPs are amphipathic in nature and composed of 

hydrophobic and hydrophilic amino acids. Several AMPs contain net positive 

charge owing to the presence of lysine, arginine and histidine amino acids.[189] The 

antimicrobial peptides often contain the negative charge due to the presence of 

aspartic and glutamic acid. Other AMPs contain hydrophobic amino acids such as 

valine, leucine, isoleucine, alanine, phenylalanine, tryptophan and tyrosine, which 

have been reported with remarkable antibacterial activity.[190] The AMPs are 

divided in different class on the basis of their conformation and secondary 

structures like α-helical, β-sheet, partial loop and extended structures. The well-

organized secondary structure shows better antimicrobial activity.[191] Most of the 
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AMPs belong to two groups i.e. α-helical and β-sheet peptides. Sometimes AMPs 

only become helical and sheet upon interactions with microbial phospholipid 

membranes.[191] The hydrophobicity and net charge on the AMPs are generally 

worked as a better antimicrobial agent (Figure 1.18).[192] The peptide 

hydrophobicity is an essential feature of AMPs, which works as the degree of 

penetration into the lipid membranes.[193] The higher hydrophobic-based AMPs 

show better and effective membrane permeabilization (Figure 1.18).[194] However, 

the greater hydrophobic peptides cause significant toxicity towards the red blood 

cells and shows hemolysis. Hence, the balance between hydrophobicity and 

hydrophilicity of AMPs is very essential for better selectivity of the peptides.[194] 

Additionally, the polar angle is considered as polar versus nonpolar faces of AMPs. 

For example, the one face of AMPs is composed with hydrophobic groups and the 

opposite face of AMPs is composed with charged residue, then the polar angle 

would be 180°. In such cases, the reduction in polar angle owing to the folding of 

the peptides shows better antimicrobial activity.[192,194] The rate of microbial 

membrane permeabilization, translocation and pore formation increases with the 

reduction with the polar angle. A wide variety of techniques are used to elucidate 

the mechanism of action of the antimicrobial peptides. Microscopic techniques are 

most common method to visualize the mode of action of antimicrobial peptides on 

microbial cell membranes.[195] The AMPs are mixed with phospholipid membrane 

or vesicle to assess the interaction and mechanism between peptide and model 

membrane.[195] In this technique, artificial model membrane is utilized to determine 

the type of cellular damage induced by antimicrobial peptides.[196] The thickness 

and integrity of lipid membranes can be investigated by spectroscopic and 

microscopic techniques such as SEM, TEM, NMR, FTIR, CD, Raman and 

fluorescence spectroscopy. The secondary structure of the AMPs plays a key role 

for the antimicrobial activity that can be analyzed be CD spectroscopy.[197] The 

orientation of AMPs bound to the lipid cell membranes is analyzed by CD and 

compared with the orientations of unbound peptides to understand the importance 

of secondary structure. The AMPs attracted to bacterial cell membranes owing to 

the electrostatic interactions between cationic AMPs and anionic groups such as 

phospholipid and phosphate groups of lipopolysaccharides present in Gram-

negative bacteria and teichoic acid on the surface of Gram-positive bacteria.[198] 

The interactions between peptides and cell membrane leads to the depolarization 

of bacterial cell wall and cell membrane which results into the death of bacterial 

cells.[199] 

 

1.7.3 Self-Assembling Peptides as Antifungal Agents 

Fungal infections are emerged as major cause of morbidity and mortality and 

known as very devasting microbial infection.[200] Fungal infections can be divided 

into two major classes such as opportunistic and primary infection. Several fungi 

are opportunistic microorganism and show disease only in immunocompromised 

individuals. The individuals, who are weaker in their immune systems, are so 

called immunocompromised individuals. The opportunistic infections are mainly 
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developed in immunocompromised individuals such as human immunodeficiency 

virus (HIV), diabetes mellitus (DM), tuberculosis (TB), bronchiectasis and cancer 

patient. However, the primary infections are generally developed in 

immunocompetent individuals. Mainly the fungal infections are caused by three 

pathogens Candida albicans (C. albicans; 20-40%), Aspergillus fumigatus (A. 

fumigatus; 50-90%) and Cryptococcus neoformans (C. neoformans; 20-70%). The 

fungal pathogen C. albicans is commensal organism, which causes different types 

of candidiasis including mucosal and invasive candidemia. The invasive 

candidemia is a life-threatening invasive infection that enters into the blood-stream 

and affects the vital organs. The C. albicans are often associated with biological 

implant-mediated infections, associated with biofilm formation of urinary catheter, 

cardiovascular devices and prosthesis. In recent year, the excessive use of 

antimycotic agents is responsible for significant cause of the growth of resistant 

strains. Additionally, many of the synthetic antimycotic molecules suffer with 

several drawbacks such as poor solubility, cytotoxicity, immunogenicity, poor 

pharmacokinetics and efficacy. Despite the medical advancement and 

management, there are huge demand for the treatments of nonconventional 

microbial infections and contaminations. Thus, it is important to develop new 

biocompatible and antifungal molecules which can combat in broad spectrum with 

unusual mode of action.[201] In the search of regenerative medicines, peptides are 

highly promising noncytotoxic and highly selective biomolecules for the treatment 

of microbial infections.  

 

 
 

Figure 1.19 Chemical structure of antifungal peptides. 
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A novel class of antifungal tripeptide-based molecules were developed with high 

selectivity against the growth of C. neoformans (MIC = 1.25 µg/mL-1).[202] These 

tripeptides consist of histidine, arginine and lysine amino acids in their sequences 

and cationic part plays crucial role for the antibacterial and antifungal applications. 

Various antifungal peptides were correlated with their antifungal activity with the 

hydrophobicity of side chain amino acids of the peptides.[203] In this report, helical 

structure forming peptides further influenced the selectivity and inhibited the 

growth of C. albicans. Similarly, cell penetrating conjugated peptide aldehydes 

Tat-A and Tat-B showed potent antifungal activity and eradicated biofilm of C. 

albicans at micromolar concentrations.[204] The ultra-short peptidomimetics 

exhibited excellent in vitro antifungal activity against C. neoformans and found 

the IC50 values in the range of 0.16-19 µg/mL.[205] Ying et al. reported α-helical 

forming self-assembling peptide for biofilm caused keratitis treatment (Figure 

1.19).[206] The author reported antifungal activity of peptides (LLKK)2, 

C(LLKK)2C and C(LLKK)3C showed higher antifungal activity over animal cells. 

The cysteine residue attached at terminal end of self-assembling peptides exhibited 

greater antifungal activity and MIC values were found 500, 250 and 63 mg L-1 for 

(LLKK)2, C(LLKK)2C and C(LLKK)3C peptides, respectively. Authors illustrated 

that the antifungal activity of the peptides increased with the addition of cysteine 

residue at the terminal end of self-assembling peptides. The higher α-helical 

propensity of peptides showed greater antifungal activity owing to the greater 

affinity of anionic membrane. These α-helical peptides were water soluble and 

biocompatible eradicated the biofilm of C. albicans in the mice eyes.[206] Various 

tripeptides were designed which showed antifungal activity against 24 strains of 

pathogenic fungi. All synthesized antimicrobial peptides displayed potent 

antifungal activity with low micromolar MIC against pathogenic fungal strain. The 

antimicrobial peptides were used for the treatment of human skin and nail model 

of candidiasis (C. albicans) and onychomycosis (Trichophyton rubrum), 

respectively.[207] 

 

1.7.4 Self-Assembling Peptides as Anti-inflammatory Agents 

Inflammation is a first and natural host defense response and it is evoked by 

various stimuli including physical damage, microbial infection, allergic and 

autoimmune reactions. Inflammation can be easily identified by various biological 

phenomena such as swelling, heat, redness, pains and loss of functions. The 

inflammatory response is mediated through the secretion and activation of various 

proinflammatory mediators which include cytokines, chemokines, interleukins and 

growth factors.[208] In the recent advancement in biomaterial science, there are 

exciting opportunities to demonstrate the construction of various functional and 

biological active soft biomaterials. Inflammations are associated with different 

types of diseases including cancer, Alzheimer’s, rheumatoid arthritis and 

cardiovascular disease.[209] However, the steroidal anti-inflammatory drugs 

(SAIDs) and non-steroidal anti-inflammatory drugs (NSAIDs) are used for the 
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treatment of the acute and chronic inflammations. The SAIDs show several side 

effects on vital organs and prolonged use of the drug causes osteoporosis, peptidic 

ulcer, organ and tissue failure. Additionally, NSAIDs are also associated with 

adverse gastrointestinal, renal and cardiovascular diseases.[210] Moreover, it is 

important to design and synthesize the anti-inflammatory molecules with a suitable 

biocompatibility. The amino acids in small peptides play a key role for the activity 

of anti-inflammatory compounds. The anti-inflammatory activity of peptides is 

achieved through the balancing of lipophilic and lipophobic parts of the small 

peptide-based compounds. Such peptides are known to work as an anti-

inflammatory compound by inhibiting the cyclooxygenase (COX) isoenzymes 

activity (Figure 1.20).[211] 
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Figure 1.20 Chemical structure of anti-inflammatory peptides. 

 

The synthesized peptides were subjected to COX-1 and COX-2 inhibition assay. 

The hydrophobic nature of the synthesized tetrapeptides interact with the COX. 

The author reported that the peptide Cbz-VGLA-OMe and H2N-GGFL-OMe 

showed better anti-inflammatory activity compared to the other synthesized 

peptides with IC50 values of 80 and 60 nM, respectively. Further, the COX 

inhibition reduces the production of prostaglandins that is lipid based compound 

and responsible for several cellular processes such as apoptosis, angiogenesis, and 
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cell migration.[212] Proinflammatory properties of prostaglandin have been well 

studied which play important and crucial roles for the recruitment of the 

inflammatory cells. Prostaglandin biosynthesis dramatically increases during the 

pathogenesis of microorganism and allergic reactions.[212] The four major 

biological active prostaglandins are PGE2, PGI2, PGD2, PGF2α associated with the 

inflammation. Generally, prostaglandin production depends upon the activity of 

COXs enzyme, which exists as COX-1 and COX-2 isoforms. The COX-1 is 

expressed in most of the cells and mainly responsible for gastric epithelial 

cytoprotection and homeostasis. However, COX-2 is induced by inflammatory 

stimuli and mainly responsible for acute and chronic inflammation. Hence, the 

anti-inflammatory peptides and NSAIDs drug are specially designed to target the 

arachidonic acid pathway, thereby, the production of prostaglandin rapidly 

inhibited. These molecules are competitive active site inhibitor of COXs and 

irreversibly binding to the COXs site results the termination of biosynthesis 

pathway of prostaglandin. In a recent report, the indole appended-dipeptide 

showed the anti-inflammatory and anti-hyperalgesic activities.[213] The proline 

centered pentapeptide is isoconformational to the arachidonic acid and exhibited 

anti-inflammatory activity by binding with COX-2.[214] 

 

1.7.5 Self-Assembling Peptides in Wound Healing 

Skin is the largest and important organ of animal body and works as a protective 

barrier between the internal tissues and external environment such as chemical, 

thermal and bacterial infection.[215] Wound healing is a multistep process including 

hemostasis, immune response, inflammatory events, cell proliferation and matrix 

remodeling in which injured tissues are repaired or replaced by new functional 

tissues with native integrity.[216] In recent years, hydrogels have been extensively 

used for the wound healing applications.  Hydrogels are three-dimensional 

polymeric material, which retain significant amount of water. Thus, hydrogels 

serve as a soft and extra cellular matrix (ECM). Additionally, hydrogels provide 

high surface area for cell migration, and allow the gaseous exchange and nutrition, 

which accelerate the healing process.[217,218] Hydrogels for wound healing 

applications work as a sealant material to stop excessive bleeding from damaged 

tissues and organs. However, common hydrogels have various limitations to be 

applied as good wound healing materials due to poor mechanical strength, 

unwanted inflammatory response and introduction of microbial infections owing 

to the excessive moist environment. Although, promising hydrogels for wound 

healing applications must absorb exudates from wound and must combat to the 

bacterial infections. Furthermore, the traditional wound dressing biomaterials are 

designed and fabricated by antibiotics to eliminate the microbial infection near the 

wound site.[219] An inherent antibacterial biomaterial for wound healing minimizes 

the growth of antibiotic-resistant bacteria. Importantly, the nanofibrous 

morphology of biomaterials are very crucial for wound healing applications due to 

the high surface area to volume, interconnected porosity and similarity to the ECM. 
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Peptide-functionalized hydrogels were used as hemostasis agent with antibacterial 

activity for wound healing.[220] 

 
 

Figure 1.21 Optical photographs of in vivo wound healing activity of different 

groups showing the increase in healing activity using hydrogel 4. Reprinted with 

permission from ref. 98. Copyright (2020) American Chemical Society. 

 

Fmoc-FF based peptide-polymer hydrogel was explored for in vivo wound healing 

activity. The drug curcumin was loaded into the Fmoc-FF by coassembly 

approach, which showed anti-inflammatory and antibacterial activity.[221] Heparin 

mimetic peptide nanofibers were reported for the treatment of diabetic wounds by 

accelerating the production of the angiogenic growth factors and re-

epithelization.[222] The self-assembling peptides showed positive impact on tissue 

regeneration and inflammatory response.[223-225] However, the wound healing 

peptides can be loaded into the hyaluronic acid based hydrogel for the excisional 

wound healing activity by promoting the migration of fibroblasts,  keratinocytes 

and endothelial cells.[226] It is well accepted that free radical near the wound site 

causes oxidative stress that can damage the DNA and protein resulting into the 

delay in the healing process.[227] Hence, the improved wound healing activity can 

be achieved by biocompatible and antioxidant peptide-based supramolecular 

hydrogel (Figure 1.21).[98,227] The collagen derived tripeptides (CAG) exhibit 

enhanced in vitro wound healing activity by showing endothelial cell adhesion, 

growth and proliferation.[228] Since, the inflammation is important biochemical 
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process for the secretion of proinflammatory cytokines, chemokines and 

macrophages. Sometimes, prolonged inflammation causes delayed in wound 

healing activity. Therefore, the anti-inflammatory hydrogels reduce the scar 

formation and accelerate the wound healing activity by increasing the collagen 

deposition (Figure 1.21).[98,229] 

 

1.7.6 Self-Assembling Peptides as Anticancer Agents 

Cancer is the second leading cause of human deaths (16%) after cardiovascular 

disease worldwide.[230] Cancer cells have the innate ability to develop resistant 

against various chemotherapeutic drugs and become multi drug resistance (MDR), 

which is a major obstacle for the treatment of cancer. Advancement in the 

bioorganic chemistry and cancer biology offer new strategies for the treatment of 

cancer.[231] Nowadays, peptides as anticancer agents are emerged as new 

therapeutics and molecular tool to induce morphological change and cellular 

death.[232] Self-assembling peptides have been recognized as a new approach in the 

area of cancer and tumor biology.[233] However, unwanted and uncontrolled self-

assembly of the peptides and proteins lead to the generation of structural 

aggregates that causes neurodegenerative diseases. Interestingly, the self-assembly 

of the peptides and proteins in a controlled manner could be the novel therapeutic 

approach for the inhibition of cancer cells.[234] Most of the peptides as anticancer 

agents are amphipathic in nature and their structural features are important for the 

activity and selectivity.[235] The peptides as anticancer agents self-assemble into 

the nanofibrous structure which inhibits the proliferation of cancer cells. The self-

assembling NapFF nanostructures selectively inhibited the growth of glioblastoma 

cells by the disruption of the self-organization of the microtubules and tubulins 

protein.[236] The noncovalent interactions between self-assembling peptides and 

cell skeleton proteins actuate the caspase dependent signaling pathway leading to 

the cellular apoptosis. The design of mitochondria targeted and penetrated peptide 

is a promising approach to kill the tumorigenic cells.[237] Mitochondria are 

considered as the powerhouse of the cells. Triphenyl phosphonium (TPP) is small 

molecular motif, which can target the mitochondrial matrix. In cancerous cells, 

alkaline phosphatase is overexpressed and TPP containing peptides self-assemble 

on the surface of cancerous cells by enzyme-induced dephosphorylation process 

(Figure 1.22).[238] The anticancerous activity of mitochondria targeting peptides 

can be enhanced by coassembly of its enantiomeric pairs. Ryu et al. designed and 

synthesized diphenyl alanine-based mitochondria targeting peptides and named as 

Mito-FF (L-phenylalanine) and Mito-ff (D-phenylalanine), respectively.[239] These 

peptides coassembled owing to the presence of pyrene moiety and formed super-

fibril morphology leading to the disruption of mitochondrial membrane.[239] In 

another approach, the self-assembling peptide amphiphile encapsulated the 

bioactive epitopes through the coassembly process on their nanofibrous structures. 

The advantage of coassembly between self-assembling pegylated and membrane 

lytic peptides showed better in vitro protease stability and antitumor activity.[240] 
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Figure 1.22 Schematic illustration. (A) Chemical structure of mitochondria 

penetrating peptides Mito-FF and Mito-ff. (B) In the case of the enantiomer, Mito-

FF or Mito-ff self-assembles into narrow fibers of diameter 8–10 nm. In both 

fibers, intrapyrene interactions between enantiomers are strong, and pyrene 

packing is located inside the fiber. (C) The assembly of 1:1 racemic mixture of 

Mito-FF and Mito-ff forms a superfibril. In the 1:1 mixture, each diphenyl alanine 

between between Mito-FF and Mito-ff interacts strongly and consequently 

produces less pyrene stacking. The superfibrils are formed as a result of interfiber 

interaction induced by pyrene interactions between the fibers. A cellular incubation 

of 1:1 mixture targets mitochondria to form superfibrils inside mitochondria to 

more drastically destroy than that of homo enantiomeric fibers. The super fibrils 

induce a higher area and depth of membrane penetration. Molecular structure, 

interaction, and membrane penetration obtained from CGMD simulation. 

Reprinted with permission from ref. 238. Copyright (2019) American Chemical 

Society. 

 

The self-assembling peptides and anticancer drug conjugates are effective 

therapeutics for the treatment of cancer.[241] In this approach, a chemotherapy drug 

chlorambucil (CRB) was covalently conjugated with self-assembling peptide 

(FFE), which was interlinked with tyroservatide (YSV) peptide. The design of 

hydrogelator was based on the following reasons: (1) diphenylalanine (FF) is 

inherent self-assembling entity; (2) CRB is nitrogen mustard chemotherapy drugs 
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that can be used to enhance the noncovalent interactions and (3) peptide YSV is 

anticancerous in nature. The in vivo experiments showed that the peptide CRB-

FFE-YSV easily penetrated tumor cells and induced the cell apoptosis and necrosis 

(Figure 1.23).[241] 

 

 
 

Figure 1.23 Chemical structure of CRB-FFE-YSV peptide showing anticancer 

activity against HepG2 cells. Adapted with permission from ref. 241. Copyright 

(2019) American Chemical Society. 

 

Similarly, anticancer drug Taxol conjugated peptide tyroservatide (YSV) was 

synthesized to enhance the antitumor efficiency and in vivo biocompatibility.[242] 

The biostability of peptides can be increased by using D-amino acids, which can 

resist the in vivo peptidase hydrolysis. Yan et al. prepared injectable, shear-

thinning and self-healable hydrogel using combination of positive charge poly-L-

lysine (PLL) and Fmoc-FF peptide.[243] The Fmoc-FF/PLL-SH self-assembled into 

the helical nanostructures through disulfide bond and worked as a powerful tumor 

inhibitor. The hydrogel activated the auto immune response of animal body by 

providing T cell immunity through tumor antigen recognition. Yang et al. reported 

NSAID modified D-tetrapeptides (GDFDFDYD) for the antitumor activity.[244] The 

authors developed cancer vaccine adjuvants by using NSAID drugs for the N-

terminal protection of peptides. The self-assembling peptides exhibited anticancer 
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activity by increasing the host immune response against the tumor cells. The 

peptides increased immunoglobin (IgG2a) production and stimulate the IFN-γ and 

IL-6 cytokines secretion.  

 

1.7.7 Self-Assembling Peptides as Cargo for Drug Delivery 

Peptide-based supramolecular hydrogels are versatile biomaterials for in vitro and 

in vivo sustained release of encapsulated drug molecules.[245,246] The term ‘smart 

hydrogel’ is used according to their ability to receive, transmit and respond to the 

external stimuli for useful applications.[247] Peptide-based biomaterials are easier 

to design and their mechanical and nanostructural morphology can be tuned by 

changing the peptide sequences. The objective of the development of a drug 

delivery carrier and vehicle is to minimize the systemic adverse effect of the drugs 

by delivering to the targeted site.[248] Particularly, injectable biomaterials are 

emerging as next generation biocompatible and biodegradable vehicle for targeted 

drug delivery applications.[249] Self-assembling peptides encapsulate the drug 

molecules within the porous 3D matrix and show the stimuli responsive changes 

in their structural network. The porous 3D matrix and drug loading capacity can 

be tuned by controlling the density of assembling entities in aqueous 

microenvironment.[250] The drug release kinetics depend upon the diffusion 

coefficient of the encapsulated molecules from the hydrogel matrix. Sometimes 

high-water content and hydrophobicity of the loaded drug molecules often result 

in rapid drug release from the hydrogel matrix. Hence, the drug delivery rate of the 

hydrogels are different for different drug molecules and can be tuned by 

maintaining the hydrophilic-hydrophobic ratios.[251] Banerjee et al. developed a 

tripeptide-based hydrogel for the entrapment and sustained release of vancomycin 

and vitamin B12.[252] The supramolecular cage-like fibrous network of the hydrogel 

acts as a drug delivery template at physiological conditions. The self-assembling 

tetrapeptide-based hydrogels have been used for the encapsulation and release of 

anticancer drug doxorubicin. These peptide-based hydrogels encapsulate 8.62 and 

13.79 mM of drug solutions at their minimum gelation concentrations. The 

quantitative analysis of doxorubicin diffusion was calculated by nonsteady state 

diffusion model equation: 

(Mt/Mα) = 4(Dt/πλ2)1/2  

where Mα is the initial amount of drug used for the experiment, Mt  is the final 

amount of drug released, λ represents hydrogel thickness, D represents diffusion 

constant of the drug, t represents time of the experiment.[252] MMP-9 responsive 

self-assembling peptide amphiphile was capable for sustained release of 

hydrophobic drug doxorubicin from fiber matrix (Figure 1.24).[253] A hexapeptide-

based hydrogel was reported for delivery of fluorescein sodium and ciprofloxacin 

hydrochloride, which showed two stage zero-order kinetics with cumulative 80% 

release profile.[254] A redox responsive dipeptide self-assembled into the vesicles 

through the noncovalent interactions of tryptophan residues. These vesicles entrap 

DOX (16% w/w) and showed redox-triggered drug delivery inside the MDA-MB-

231and HeLa cells due to the high cytosolic GSH concentrations.[255] A peptide 
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amphiphile-based drug carrier was reported for in vitro and in vivo anticancer 

applications. The in vitro studies showed the DOX loaded hydrogel is more 

cytotoxic compared to only DOX after 48 h incubation, probably due to sustained 

release of entrapped drug.[256] 

 

 
 

Figure 1.24 (A) Schematic representation of micelle to fiber transition induced by 

MMP-9 cleavage showing disassembly of micelles and the re-assembly into fibers 

after the removal of the hydrophilic group enabling prolonged drug release. (B) 

Chemical structure of the biocatalytic gelation system and its components. 

Reproduced from ref. 253 with permission from The Royal Society of Chemistry. 

 

The in vivo DOX loaded hydrogel and only DOX injection to the tumor site 

showed lowest tumor growth rate in DOX loaded hydrogel compare to DOX 

injection, which ensures the better anticancer activity of DOX entrapped hydrogel. 

The thixotropic property of a hydrogel is useful for targeted delivery of anticancer 

drugs with reduced organ cytotoxicity.[257] Ribonucleotide reductase (RR) is an 

enzyme that plays an important role in de novo DNA synthesis by catalyzing the 

reduction of ribonucleotides to 2-deoxyribonucleotides. A Fmoc-capped tripeptide 

was designed and synthesized, which selectively binds to the mouse RR enzyme 

and works as an antiviral and anticancer therapeutics.[258] In the area of drug 

delivery, self-assembling peptide amphiphiles are used to encapsulate the drug 

molecules thereby the solubility and bioavailability of drug increases. Amphiphilic 

peptide nanofibers were utilized to encapsulate camptothecin, which is naturally 

occurring hydrophobic chemotherapeutic drug. The camptothecin drug was 

encapsulated by simple solvent evaporation technique in the hydrophobic pocket 

of the self-assembling peptide in its biologically active form. A dipeptide hydrogel 
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was reported as a photosensitive drug (chlorin e6) delivery cargo for enhanced 

photodynamic (PDT) therapy.[259] Peptide-based self-assembled systems provide 

an approach to improve the activity and functions of the system via sustained 

release of the drug in a stimuli responsive manner. 

   

1.7.8 Self-Assembling Peptides as Bioimaging Agents 

In the advancement of biomedical research, fluorescent peptide-based 

nanostructures are highly attractive due to their bioactivity and 

biocompatibility.[260,261] Certainly, the remarkable fluorescent properties are 

achieved by using various nanoparticles, quantum dots, dyes and inorganic 

ligands.[262] Unfortunately, the cytotoxicity at nanomolar and photobleaching of 

such materials are widely accepted and documented which further restricts the 

biomedical applications.[263] Tyrosine based peptide is cell permeable and shows 

green fluorescent with excellent photostability (Figure 1.25).[264] 

 

 
 

Figure 1.25 (a) GFP (green colored β-barrel, Protein Database (PDB) entry 1emb) 

and the chemical structure of its chromophore. Inspired by the chromophore of 

GFPs, bioinspired Tyr-Tyr (YY) dipeptides as the basic unit (green colored 

chemical structure) was designed. In addition, HIV V3 loop peptide (blue β-sheet, 

PDB ID: 5VN8) was docked with the C−C chemokine receptor type five (CCR5) 

receptor (yellow helix, PDB ID: 4MBS) and the GPGR motif in V3 tip was buried 

in the pocket of CCR5. Chemical structure of the GPGR motif was shown in blue 
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color. Chemical structure of Fc-YYGCGPGRC peptide. Fluorescence excitation 

(ex) and emission (em) spectra of cyclized Fc-YYGCGPGRC assemblies. 

Fluorescence intensity of HeLa cells when treated with tyrosine-based peptides 

(0.1 mg/mL) for 6 h. Reprinted with permission from ref. 264. Copyright (2020) 

American Chemical Society. 

 

However, peptide-based fluorescent materials offer cell-penetrating ability and 

broad-spectrum biocompatibility and biodegradability.[263] Among the various 

amino acids, phenylalanine (F), tyrosine (Y) and tryptophan (W) are intrinsic 

fluorescent and their organized assembly can lead their fluorescence signal from 

ultraviolet to visible region with good quantum yield.[260] A simple dipeptide 

diphenylalanine (FF) self-assembled into various ordered structures and generated 

intense photoluminescence with emission maxima at λem = 450 nm.[264] 

Tryptophan-based aromatic cyclo-dipeptides were designed, which were 

subcutaneously injected in nude mice and showed distinct visible and NIR 

fluorescent signal.[265] Diphenylalanine (FF)-based green fluorescent probe was 

originated from the coassembly of amphiphilic Fc-FF-based peptides through the 

noncovalent interactions.[266] The enzyme-triggered intracellular self-assembly of 

aromatic hydrogelators exhibited strong photoluminescence signal inside the live 

cells.[267] Hydrogen peroxide (H2O2) is an oxidative stress marker and the presence 

of hydrogen peroxide is related to cancer disease that is determined by peptide-

based fluorescence probe.[268] The tetrapeptide-based fluorescent probe for cancer 

cell imaging has been developed.[269] TPE-capped self-assembling tripeptides 

showed nanomolar response to toxic metal Hg2+ both in solution and living 

cells.[270] The cysteine containing peptide detected the Hg2+ ion through AIE 

phenomenon with strong blue fluorescence at 470 nm. The cell imaging 

experiment was performed using Hg2+-preloaded HeLa cells and treated with 

peptides for 20 min. The peptide exhibited fast membrane permeability with good 

fluorescent signal due to binding with Hg2+ ion inside the cells. Additionally, the 

peptide showed in vivo Hg2+ sensing in the brain and periphery of eyes of 

zebrafish, which suggested that the peptide has the ability to penetrate the blood 

brain barrier. 

 

1.7.9 Self-Assembling Peptides for 3D-Bioprinting 

The printable biomaterials with appropriate mechanical strength and stiffness have 

revolutionized the design and development of various biological constructs.[271,272] 

Three-dimensional bioprinting of tissues and organs can replace the in vivo study 

for various consumer products and tissue specific drug trial for biocompatibility, 

toxicity and efficacy.[273] The bioprinting technique is rapidly growing for the 

preparation of 3D biological constructs for cell studies, drug testing and 

regenerative medicines. Particularly, hydrogels-based inks are suitable due to 

tunable mechanical strength and their similar cellular microenvironment for 

different biomedical applications.[274,275] Peptide-based hydrogels fulfill all the 

eligibility criteria for a bio-printable  materials because of the resemblance to the 
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native cellular microenvironment.[276] Lysine-containing hexapeptides self-

assembled to form strong and rigid nanofibrous hydrogels with stiffness up to 40 

kPa. The biocompatible hexapeptide (Ac-ILVAGK-NH2, Ac-LIVAGK-NH2, Ac-

AIVAGK-NH2: Ac = acetyl; A = alanine; I = isoleucine; L = leucine; V = valine; 

G = glycine; K = lysine)-based hydrogel scaffolds supported the growth and 

proliferation of human stem cells. These hydrogels showed differentiation of 

primary cells into organotypic structures such as gastrointestinal and skin.[277] 

 

 

 
 

Figure 1.26 Schematic representations of a Fmoc-dipeptide-based bioink design, 

3D bioprinting, and cell culture process for in vitro construction of tumor spheroid 

models. Reprinted with permission from ref. 278. Copyright (2019) American 

Chemical Society. 

 

Recently, short self-assembled peptide hydrogels were exploited to mimic the 

ECM for 3D bioprinting applications (Figure 1.26).[278] In this report, oppositely 

charged binary peptides were bioprinted using layer-by-layer approach for 

biological construct. In another report, micelle mediated disulfide crosslinking of 

cysteine containing peptide (Fmoc-FFC) resulted into the printable hydrogel.[279] 

The peptide was solubilized in water by changing the pH 11 using 0.5 M NaOH 

solution. This peptide solution formed work-like micelle owing to the noncovalent 

interactions. The hydrogel was attributed from viscous peptide solution, which 

could be the reason of cross-linking between sulfhydryl group in alkaline aqueous 

solutions. 

  

1.8 Organization of Thesis 

This thesis work describes the basic understanding of supramolecular chemistry 

which is used as a tool for the programming of the chemical systems for the 

development well organized nanostructures. The thesis work presents Amoc group 

as N-terminus protecting group and their role in self-assembly. The N-terminal 

Amoc-capped dipeptides were used for the construction and fabrication of self-

assembled soft biomaterials which were used for the antibacterial, anti-

inflammatory and wound healing applications. 
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Chapter 2: This chapter includes the self-assembly of Amoc-capped dipeptides 

owing to the participation of noncovalent interactions which results into the 

biocompatible hydrogels for antibacterial applications. 

Chapter 3: This chapter describe the anti-inflammatory applications of Amoc-

capped dipeptide-based self-assembled thixotropic and biocompatible hydrogel in 

rat air pouch model of acute inflammation. 

Chapter 4: This chapter present the coassembly of cyclodextrin and Amoc-capped 

dipeptides leads to formation of soft material which is used for the in vivo dermal 

wound healing applications. 

Chapter 5: This chapter demonstrate the in vivo applications of Amoc-capped 

dipeptide-based coassembled hydrogel as wound dressing system. 

Chapter 6: This chapter describe the general conclusion of the thesis work and 

scope for future work. 
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2.1 Introduction 

A great attention has been paid for the construction of highly biocompatible and 

biodegradable soft functional materials because of their significant use in the area 

of tissue engineering, wound dressing, drug delivery, and bacterial infection 

therapy.[1−10] In recent years, peptide-based low-molecular weight hydrogels 

(LMWHs) have attracted considerable attention in the area of bacterial infection 

therapy. Several polylysine,[11] cationic,[12−14] silver-containing,[15,16] 

antibioticbound,[17] and proteolytically stable[18] antibacterial hydrogels have been 

reported over past few decades. Antibacterial hydrogels are composed of 

hydrophobic and cationic residues, which disrupt the lipid bilayer in the cell 

membrane leading to the bacterial cell death.[19,20] Despite their bactericidal 

effectiveness, polycationic-based polymeric hydrogels require tedious purification 

process, which also causes cytotoxicity toward the animal cells.[21] As a result, 

overuse of antibiotic-integrated hydrogel materials potentially causes serious 

health issues and may result in the growth of antibiotic-resistance bacteria. In 

general, antibacterial hydrogels are designed by doping antibacterial agents to the 

hydrogels, which possess antibacterial activity for biomedical applications. In a 

doped system, the antibacterial agent is slowly released from the hydrogel surface 

and the hydrogels remain inactive over time.[22] In particular, inherent antibacterial 

hydrogels inhibit bacterial growth upon physical contact of bacteria on the 

hydrogel surface.[23,24] Additionally, the viscoelastic similarities of the hydrogel 

materials with soft tissues made them a promising candidate in the area of tissue 

engineering. Tissue engineering is involved in the development of regenerative 

alternatives to implant synthetic or natural tissues and organs that can restore and 

work as a normal function.[25-27] Different strategies were used for tissue or organ 

regeneration but the demanding approach utilizes the combination of desired cells 

with hydrogel materials.[28] In this regard, injectable hydrogels with good 

biocompatibility are used for tissue engineering because of their minimal invasive 

applications.[29,30] Several injectable hydrogels and biomimetic materials are 

reported to serve as a synthetic and artificial extracellular matrix, which provide a 

favorable microenvironment for cell growth and proliferation.[31−34] The key 

advantage of injectable hydrogel materials is that they have potential to adopt any 

desired size and shape of a cavity for tissue engineering applications. Peptide-

based injectable hydrogels must fulfill a few basic requirements that have been 

considered in tissue engineering applications such as noncytotoxicity, 

hydrophilicity, biodegradability, and less immunogenicity or antigenicity of 

scaffold materials. Besides their biocompatibility, the injectable hydrogels must 

show quick gel-sol-gel transitions and the mechanical properties of the injectable 

hydrogels must retain quickly after injection to the target site.[35,36] Hydrogels are 

very prone to bacterial infection because of their moist environment.[37] 

Biomaterial-mediated infection retards cell and tissue regeneration, which results 

in significant numbers of implant-associated infections at the target site.[38] 

Hydrogels with inherent antibacterial activity that prevent secondary infections 
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and promote cell growth, differentiations, and/or proliferation are necessitating 

candidates for cell and tissue culture experiments.[39] Nevertheless, to improve 

biological effectiveness and to eliminate bacterial contamination during the tissue 

and cell culture experiments, hydrogels are sterilized by using UV irradiation or 

ethylene oxide treatment. Sterilization of hydrogel materials significantly changes 

their physical/chemical properties.[40] However, injectable and biocompatible 

LMWHs with inherent antibacterial properties for tissue and cell regeneration 

applications are very limited. Thus, the synthesis and preparation of an injectable 

and biocompatible hydrogel itself possess antibacterial property, which would hold 

great promise for localized bacterial infection, cell culture, and tissue regeneration 

applications. In the present work, our objectives include the development of: (a) 

peptide-based injectable and robust; (b) antibacterial; (c) noncytotoxic; (d) self-

healing; (e) shape-memory; and (f) antioxidative hydrogels. In this consideration, 

we have synthesized a class of Amoc (9-anthracenemethoxycarbonyl)-capped 

dipeptide amphiphiles, which formed self-healing injectable hydrogels by the 

involvement of H-bonding and π-π stacking interactions of the gelator molecules. 

These self-supporting hydrogels show antibacterial property and promote cell 

viability and/or proliferations of human white blood cells (hWBCs). These 

hydrogels significantly decrease oxidative stress on human red blood cells 

(hRBCs) and provide cellular stability against oxidative stress. 

2.2 Experimental Section 

2.2.1   Materials and Methods 

Anthracene-2-methanol and 4-nitro-phenyl chloroformate were purchased from 

Sigma-Aldrich, U.S.A. Amino acids, diisopropylcarbodiimide (DIPC), and 1-

hydroxybenzotriazole (HOBt) were purchased from SRL chemicals, India, and 

used without further purification. All solvents were analytical grade, purchased 

from Merck chemicals and distilled prior to use. Thin-layer chromatography was 

performed on precoated silica gel plates (Kieselgel 60 F, Merck). Column 

chromatography was performed on silica gel (100−200 mesh size). Chemicals for 

biological experiments such as peptone, yeast extract, agar powder, sodium 

chloride, and 3-(4,5-dimethythiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) 

assay kit were purchased from HiMedia Laboratories Pvt. Ltd., India. 

Trichloroacetic acid, Triton X-100, and thiobarbituric acids were purchased from 

Sigma-Aldrich, U.S.A. NMR spectroscopy was performed in CDCl3 and DMSO-

d6 on a Bruker AV 400 MHz spectrometer. Chemical shifts (d) are reported in ppm, 

downfield of tetramethylsilane; peak multiplicities are reported as follows: singlet 

(s), doublet (d), doublet of doublets (dd), triplet (t), quartet (q), and multiplet (m). 

Fourier-transform infrared (FTIR) spectroscopy was performed on KBr pellets on 

a Bruker Tensor 27 FTIR spectrophotometer. Electrospray ionization mass 

spectrometry was acquired on a Bruker micrOTOF-Q II mass spectrometer. 

2.2.2 Synthesis of 1 and 2 

Scheme 2.1 Synthetic pathway of 1 and 2 
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2.2.2.1 Synthesis of 8 

7 (1.5 g, 7.44 mmol) was solubilized in dry THF under N2 atmosphere. The solution 

was ice-cooled and pyridine (0.648 g, 8.18 mmol) was added into the cold solution. 

The white slurry was obtained after the addition of pyridine. 6 (1.29 g, 6.2 mmol) 

was solubilized in dry THF and the solution was added into the reaction mixture. 

The reaction mixture was allowed to stir (12 h) at room temperature. Product 

conversion was checked by TLC. THF was evaporated by a rotary evaporator. The 

reaction mixture was diluted with EtOAc (50 mL) and the mixture was washed 

with 1 M HCl (3 × 30 mL). The yellow-green product was obtained by evaporating 

the solvent under reduced pressure. The product was recrystallized by using 

benzene and yellow needle-shaped crystal of 8 was further used for the synthesis 

of 1 and 2. 

Yield: 1.7 g (73%). 1H NMR (400 MHz, CDCl3): δ = 8.58 (s, 1H, Amoc), 8.42-

8.40 (d, J = 8.88 Hz, 2Hs, Ph), 8.26- 8.24 (d, J= 8.44 Hz, 2Hs, Amoc), 8.08-8.06 

(d, J = 8.40 Hz, 2H, Amoc), 7.65-7.61 (t, J = 7 Hz, 2H, Amoc), 7.55-7.51 (t, J = 

7.48 Hz, 2H, Amoc), 7.37-7.35 (d, J = 8.36 Hz, 2H, Ph), 6.39 (s, 2H, Amoc) ppm. 

 

Figure 2.1 1H NMR spectrum (400 MHz) of 8 in CDCl3. 



69 

 

2.2.2.2 Synthesis of 10 

1.5 g (4.01 mmol) of 8 was dissolved in 3 mL DMF in a 100 mL round bottom 

flask and cooled it in an ice bath. A neutralized solution of 9 was extracted from 

its corresponding hydrochloride salt (1.44 g, 8.03 mmol) and concentrated to add 

to the reaction mixture. The reaction mixture was allowed to stir for 12 h. Product 

conversion was confirmed by TLC. The reaction mixture was diluted with ethyl 

acetate and washed with 1M HCl (3 × 30 mL), saturated Na2CO3 solution (3 × 30 

mL) and then with brine. Solid yellow mass 10 was obtained after evaporating the 

solvent under reduced pressure.  

Yield: 1.28 g (77%) 1H NMR (400 MHz, DMSO-d6): δ = 8.68 (s, 1H, Amoc), 8.34-

8.32 (d, J = 8.68 Hz, 2H, Amoc), 8.14-8.12 (d, J = 8.20 Hz, 2H, Amoc), 7.71-7.69 

(d, J = 8.00 Hz, 1H, NH), 7.62-7.51 (m, 4H, Amoc), 7.21-7.19 (m, 5H, Ph), 6.07-

5.97 (q, 2H, Amoc), 4.31-4.25 (m, 1H, Cα H of Phe), 3.61 (s, 3H, OCH3), 3.02-

2.97 (dd, J = 5.08, 4.96 Hz, 1H, Cβ H of Phe), 2.85-2.79 (dd, J = 10.24, 10.24 Hz, 

1H, Cβ H of Phe) ppm; MS (ESI): m/z calcd for C26H23NO4: 436.1519 [M+Na]+; 

found: 436.1654. 

 
Figure 2.2 1H NMR spectrum (400 MHz) of 10 in DMSO-d6. 

 
Figure 2.3 ESI-MS spectrum of 10. 

2.2.2.3 Synthesis of 11 

1.0 g (2.41 mmol) of 10 was dissolved in 10 mL dry THF and 20 mL MeOH. In 

the reaction mixture 5 mL of 1M LiOH solution was added. The hydrolysis 

progress was monitored by TLC. The reaction mixture was stirred upto 4-6 h for 

complete hydrolysis. After the completion of the reaction, excess solvent was 

evaporated and diluted with 50 mL distilled water. The water mixture was taken 
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in a separating funnel and slowly washed with diethyl ether (20 mL). The aqueous 

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

1M HCl. The pH of aqueous layer was adjusted to 2 and the product was extracted 

with ethyl acetate (3 × 30 mL). The ethyl acetate layer was dried over anhydrous 

sodium sulphate and evaporated under reduced pressure to obtain solid 11.  

Yield: 0.794 g (82%) 1H NMR (400 MHz, DMSO-d6): δ = 8.67 (s, 1H, Amoc), 

8.35–8.31 (d, J = 8.64 Hz, 2H, Amoc), 8.13–8.11 (d, J = 8.16 Hz, 2H, Amoc), 

7.61–7.52 (m, 4H, Amoc), 7.50–7.48 (m, br, 1H, NH), 7.19 (s, 5H, Phe), 6.05–

5.95 (q, 2H, Amoc), 4.20 (s, br, 1H, Cα H of Phe), 3.05–2.76 (m, 1H, Cβ H of Phe), 

2.82–2.76 (m, 1H, Cβ H of Phe) ppm; MS (ESI): m/z calcd for C25H21NO4: 

422.1368 [M+Na]+; found: 422.1330. 

 
Figure 2.4 1H NMR spectrum (400 MHz) of 11 in DMSO-d6. 

 
Figure 2.5 ESI-MS spectrum of 11. 

2.2.2.4 Synthesis of 14 

A solution of 11 (0.980 g, 2.45 mmol) and HOBt (0.397 g, 2.94 mmol) was stirred 

in 3 mL of DMF. A neutralized solution of 12 (0.711 g, 4.90 mmol) was extracted 

from its corresponding hydrochloride salt. It was concentrated and added to the 

reaction mixture followed by coupling agent DIPC (0.371 g, 2.94 mmol) at 0° C 

and allowed to stir at room temperature for 12 h. After the reaction, the reaction 

mixture was diluted with ethyl acetate and organic layer was washed with 1M HCl 

(3 × 30 mL), saturated Na2CO3 (3 × 30 mL) and brine solution, ethyl acetate layer 

was dried over anhydrous Na2SO4 and evaporated under vacuum to found yellow-

orange solid 14. 



71 

 

Yield: 1.09 g (85%); 1H NMR (400 MHz, DMSO-d6): δ = 8.67 (s, 1H, Amoc), 

8.35-8.33 (d, J = 7.72 Hz, 1H, NH), 8.31-8.29 (d, J = 8.44 Hz, 2H, Amoc), 8.13-

8.11 (d, J = 7.72 Hz, 2H, Amoc), 7.59-7.52 (m, 4H, Amoc), 7.36-7.34 (d, J = 8.60 

Hz, 1H, NH), 7.25-7.16 (m, 5H, Ph), 6.01-5.90 (q, 2H, Amoc), 4.36-4.27 (m, 2H, 

Cα H of Phe and Leu), 3.60 (s, 3H, OCH3), 2.97-2.93 (dd, J = 3.68, 3.52 Hz, 1H, 

Cβ H of Phe), 2.71-2.65 (dd, J = 10.84, 10.76 Hz, 1H, Cβ H of Phe), 1.67-1.62 (m, 

1H, Cγ H of Leu), 1.59-1.47 (m, 2H, Cβ H of Leu), 0.91-0.90 (d, J = 6.44 Hz, 3H, 

Cδ H of Leu), 0.85-0.84 (d, J = 6.36 Hz, 3H, Cδ H of Leu) ppm; MS (ESI): m/z 

calcd for C32H34N2O5: 549.2365 [M+Na]+; found: 549.2284. 

 
Figure 2.6 1H NMR spectrum (400 MHz) of 14 in DMSO-d6. 

 

Figure 2.7 ESI-MS spectrum of 14. 

2.2.2.5 Synthesis of 1 

1.1 g (2.08 mmol) of 14 was dissolved in 10 mL dry THF and 20 mL MeOH. In 

the reaction mixture 6 mL of 1M LiOH solution was added. The hydrolysis 

progress was monitored by TLC. The reaction mixture was stirred upto 4 h for 

complete hydrolysis. After the completion of the reaction, excess solvent was 

evaporated and diluted with 50 mL distilled water. The water mixture was taken 

in a separating funnel and slowly washed with diethyl ether (20 mL). The aqueous 

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

1M HCl. The pH of aqueous layer was adjusted to 2 and the product was extracted 

with ethyl acetate (3 × 30 mL). The ethyl acetate layer was dried over anhydrous 
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sodium sulphate and evaporated under reduced pressure to obtain orange-yellow 

solid 1.  

Yield: 0.93 g (87%); FT-IR (KBr): δ = 3298 (s, NH), 1707 (s, COOH), 1692 (s), 

1654 (s), 1626 (br),1532 (s) cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 8.67 (s, 1H, 

Amoc), 8.31-8.29 (d, J = 8.40 Hz, 2H, Amoc), 8.21-8.19 (d, J = 7.84 Hz, 1H, NH), 

8.13-8.11 (d, J = 8.04 Hz, 2H, Amoc), 7.59-7.52 (m, 4H, Amoc), 7.33-7.31 (d, J = 

8.52 Hz, 1H, NH), 7.25-7.12 (m, 5H, Ph), 6.00-5.90 (q, 2H, Amoc), 4.35-4.22 (m, 

2H, Cα H of Phe and Leu), 2.99-2.96 (d, J = 11.68 Hz, 1H, Cβ H of Phe), 2.70-2.67 

(d, J = 12.16, Hz, 1H, Cβ H of Phe), 1.69-1.65 (m, 1H, Cγ H of Leu), 1.57-1.52 (m, 

2H, Cβ H of Leu), 0.92-0.90 (d, J = 6.40 Hz, 3H, Cδ H of Leu), 0.86-0.84 (d, J = 

6.28 Hz, 3H, Cδ H of Leu) ppm; 13C NMR (100 MHz, DMSO-d6): δ = 174.02, 

171.54, 156.03, 138.08, 134.55, 130.91, 130.46, 129.17, 128.89, 128.62, 127.67, 

126.57, 126.19, 125.22, 124.16, 58.08, 56.00, 50.29, 24.27, 22.89, 21.34 ppm; 

HRMS (ESI): m/z calcd for C31H32N2O5: 535.2204 [M+Na]+; found: 535.2200. 

 
Figure 2.8 1H NMR spectrum (400 MHz) of 1 in DMSO-d6. 

 
Figure 2.9 13C NMR spectrum (100 MHz) of 1 in DMSO-d6. 
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Figure 2.10 HRMS spectrum of 1. 

2.2.2.6 Synthesis of 15 

11 (1.0 g, 2.50 mmol) and HOBt (0.405 g, 3.0 mmol) was dissolved in 3 mL of 

DMF. A neutralized solution of 13 (0.976 g, 5.0 mmol) was extracted from its 

corresponding hydrochloride salt and concentrated to add to the reaction mixture, 

followed by DIPC (0.379 g, 3.0 mmol) at 0° C and stirred at room temperature for 

12 h. After completion of the reaction, the reaction mixture was diluted with ethyl 

acetate and washed with 1 M HCl (3 × 30 mL), saturated Na2CO3 (3 × 30 mL) and 

brine solution. Ethyl acetate layer was dried over anhydrous Na2SO4 and 

evaporated under vacuum to yield as yellow-orange solid 15.  

Yield: 1.28 g (88%); 1H NMR (400 MHz, DMSO-d6): δ = 9.25 (s, 1H, OH of Tyr), 

8.67 (s, 1H, Amoc), 8.37-8.35 (d, J = 7.36 Hz, 1H, NH), 8.30-8.28 (d, J = 8.52 Hz, 

2H, Amoc), 8.13-8.11 (d, J = 8.04 Hz, 2H, Amoc), 7.60-7.52 (m, 4H, Amoc), 7.33-

7.31 (d, J = 8.64 Hz, 1H, NH), 7.22-7.15 (m, 5H, Ph), 7.03-7.01 (d, J = 8.16 Hz, 

2H, Tyr), 6.69-6.67 (d, J = 8.12 Hz, 2H, Tyr), 5.95 (s, 2H, Amoc), 4.43-4.38 (m, 

1H, Cα H of Tyr), 4.35-4.29 (m, 1H, Cα H of Phe), 3.55 (s, 3H, OCH3), 2.92-2.84 

(m, 3H, Cβ Hs of Tyr and Phe), 2.67-2.61 (m, 1H, Cβ H of Phe) ppm; MS (ESI): 

m/z calcd for C35H32N2O6: 599.2153 [M+Na]+; found: 599.2097. 

 
Figure 2.11 1H NMR spectrum (400 MHz) of 15 in DMSO-d6. 
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Figure 2.12 ESI-MS spectrum of 15. 

2.2.2.7 Synthesis of 2 

1 g (1.73 mmol) of 15 was dissolved in 10 mL dry THF and 20 mL MeOH. A 6 

mL 1 M LiOH was added to reaction mixture and the progress hydrolysis was 

monitored by TLC. The reaction mixture was stirred upto 4 h for complete 

hydrolysis. The excess solvent was evaporated and diluted with 50 mL distilled 

water. The mixture was taken in a separating funnel and slowly washed with 

diethyl ether (20 mL). The aqueous layer was collected and cooled in an ice bath. 

Then, the solution was acidified with 1 M HCl solution. The pH of aqueous layer 

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

EtOAc layer was dried over anhydrous Na2SO4 and evaporated under reduced 

pressure to obtain solid 2.  

Yield: 0.8 g (82%); FT-IR (KBr): δ = 3305 (s, NH), 1708 (ms, H-bonded COOH), 

1692 (s), 1654 (s), 1626 (ms), 1534 (s) cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 

9.22 (s, br, 1H, OH of Tyr), 8.67 (s, 1H, Amoc), 8.29-8.27 (d, J = 8.48 Hz, 2H, 

Amoc), 8.16-8.15 (d, J = 7.72 Hz, 1H, NH), 8.13-8.11 (d, J = 7.80 Hz, 2H, Amoc), 

7.59-7.52 (m, 4H, Amoc), 7.33-7.31 (d, J = 8.68 Hz, 1H, NH), 7.19-7.16 (m, 5H, 

Ph), 7.06-7.04 (d, J = 7.80 Hz, 2H, Tyr), 6.69-6.67 (d, J = 7.72 Hz, 2H, Tyr), 5.94 

(s, 2H, Amoc), 4.38-4.29 (m, 2H, Cα H of Tyr and Phe), 2.98-2.92 (m, 2H, Cβ Hs 

of Tyr), 2.86-2.80 (m, 1H, Cβ H of Phe), 2.67-2.60 (m, 1H, Cβ H of Phe) ppm; 13C 

NMR (100 MHz, DMSO-d6), δ = 173.36, 171.95, 156.46, 156.43, 138.49, 131.35, 

130.92, 130.61, 129.59, 129.34, 129.08, 128.41, 127.82, 127.50, 127.09, 126.63, 

125.70, 124.61, 115.48, 58.60, 56.52, 54.29, 37.80 ppm; HRMS (ESI): m/z calcd 

for C34H30N2O6: 561.2031 [M-H]- ; found: 561.2024. 

 
Figure 2.13 1H NMR spectrum (400 MHz) of 2 in DMSO-d6. 
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Figure 2.14 13C NMR spectrum (100 MHz) of 2 in DMSO-d6. 

 
Figure 2.15 HRMS spectrum of 2. 

2.2.3 Preparation of Hydrogels 

Peptides 1 and 2 (20 mM) were placed in 2 mL of Milli-Q water in a glass vial and 

partially solubilized by the slow addition of NaOH (0.5 M) solution. These 

solutions were vortexed and ultrasonicated to get complete dissolution of peptides, 

and the pH was raised up to 10. The pH of the solutions was decreased by the slow 

addition of HCl (0.1 M), and the final pH of the viscous solution was maintained 

at 7.4. Viscous solutions of peptides 1 and 2 were kept at rest at 37 °C for 30 min, 

which slowly formed hydrogels. The minimum gelation concentrations for 

peptides 1 and 2 are found as 10 and 15 mM, respectively. 

2.2.4 Characterizations 

UV/vis absorption spectra of peptides were recorded using a Varian Cary 100 Bio 

UV/Vis spectrophotometer at concentrations ranging from 20 to 200 μM. 

Fluorescence emission and excitation spectra of the hydrogels (20 mM) were 

recorded on a Horiba Scientific FluoroMax-4 spectrophotometer in a quartz 

cuvette (10 × 10 mm2) at room temperature. The slit width for the emission and 

excitation spectra was set at 2 nm, and the data pitch was 1 nm. Emission spectra 

of hydrogels 1 and 2 were recorded at λex 365 nm, and the data range was 240−449 

nm. Excitation spectra of hydrogels 1 and 2 were recorded at λem 459 and 450 nm, 

respectively. A time-correlated single-photon counting (TCSPC) instrument was 

used to measure decay traces of the hydrogels. TCSPC studies were performed on 
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a Horiba Yovin (model: Fluorocube-01-NL) instrument. Samples were excited at 

λex 375 nm using a picosecond diode laser. The signals were collected at magic 

angle (54.701) polarization using a photomultiplier tube (TBX-07C) as a detector, 

which had a dark count of less than 20 cps. The instrument response function 

(fwhm B 140 ps) was recorded using a very dilute scattering solution. Data analysis 

was performed using IBH DAS (version 6, HORIBA Scientific, Edison, NJ) decay 

analysis software. The excited-state average lifetimes of the hydrogels were 

measured by using equation 

˂𝜏˃ =∑ 𝛼𝑖
𝑛

𝑖=1
𝜏𝑖 

where τi is the fluorescence lifetime of various fluorescent species and αi is the 

normalized preexponential factor. Circular dichroism (CD) spectra were recorded 

at 25 °C using a JASCO J-815 spectropolarimeter at concentrations ranging from 

20 to 600 μM. The spectra were recorded in a quartz cell (path length: 1 mm) 

within the range 500-190 nm with a data pitch of 0.1 nm. The bandwidth was set 

at 1 nm, the scanning speed was 20 nm min−1, and the response time was 1 s. 

Experimental data were recorded in triplicate and the average data are shown. The 

molar ellipticity [θ] was calculated according to the equation [θ] = θ/(c × l), where 

θ is the measured ellipticity (mdeg), c is the sample concentrations in dmol/L, and 

l is the path length in cm. FTIR spectra of the hydrogels and peptides were recorded 

on a Bruker (Tensor 27) FTIR spectrophotometer by using KBr pallet technique. 

The FTIR measurements were recorded within the range of 500−4000 cm−1 over 

64 scan at a resolution of 4 cm−1 and interval of 1 cm−1.  

2.2.5 Morphological Study of the Hydrogels 

Field-emission scanning electron microscopy (FE-SEM) experiment was 

performed on a JEOL scanning electron microscope (model no. JSM-7600F). For 

FE-SEM study, small amounts of hydrogels were placed on a glass coverslip. The 

hydrogels were dried first in air and then in vacuum and coated with gold. 

Transmission electron microscopy (TEM) images were captured using a JEOL 

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

200 kV and a field-emission gun transmission electron microscope (model: Tecnai 

G2, F30), operated on a voltage of 300 kV. Hydrogel (50 µL) was dissolved in 450 

µL of water, and the dilute solution of the hydrogels was dried on carbon coated 

copper grids (300 mesh) by slow evaporation in air and then lowed to dry 

separately under a reduced pressure at room temperature. The nanostructural 

morphology of hydrogels was analyzed by TEM experiments using 3% 

phosphotungstic acid as a negative stain. 

2.2.6 Rheological Properties of the Hydrogels 

Rheological experiments were performed at 25 °C on an Anton Paar Physica MCR 

301 rheometer. The viscoelastic properties of hydrogels were measured by 

measuring the storage modulus (G') and loss modulus (G″). Hydrogel (1 mL) was 

transferred on a rheometer plate by using a microspatula and kept hydrated by 

using a solvent trap. A stainless steel parallel plate (diameter: 25 mm) was used to 
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sandwich the hydrogels with TruGap (0.5 mm). The dynamic strain sweep 

experiment was performed to determine the region of deformation of hydrogels in 

which linear viscoelasticity is valid. The exact strains for hydrogel materials were 

determined by linear viscoelastic regime at a constant frequency of 10 rad s-1. The 

mechanical strengths of the hydrogels were determined by frequency sweep 

experiment. In the frequency sweep measurement, the graph was plotted as a 

function of frequency in the range of 0.05-100 rad s-1. The thixotropic properties 

were investigated by step-strain experiments at the constant frequency of 10 rad s-

1, and applied strains were varied from 0.1 to 40%. 

2.2.7 Antibacterial Experiment 

2.2.7.1 Bacterial Culture 

Staphylococcus aureus (MTCC 96), Bacillus subtilis (MTCC 619), Escherichia 

coli (MTCC 739), Pseudomonas aeruginosa (MTCC 741), and Salmonella typhi 

(MTCC 733) bacteria were obtained as a lyophilized powder from the Institute of 

Microbial Technology Chandigarh, India. Before the experiments, fresh inoculums 

of Gram-positive bacteria S. aureus and B. subtilis and Gram-negative bacteria E. 

coli, P. aeruginosa, and S. typhi were prepared. A single colony was harvested and 

subsequently inoculated in autoclaved nutrient broth medium for bacterial growth. 

The bacterial inoculums were kept in an incubator at 37 °C overnight. The turbidity 

of fresh overnight bacterial suspensions was diluted as 0.5 McFarland standards to 

give a working concentration in the range of 1-2 × 108 colony-forming units (cfu 

mL-1). The optical density of all cultures was measured before and after incubation 

at 625 (OD625) nm under aseptic conditions. 

2.2.7.2 Culture Media 

Nutrient broth medium was utilized as a liquid medium for bacterial cultivation, 

which was prepared by mixing peptone (10 g), yeast extracts (3 g), and sodium 

chloride (5 g, NaCl) in 1000 mL of sterile distilled water. Nutrient agar medium 

was prepared by adding additional agar-agar powder (15 g) in 1000 mL of nutrient 

broth medium. The pH of the nutrient broth and nutrient agar medium was adjusted 

to pH 7.0 using NaOH (0.1 M) solution. The nutrient broth and nutrient agar 

medium was sterilized in an Erlenmeyer flask (25 mL) at a pressure of 15 lbs and 

temperature of 121 °C for 30 min. 

2.2.7.3 Antibacterial Properties of the Hydrogels 

In vitro antibacterial efficacies of peptide hydrogels were investigated against both 

Gram positive (S. aureus and B. subtilis) and Gram-negative (E. coli, P. 

aeruginosa, and S. typhi) bacteria. The antibacterial activities of these hydrogels 

were investigated using optical density (OD625) method. The sterilized nutrient 

broth (180 µL) medium was transferred into 96-well culture plates by using 

sterilized micropipette tips. After this, 10 µL of inoculums of various bacterial 

cultures was added in each well with an initial bacterial concentration of 1-2 × 108 

cfu mL-1. Ten microliter volume of peptide hydrogels with initial concentrations 

ranging from 20 to 0.031 mM was added to each well in triplicate (final 

concentrations were reported in the figures after dilutions). The bacterial solution 

devoid of hydrogels in nutrient broth was used as the control and only nutrient 
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broth was used as blank. Antibacterial test of higher concentrations of hydrogels 

were performed by using 5, 7.5, 10, 15, and 20 mM of hydrogels, and the total 

volume was maintained at 200 µL by adding nutrient broth for the required 

dilutions. These plates containing test organisms and hydrogels were kept in an 

incubator at 37 °C for 24 h. The absorbances of the test solution and control were 

recorded at 625 nm, and nutrient broth was utilized as a blank solution for the 

experiment. The antibacterial properties of peptide hydrogels were confirmed by 

using a microplate reader (Synergy H1 multimode microplate reader using 96-well 

microplates at 25 °C) by comparing the absorbance of the test solution with the 

control experiment. 

2.2.8 Biocompatibility and Cytotoxicity of the Hydrogels 

2.2.8.1 Selection of Doses 

Minimum inhibitory concentration (MIC50) from the antibacterial study was 

ranging from 10 to 200 µM. For the biocompatibility assays, we have chosen the 

hydrogel concentrations ranging from 200 to 0.312 µM. The objective was to 

evaluate the safety, toxicity, and efficacy parameters of the hydrogels at MIC50 to 

the human cells so that they can be used for antibacterial applications. 

2.2.8.2 Isolation of Blood 

Blood sample was collected in a vacuum tube in which sodium citrate solution (3.2 

w/v %) was added as the anticoagulant. It is noteworthy that the blood sample was 

given by one of the researchers as a part of routine health checkup at a health 

center, in which blood plasma was separated and remaining blood cells were 

utilized for the experiments. 

2.2.8.3 Isolation of Erythrocytes and WBCs 

Erythrocytes were isolated from blood by using centrifugation at 1500 rpm for 5 

min at room temperature. WBCs were collected from the buffy coat using a sterile 

syringe, and the rest of the cells was washed with 10 mM phosphate buffered saline 

(PBS) (0.9 w/v % NaCl, pH 7.4) thrice. 

2.2.8.4 MTT Viability Assay 

Cells (5 × 103) were seeded into 96-well plates in 198 µL of Dulbecco’s modified 

Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), and 2 µL of 

initial hydrogel concentrations (ranging from 20 to 0.031 mM) was added into 

wells (final concentrations were reported in the figures after dilutions). Only the 

medium containing FBS was used as a blank, whereas the control was containing 

cells in media along with 2 µL of buffer. Top five higher concentrations (5, 7.5, 

10, 15, and 20 mM) of both the hydrogels were also used for the MTT test. hWBCs 

were grown and mixed with 50, 75, 100, 150, and 200 µL of hydrogels, and 

DMEM was used to make up the total volume to 200 µL. The cells were directly 

mixed in hydrogels (20 mM) and incubated for 24 h for the biosafety assessment 

of the hydrogels. For each group, eight wells were assigned and plates were kept 

for 24 h in a 5% CO2 incubator. After completion of incubation, 5 µg of the final 

concentration of MTT (thiazolyl blue tetrazolium bromide, from Sigma-Aldrich, 

MO, USA) reagent (20 µL from 5 mg/mL stock) was used in each well. After 3 h 

incubation at 37 °C in the 5% CO2 incubator, 100 µL of dimethyl sulfoxide 
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(DMSO) and ethanol (1:1) mixture was added into each well. Absorbance was 

taken by the microplate reader at 450 nm against blank. 

2.2.8.5 Hemolytic Activity 

To study hemolytic activity, 1% suspension of erythrocytes in PBS was used. 

Briefly, 990 µL of the cell suspension was incubated with 10 µL of initial hydrogel 

concentrations (ranging from 20 to 0.312 mM). In the hemolysis test, for higher 

hydrogel concentrations, top five higher concentrations (5, 7.5, 10, 15, and 20 mM) 

of both the hydrogels were used, and the total volume was maintained as 1 mL. 

The erythrocytes were directly mixed in hydrogels (20 mM) and incubated for 1 h 

for the hemolysis assessment of the hydrogels. Only PBS was used as a blank, 

whereas control samples were having erythrocytes in buffer and were devoid of 

hydrogels. The mixtures were then incubated at 37 °C for 1 h. After the completion 

of incubation, the mixtures were centrifuged at 1000 rpm for 10 min at 4 °C. The 

percentage hemolysis was analyzed using absorbance of the supernatant at 540 nm 

against blank. The percentage hemolysis was calculated, as compared to the 

respective control values (considered as 100%). 

2.2.8.6 Lipid Peroxidation Assay in Erythrocytes 

Isolated erythrocytes were washed thrice with PBS. Packed cell volume was 

adjusted to 5% with PBS, pH 7.4. In each tube, 990 µL of the cell suspension along 

with 10 µL of initial hydrogel concentrations (ranging from 20 to 0.312 mM) was 

used. In control tubes, 10 µL of buffer was added to the cell suspension, whereas 

only PBS without any cell was used as a blank. Each group was assigned six tubes 

(N = 6). Samples were then incubated for 1 h at 37 °C, followed by the addition of 

2 mL of 28% trichloroacetic acid solution. Then, samples were centrifuged at 1000 

rpm for 5 min and 2 mL of supernatant was collected from each tube. In each tube, 

500 µL of 1% thiobarbituric acid was added and samples were placed on a boiling 

water bath for 1 h followed by cooling under running tap water. Samples were 

centrifuged again for 5 min at room temperature at 5000 rpm, and absorbance was 

taken at 532 nm against blank. Simultaneously, a standard curve was made for 

malondialdehyde (MDA), ranging from 0.1 to 10 nM/mL prepared in 10 mM PBS 

by following the same procedure as mentioned above. The standard curve was used 

to calculate the amount of thiobarbituric acid-reactive substances (TBARs) formed 

equivalent to MDA formed in nanomole/milliliter (nM/mL). Similarly, top five 

higher concentrations (5, 7.5, 10, 15, and 20 mM) of both the hydrogels were also 

evaluated for lipid peroxidation (LPO) study. The erythrocytes were directly mixed 

in hydrogels (20 mM) and incubated for 1 h for the LPO experiment.  

2.2.9 Statistical Analyses 

Statistical significance was ascribed at P < 0.05 or more. Data are expressed as 

mean ± SEM values and were analyzed by nonparametric analysis of variance 

followed by post hoc Dunnett’s multiple comparison test, using a trial version of 

GraphPad Prism version 7.03 for Windows (GraphPad, San Diego, CA). 
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2.3 Results and Discussion 

The designed low-molecular weight peptide-based amphiphiles generally entrap 

water and form self-supporting hydrogels, which would have great significance for 

biological applications. In our previous work, we have reported graphene quantum 

dot embedded Amoc-capped amino acid-based blue light-emitting hydrogels.[41] 

Amoc-capped amino acid-based material exhibits excellent gelation ability 

because of the involvement of aromatic π-π stacking and hydrophobic interactions. 

Here, we have designed and synthesized Amoc-capped dipeptide-based injectable 

hydrogels. The conventional solution-phase methodology was used for the 

synthesis of peptides 1 and 2 (peptide 1: Amoc-FL-OH; peptide 2: Amoc-FY-OH; 

F = L-phenylalanine, L = L-leucine, and Y = L-tyrosine). Peptides 1 and 2 form 

self-supporting hydrogels at pH 7.4. Self-supporting hydrogels 1 and 2 were used 

for antibacterial and cell culture applications (Scheme 2.2). 

Scheme 2.2 Chemical Structures of Amoc-Capped Dipeptidesa 

 
aSchematic representation of self-assembly leading to the formation of nanofibrillar hydrogels and 

biological evaluations with the self-supporting hydrogels. 

Furthermore, Amoc-capped peptide amphiphiles and corresponding hydrogels 1 

and 2 were characterized by various techniques. The nanostructural morphology 

of hydrogels was analyzed by electron microscopic (SEM and TEM) techniques. 

The SEM images of hydrogels reveal highly cross-linked nanofibrillar networks 

(Figure 2.16a,b). The presence of three dimensional (3D) nanofibrillar networks 

with several micrometers in length was revealed from the TEM analysis. The 

average diameters of nanofibrillar networks (Figure 2.16c,d) of hydrogels 1 and 2 

are 20 and 25 nm, respectively. These microscopic studies evident that dense 

nanofibrillar networks are responsible for the formation of self-supporting 

hydrogels. Furthermore, concentration-dependent UV/vis spectra were recorded to 
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obtain insight into the intermolecular interactions the supramolecular 

aggregates.[42] Broad absorption bands from 355 to 399 nm are observed for 

hydrogels 1 and 2 at all studied concentrations (Figure 2.17a,b). The broad 

absorption peaks are most likely associated with the anthracene moiety present in 

the hydrogels 1 and 2.[43,44] The broad absorption peaks are less prominent at lower 

hydrogel concentrations (20-80 µM). 

 
Figure 2.16 (a,b) FE-SEM images and (c,d) TEM images of hydrogels 1 and 2, 

respectively. 

The anthracene absorption peak intensity is gradually increased with the increase 

in hydrogel concentrations (>80 µM), and the peak positions remained constant. 

Absorption maxima at 254 nm (π-π* transition of phenylalanine amino acids) were 

observed for hydrogels 1 and 2, whereas, a second absorption band at 269 nm (π-

π* transition tyrosine amino acids) is observed for hydrogel 2. The observed peak 

positions are constant, and the peak intensity is increased with the increase in 

hydrogel concentrations (20-200 µM). Concentration-dependent UV/vis spectra 

reveal that all peak positions are constant and aggregation still remained at the 

lower hydrogel concentrations (Figure 2.17a,b). The self-assembly process was 

confirmed by fluorescence spectroscopy experiments, which suggest that the 

driving force behind the self-assembly could be π-π stacking interactions between 

aromatic moieties.[45] The emission spectra of aqueous solutions of peptides 1 and 
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2 (Figure 2.17c) show three sharp emission maxima between 390 and 440 nm (λ = 

365 nm), compared with the broad emission maximum at 459 and 450 nm (λex = 

365 nm) for their corresponding hydrogels, respectively (Figure 2.17d). 

 
Figure 2.17 (a,b) are the concentration-dependent UV/vis spectra of aqueous 

solutions of hydrogels 1 and 2, respectively. (c) Fluorescence spectra of peptides 

1 and 2 at 10 µM concentration. (d) Fluorescence spectra (λex = 365 nm) of 

hydrogels 1 and 2 at 20 mM concentration. (e) Excitation spectra of hydrogels 1 

and 2. (f,g) are concentration-dependent fluorescence spectra of peptides 1 and 2. 

(h) Decay traces of hydrogels 1 and 2 at 20 mM concentration. 
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Both the hydrogels show red shift in emission maxima, which possibly indicates 

the formation of an extended π-stacked system with an antiparallel arrangement in 

their hydrogel state. These pronounced red-shifted emission spectra of the 

hydrogels suggest the aggregation of gelator molecules that are responsible for the 

formation of supramolecular nanofibers.[46] Overall, the prominent red-shifted 

emission spectra for hydrogels suggest that aromatic amino acids and anthracene 

rings play a key role during the self-assembly process.[47] Excitation spectra were 

also recorded at the emission wavelength of 459 and 450 nm for hydrogels 1 and 

2, respectively. The excitation spectra show peaks at 363 and 360 nm, respectively, 

for hydrogels 1 and 2 (Figure 2.17e). The critical aggregation concentration (CAC) 

is one of the important parameters for antimicrobial peptide amphiphiles, where 

aggregation of the peptides occurs upon interaction with bacterial cell 

membranes.[48] The CACs for peptides 1 and 2 were investigated with the help of 

concentration-dependent fluorescence experiments. The aggregation propensity of 

peptides 1 and 2 was consistent with antibacterial data. The CAC values for 

peptides 1 and 2 were found at around 0.5 mM and 2 mM concentrations, 

respectively (Figure 2.17f,g). Further, fluorescence excited-state lifetimes and the 

decay profiles of the excited species of hydrogels were measured by the TCSPC 

technique. The lifetimes and decay traces of hydrogels are anticipated by 

excitation-emission wavelengths at 375-459 and 375-450 nm for hydrogels 1 and 

2, respectively. The decay traces for hydrogel 1 was fitted with a biexponential 

function and hydrogel 2 was fitted with a triexponential function (Figure 2.17h). 

The average lifetime 6.12 ns with lifetime components of 3.288 ns (30%) and 

7.335 ns (70%) is observed for hydrogel 1, whereas the average lifetime 1.18 ns 

with lifetime components of 1.237 ns (35%), 5.180 ns (10%), and 0.425 ns (55%) 

is observed for hydrogel 2 (Table 2.1). The longer average lifetime for hydrogel 1 

compared to hydrogel 2 suggests an excited-state stable complex by hydrogel 1 

than hydrogel 2. 

Table 2.1. Decay parameters for hydrogels at 20 mM concentration 

Name α1 α2 α3 τ1 (ns) τ2(ns) τ3(ns) τa(ns) χ2 

Hydrogel 1 0.30 0.70 - 3.288 7.335 - 6.12 1.34 

Hydrogel 2 0.35 0.10 0.55 1.237 5.180 0.425 1.18 1.20 

τa = Average lifetime  

α = Normalized amplitude of each component 

Secondary structures of the peptides and their corresponding hydrogels were 

investigated by FTIR analysis. The presence of a prominent amide band I at 1652 

cm-1 for peptide 1 and 1655 cm-1 for peptide 2 indicates that a major proportion of 

peptides in powder form is disordered in arrangements.[49] However, the additional 

peaks at 1690 and 1625 cm-1 for peptide 1 and 1689 and 1624 cm-1 for peptide 2 
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suggest that the small proportion of peptides could be arranged in a β-sheet-like 

structure.[50] The peaks centered at 1690 and 1634 and 1692 and 1626 cm-1 suggest 

a more ordered antiparallel β-sheet-like arrangement for hydrogels 1 and 2, 

respectively[51] (Figure 2.18a,b). Wide angle X-ray diffraction (WAXD) 

experiment was performed to investigate the molecular packing of peptides and 

their corresponding xerogels. 

 
Figure 2.18 (a,b) FTIR spectra of peptides and hydrogels 1 and 2, respectively. 

(c.d) are wide angle powder XRD spectra of peptide and xerogel, 1 and 2, 

respectively. (e,f) are the concentration-dependent CD spectra of aqueous 

solutions of hydrogels 1 and 2, respectively. 

The powder X-ray diffraction (PXRD) experiment shows a sharp peak 

corresponding to d spacing at 4.82 Å accompanied by another peak at 10.87 Å for 

xerogel 1. The peak at 4.82 Å represents the β-sheet-type hydrogen bonding with 

an antiparallel arrangement. Another peak at 10.87 Å represents the inter sheet 

stacking distances between β-sheet structures (Figure 2.18c).[52] The X-ray 

diffraction pattern of the xerogel 2 also shows a characteristic peak at 4.63 Å 
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accompanied by a second peak at 10.74 Å (Figure 2.18d). The X-ray diffraction 

patterns of these xerogels represent a similar type of antiparallel cross β-sheet 

arrangement. The peaks at 4.23 and 4.10 Å are observed because of the anthracene 

moieties present in xerogels 1 and 2, respectively.[53,54] Moreover, the π-π stacking 

interactions between aromatic moieties are revealed from the characteristic 

diffraction peaks corresponding to d-spacing at 3.60 and 3.54 Å for xerogels 1 and 

2, respectively.[55,56] However, these peaks are not observed in their corresponding 

peptides 1 and 2, indicating the crucial role of self-assembly process for the 

formation of well-defined nanostructures (Figure 2.18c,d). CD spectroscopy is a 

technique to elucidate the secondary structures of the peptide hydrogels. In our 

attempt to systematically analyze the growth of the self-assembly process in 

hydrogels 1 and 2, concentration-dependent CD studies were performed.[43,57,58] 

The hydrogel concentrations ranging from 20 to 600 μM were chosen for the 

concentration dependent CD analysis. These are the concentrations in line with the 

concentration-dependent UV/vis analysis. The unusual CD spectra for hydrogels 

are observed because of the presence of aromatic chromophores. The contribution 

of each aromatic side chain to the amide region of peptides is quite characteristic 

and causes interference with amide CD in the far-UV region. The observed CD 

spectrum for hydrogel 1 shows two negative signals around 204 and 220 nm and a 

positive signal around 226 nm, suggesting the presence of a helical conformation 

[59] (Figure 2.18e). The CD spectrum for hydrogel 2 shows two positive signals 

around 196 and 226 nm (20-600 μM). The intensity of Cotton effect is increased 

steadily with the increase in hydrogel 2 concentrations with nonsignificant shifting 

of the peak positions during the concentration variations (Figure 2.18f). The 

aromatic chromophores of the hydrogels 1 and 2 have different π-π* transitions in 

the region of near- and far-UV. These transitions are classified by different 

properties of their excited states, for example, 1Lb, 1La, 1Bb, and 1Ba. The aromatic 

chromophores of hydrogel 1 interact with adjacent peptide groups,[60] which leads 

to a positive local band (La) at the wavelength around 234 nm and Lb band is 

observed around 269 nm (20-600 μM) (Figure 2.18e). However, hydrogen bonding 

of phenolic OH in hydrogel 2 gives rise to a further red shift of the La band at 240 

nm and the Lb band at 287 nm (20-600 μM) (Figure 2.18f). The very strong 

negative Cotton effect due to π-π* transition of aromatic chromophores is centered 

at 248 and 270 nm (20-600 μM) for hydrogels 1 and 2, respectively.[61,62] On the 

basis of the results from concentration-dependent CD spectra, we conclude that 

hydrogel 1 favors a helical conformation. Rheological experiments were 

performed to elucidate the mechanical strength and thixotropic nature of 

hydrogels.[7,42] The rheological study is very crucial to determine the hydrogel 

strength and stiffness for biological applications. The oscillatory frequency sweep 

measurements for hydrogels (20 mM) show a higher storage modulus (G′) 

compared to the loss modulus (G″) during the experiment, indicating the 

viscoelastic nature of the hydrogels. An increase in hydrogel 1 (G′ > 104) stiffness 

compared to hydrogel 2 (G′ > 103) is evidenced from oscillatory frequency sweep 

measurements (Figure 2.19a,c). Rheological strain sweep experiments were 
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performed to investigate thixotropic nature of the hydrogels upon external strain 

at a constant angular frequency of 10 rad/sec (Figure 2.19b,d). In step 1, hydrogels 

were subjected below the deformation limit (at a low strain, γ = 0.1% for hydrogel 

1 and 0.5% for hydrogel 2). Storage moduli (G′) of hydrogels 1 and 2 are greater 

than their loss moduli (G″) indicating the cross-linked network in the hydrogels. 

In step 2, hydrogels were subjected at a higher strain (γ = 40%), where the storage 

modulus (G′) decreased below the loss modulus (G″). These results indicate that 

the cross-linked networks of hydrogels ruptured and turned into liquid-like sol 

state. In step 3, when a low strain (γ = 0.1% for hydrogel 1 and 0.5% for hydrogel 

2) was applied for 100 s, the mechanical properties of the hydrogel quickly 

recovered because of the reformation of 3D crosslinked networks. The periodic 

low/high strain was applied with an interval of 100 s up to six cycles to ensure the 

self-healing nature of the hydrogels. 

 
Figure 2.19 (a,c) Dynamic frequency sweep experiments and (b,d) strain sweep 

experiments for hydrogels 1 and 2, respectively. 

The self-healing nature of hydrogel 2 (almost 100% mechanical strength recovery) 

is better than hydrogel 1 owing to the dynamic deformation-reconstruction of the 

3D fibrillar network (Figure 2.19b,d). The fast recovery of the hydrogel strength 

was apparently because of the formation of hydrogen bonding, π-π stacking, and 

noncovalent interactions within the gelator molecules. The hydrogel strength 

recovery time was very short and recovered in 100 s interval only. Apart from the 

thixotropic nature, these hydrogels also show injectable property, and the volume 

was controlled by injecting hydrogels onto glass slides without gelation and 

blockage within the needle. The mechanical strength of the hydrogels is also 
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visually confirmed by forming tough and shape-memory hydrogels at 20 mM 

concentration (Figure 2.20). This type of injectable, tough, robust, and shape-

memory[63] hydrogels would be of great interest in the area of biomaterial 

implantations and 3D bioprinting.[64,65] Therefore, considering shape-memory, 

injectable, and self-healing properties of hydrogels, these hydrogels were further 

used for antibacterial and cell culture experiments. 

 
Figure 2.20 Optical photographs (a,b): (i) inverted vial demonstrating hydrogel 

formation, (ii) syringe injection, and (iii) 3D block of self-supporting hydrogels 1 

and 2, respectively. (c) Optical images of triangular and pentagonal shapes of 

hydrogel 2. 

Microbial contaminations due to the biomaterial implantations are a major 

challenging problem that requires designing a material possessing inherent 

antibacterial properties. Keeping abovementioned points in mind, antibacterial 

efficacy of hydrogels was evaluated by optical density and agar well-diffusion 

method.[66] However, when using agar well-diffusion method, diffusion of the 

hydrogel is very less because of the hydrogel stiffness, and therefore, the observed 

zone of inhibition is small in diameter. Antibacterial activity of hydrogels was 

measured by optical density (OD625) method to avoid physical obstacles of the 

hydrogels. The OD625 values for Gram-positive (S. aureus and B. subtilis) and 

Gram-negative (E. coli, P. aeruginosa, and S. typhi) bacteria indicate that growth 

of the Gram-positive bacteria was significantly inhibited by hydrogels 1 and 2 

(Figure 2.21a,b). The maximum antibacterial activity of hydrogel 1 is observed at 

125 and 250 μM concentrations, whereas the MIC50 is found at 12.5 and 125 μM 

concentrations for S. aureus and B. subtilis bacteria, respectively. The maximum 

antibacterial efficacy of hydrogel 2 against S. aureus and B. subtilis is observed at 

1000 and 500 μM concentrations, respectively. However, MIC50 values of 

hydrogel 2 are 250 and 125 μM for S. aureus and B. subtilis, respectively. 

(a) (i) (ii) (ii)

(iii)(iii)

(i)(b)

(c)
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Figure 2.21 Antibacterial study of the effect of 11 various concentrations of (a) 

hydrogel 1 and (b) hydrogel 2 (ranging from 1000 to 1.56 µM) on two Gram-

positive and one Gram-negative bacteria. The effect of 11 various concentrations 

of (c) hydrogel 1 and (d) hydrogel 2 (ranging from 1000 to 1.56 µM) on two Gram-

negative bacteria, as shown by absorbance at 625 nm. Data are shown as mean ± 

SEM (N = 3). ap < 0.05; bp < 0.01; cp < 0.001 and dp < 0.0001, as compared to 

control group. 

The hydrogels 1 and 2 are found to be ineffective against Gram-negative (E. coli) 

bacteria at the concentration range from 1000 to 1.56 μM, where inhibition is not 

≥50% (Figure 2.21a,b). Further, the antibacterial efficacy of peptide hydrogels are 

evaluated using other Gram-negative (P. aeruginosa and S. typhi) bacteria, and the 

hydrogels are ineffective against Gram-negative bacteria (Figure 2.21c,d) at the 

concentration range from 1000 to 1.56 μM. Hydrogel 1 (1000 μM concentration) 

is more viscous and sparingly soluble in nutrient broth medium, whereas hydrogel 

2 (1000 μM concentration) forms a homogenous solution in nutrient broth medium. 

Hence, the diluted form of hydrogel 1 is homogeneously distributed within the 

broth media and shows higher antibacterial efficacy as compared to the higher 

concentrations. In the case of hydrogel 2, all studied concentrations are 

homogeneously distributed. Therefore, higher concentrations of hydrogel 2 are 

more effective and further dilution decreases the antibacterial efficacy of hydrogel 

2 against Gram-positive bacteria. The lower CACs and the greater hydrophobicity 

of peptide 1 (log P = 5.96) in comparison with peptide 2 (log P = 5.63)[67] 

significantly influence the antibacterial efficacy of their corresponding hydrogels. 

However, antibacterial efficacies of hydrogels are also evaluated at higher 

concentrations (5, 7.5, 10, 15, and 20 mM). The higher concentrations of hydrogel 
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1 show antibacterial activity against Gram-positive bacteria, whereas hydrogel 2 

shows potent antibacterial activity against Gram-positive and Gram-negative 

bacteria (Figure 2.22a,b). The present antibacterial data suggests that different 

structural complexities between Gram-positive and Gram-negative bacteria are 

responsible for the differential antibacterial activities of hydrogels. 

 
Figure 2.22 Antibacterial study of the effect of 5 higher concentrations of (a) 

hydrogel 1 and (b) hydrogel 2 (ranging from 20 to 5 mM) on two Gram-positive 

and three Gram-negative bacteria, as shown by absorbance at 625 nm. Data are 

shown as mean ± SEM (N=3). a p < 0.05; b p < 0.01; c p < 0.001 and d p < 0.0001, 

as compared to control group. 

A single lipid membrane in Gram-positive bacteria is covered by a cell wall 

composed of thick a peptidoglycan layer, lipoteichoic, and teichoic acid. The cell 

wall of Gram-negative bacteria is thin and composed of a peptidoglycan layer 

located between periplasmic space generated due to the inner and outer lipid 

membranes. The cell wall of Gram-positive bacteria is directly exposed to the 

hydrogel surface, which could make easier to penetrate the cell wall and disrupt 

the cell membrane, whereas, the extra lipopolysaccharide cell membrane present 

in Gram-negative bacteria works as a selective filter and might prevent the 

antibacterial activity of the hydrogels (except higher concentrations of hydrogel 

2). The higher concentrations (20 and 10 mM) of hydrogel 2 show antibacterial 

efficacy against Gram-negative bacteria (Figure 2.22a,b). The aqueous channel 

present in the outer membrane of porin protein provides a selective entrance for 

the tyrosine-containing less hydrophobic hydrogel 2, and antibacterial efficacy is 

observed against Gram-negative bacteria.[68] The entire experiments were 

performed under a laminar airflow chamber, and aseptic conditions were 

maintained during the experiments. All experiments were repeated three times for 

each sample, and average data are shown. Furthermore, cytotoxicity of hydrogels 

was evaluated by the MTT assay on hWBCs, which represents the cellular viability 

and/or proliferations.[69] In the present study, MTT data show a nonsignificant 

decrease in MTT absorbance at higher concentrations (from 200 to 1.25 μM) of 

hydrogel 1 (Figure 2.23a). However, lower concentrations of hydrogel 1 (0.625 

and 0.312 μM) show a significant increase in MTT values. The MTT data from 

hydrogel 1 suggests that hydrogel 1 exerts slightly toxic results on cellular viability 
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and/or proliferation at higher concentrations. Interestingly, lower concentrations 

(0.625 and 0.312 μM) of hydrogel 1 are found to be safe and exert a marginal 

positive influence on cell viability and proliferation. 

 

Figure 2.23 Comparative study of the effects of 11 various concentrations of (a) 

hydrogel 1 and (b) hydrogel 2 (ranging from 200 to 0.312 µM) on 

cytotoxicity/viability assessment on total WBCs (isolated from human blood). The 

effects of 5 higher concentrations of (c) hydrogel 1 and (d) hydrogel 2 (ranging 

from 20 to 5 mM), as shown by the MTT assay. Data are shown as mean ± SEM 

(N = 5). ap < 0.05; bp < 0.01; cp < 0.001 and dp < 0.0001, as compared to control 

group. 

MTT data from hydrogel 2 (Figure 2.23b) consistently show increase in cell 

viability in a dose-dependent manner. Hydrogel 2 shows significant increase in 

MTT absorbance at 100 μM concentration, which reaches highest at 5 μM 

concentration. Studied concentrations lower than 5 μM show decrease in MTT 

values. The biosafety parameters of hydrogels are evaluated by mixing the cells 

directly with the various concentrations of the hydrogels (5, 7.5, 10, 15, and 20 

mM). Interestingly, it is found that the higher concentrations of hydrogels do not 

exert considerable toxicity on cell viability (Figure 2.23c,d). Furthermore, 

biocompatibility of hydrogels was assessed by hemolytic activity experiments 

using hRBCs. Hydrogel 1 shows an increase in hemolysis at higher concentrations 

(200-25 μM) (Figure 2.24a), whereas lower concentrations (20 and 10 μM) of 

hydrogel 1 show a decrease in hemolysis significantly. Lower concentrations (5-

0.312 μM) of hydrogel 1 show nonsignificant changes in these values. In line to 

MTT data, hydrogel 2 (Figure 2.24b) shows a marginal (4-6%) increase in 

hemolysis at higher concentrations (200-25 μM). However, at lower 

concentrations (20, 10, 5, and 0.625 μM), hydrogel 2 shows a nonsignificant 
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decrease in hemolysis, whereas all other studied concentrations (2.5, 1.25, and 

0.312 μM) show a nonsignificant increase in hemolysis (∼1-2%). Marginal 

fluctuations in hemolysis data are observed, which might be the outcome of 

osmotic influence due to the hydrogel consistency or partial sedimentation. 

Furthermore, top five higher concentrations (5, 7.5, 10, 15, and 20 mM) of 

hydrogels are employed for the hemolysis study. The higher hydrogel 

concentrations (15 and 20 mM) show an increase in hemolysis, and the lower 

concentrations (10, 7.5, and 5 mM) of the hydrogels are hemocompatible (Figure 

2.24c,d). 

 
Figure 2.24 Comparative study of the effects of 11 various concentrations of (a) 

hydrogel 1 and (b) hydrogel 2 (ranging from 200 to 0.312 µM) on hemolysis on 

RBCs (isolated from human blood). The effects of 5 higher concentrations of (a) 

hydrogel 1 and (b) hydrogel 2 (ranging from 20 to 5 mM), as shown by absorbance 

at 540 nm. Data are presented as percentage of control group and shown as mean 

± SEM (N = 3). ap < 0.05; bp < 0.01; cp < 0.001 and dp < 0.0001, as compared to 

control group. 

Further, to understand the effect of hydrogels on human cell LPO experiment was 

performed.[70] In response to hydrogel 1 treatment, a nonsignificant increase in 

LPO values at higher concentrations (200-20 μM) and a nonsignificant decrease in 

LPO values at lower concentrations (10-0.312 μM) are observed (Figure 2.25a). In 

response to hydrogel 2 treatment, all studied concentrations show a significant 

decrease in LPO values (Figure 2.25b), as compared to the control group. These 

data consistently reveal that hydrogel 2 is safe and does not exert any cytotoxic 

effect. Further, LPO study indicates that hydrogel 2 decreases the oxidative stress 

significantly and shows free-radical scavenging activity. The LPO experiments 

were conducted using higher concentrations (5, 7.5, 10, 15, and 20 mM) of the 
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hydrogels to evaluate the biosafety and biocompatibility of the hydrogels on 

human blood cell membranes (Figure 2.25c,d). Both the hydrogels show inhibition 

of LPO in a dose-dependent manner, and higher concentrations of hydrogels are 

more effective than the lower concentrations. However, hydrogel 2 is found to be 

more effective at all high doses as compared to hydrogel 1. 

 
Figure 2.25 Comparative study of the effects of 11 various concentrations of (a) 

hydrogel 1 and (b) hydrogel 2 (ranging from 200 to 0.312 µM) on LPO in TBARs 

formed equivalent to nM/mL MDA formed in RBCs (isolated from the human 

blood). the effects of 5 higher concentrations of (a) hydrogel 1 and (b) hydrogel 2 

(ranging from 20 to 5 mM). Data are presented as percentage of control group and 

shown as mean ± SEM (N = 6). ap < 0.05; bp < 0.01; cp < 0.001 and dp < 0.0001, 

as compared to control group. 

Comprehensively, results from the present study suggest that both the studied 

hydrogels 1 and 2 are biocompatible but hydrogel 2 is better for biological 

applications. On the basis of the present study, it is observed that the outcomes of 

the hydrogel treatments with erythrocytes and WBCs are dependent on complex 

interactions of biophysical parameters such as viscosity and osmosis and 

biochemical variables including that of free-radical scavenging potential, 

membrane permeability, intracellular and extracellular accumulation of hydrogels, 

and changes in molecular trafficking across the cells due to the presence of 

hydrogels. 

 

2.4 Conclusion 

In conclusion, we have successfully developed novel Amoc-capped dipeptide-

based injectable, self-healable, and shape-memory hydrogels with inherent 
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antibacterial properties for biomedical applications. Self-supporting hydrogels 

were obtained through molecular self-assembly of Amoc-capped dipeptides at 

physiological conditions (pH 7.4, 37 °C). The noncovalent interactions such as 

hydrogen bonding and π-π stacking interactions are the driving force for the self-

assembly of Amoc-capped dipeptides. TEM and SEM revealed 3D dense 

nanofibrillar networks of the hydrogels. The rheological experiments revealed that 

the hydrogels are robust and self-healing up to several cycles with nonsignificant 

loss of their strength. The self-assembly process was systematically analyzed by 

fluorescence spectroscopy, and the presence of a secondary structure in peptide 

hydrogels were confirmed by PXRD, FTIR, and CD spectroscopy experiments. 

The supramolecular aggregation behavior of peptide gelators were studied by 

concentration-dependent CD and fluorescence spectroscopy. Furthermore, these 

self-supporting hydrogel surfaces were used for biological applications. The 

antibacterial efficacy of the hydrogels was evaluated against two Gram-positive 

and three Gram-negative bacteria. These hydrogels showed potent antibacterial 

efficacy against Gram-positive bacteria, whereas the higher concentrations of 

hydrogel 2 showed antibacterial efficacy against Gram-positive and Gram-

negative pathogenic bacteria. The hemolysis study suggests that hydrogels are 

hemocompatible. Furthermore, cytotoxicity of hydrogels was investigated against 

hWBCs, and the data from MTT assay revealed that both the hydrogels were 

biocompatible toward the human cells. The biosafety parameters of hydrogels were 

also evaluated by direct mixing of cells with the hydrogels. In accordance with 

MTT data, LPO data also revealed that these hydrogels decrease LPO values and 

demonstrated that hydrogels are safe toward the human cell membrane. These 

experiments confirmed that our designed hydrogels satisfy the increasing demand 

of injectable biomaterials for the localized bacterial infections and biomaterial 

implantations. 
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3.1 Introduction  

An increasing demand of functional materials in various interdisciplinary areas of 

research has emphasized the development of smart functional biomaterials, which 

feature a variety of applications in the areas of drug delivery, tissue engineering, 

wound healing, antimicrobial therapy, and 3D printing.[1-13] Molecular self-

assembly is adopted to construct a class of biomaterials.[14-16] Molecular self-

assembly is a fundamental and ubiquitous process in nature, which plays an 

imperative role in many areas of chemical biology for the spontaneous construction 

of supramolecular architectures.[17-21] Self-assembling cationic and surfactant-like 

peptides form various supramolecular nanostructures, which enhance 

antimicrobial activity by interacting with lipid membranes.[22-24] Peptide-based 

low-molecular-weight hydrogels (LMWHs) have drawn significant attention 

owing to their therapeutic values and potential applications in the areas of 

biomedicine.[25-27] The high-water content, biocompatibility, hemocompatibility, 

and non-immunogenicity of peptide-based LMWHs make them attractive 

candidates for biomedical applications.[28-30] Additionally, peptide-based LMWHs 

show thixotropic and self-healing behavior.[31,32] The thixotropic properties of 

hydrogels enable rapid gel-sol-gel transitions that serve as carriers for cell 

incorporation and transfer to the target site.[33] However, several problems are 

associated with the implantable biomaterials because of infection and 

inflammation induced by the implantable biomaterials at the target site.[2,34] 

Therefore, the development of injectable and implantable biomaterials with innate 

anti-inflammatory and antimicrobial activity has become a demanding task to 

minimize the inflammatory response and infections induced by the biomaterials.[35-

37] A number of peptide-based LMWHs have been developed, and their in vitro 

cytotoxicity was evaluated using different cell lines.[32,37] Despite their in vitro 

biocompatibility, it is noteworthy that their potential biocompatibility must be 

confirmed after in vivo injection or implantation of peptide-based LMWHs.[38-40] 

Inflammation is a hallmark of host immune response against foreign invaders, 

materials, and pathogens which is mediated via cytokine signaling and immune 

cell infiltration.[41] It is widely accepted that biomaterials having inherent anti-

inflammatory activity prevent the undesired immune response by inhibiting 

cyclooxygenase response. [42,43] Nevertheless, peptide-based nonsteroidal LMWHs 

with an ability to alleviate foreign body response using an in vivo study with the 

rat air pouch model would have great attraction in current research. The rat air 

pouch is one of the most elegant in vivo models to study acute-granulomatous 

inflammation. In this model, an air pouch is made by the subcutaneous injection 

of sterile air over several days into the thoracic region of the back of the rat. 

Injection of the inflammatory agent carrageenan induces an oxidative stress 

response, increment in the fluid exudate volume, and a histological change in the 

inner cellular lining of the rat air pouch.[44-46] In the present work, these parameters 

were quantified and used to determine the extent of the anti-inflammatory activity 

of a synthesized peptide-based LMWH. 
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3.2 Experimental Section 

3.2.1   Materials and Methods 

Materials required for this study were purchased from commercial sources and 

used without further purification. 9-Anthracenemethanol and 4-nitrophenyl 

chloroformate were purchased from Sigma-Aldrich, U.S.A. L-leucine (L), L-

phenylalanine (F), dicyclohexylcarbodiimide (DCC), 1-hydroxybenzotriazole 

(HOBt) were purchased from SRL, India. All solvents were purchased from Merck 

and distilled prior to use. Tetrahydrofuran (THF) and N,N’-dimethylformamide  

(DMF) were dried using the standard procedure. Lambda carrageenan (Type IV) 

was purchased from Himedia Pvt. Ltd. Mumbai, India. Thin-layer chromatography 

(TLC) was performed on pre-coated silica gel plates (Kieselgel 60 F254, Merck). 

Peptide and their intermediates were purified by Flash Chromatography 

(TELEDYNE ISCO, USA; model: CombiFlash®Rf+) using silica gel (100-200 

mesh) with EtOAc/hexane (ratio as required) as eluent. HPLC analysis was carried 

out using a Dionex HPLC-Ultimate 3000 (High Performance Liquid 

Chromatography) pump. A Dionex AcclaimTM 120 C18 column of 250 mm length 

with an internal diameter 4.6 mm and 5 µm fused silica particles at a flow rate of 

1 mL min-1 coupled with UV-Vis detector. NMR spectroscopy was performed in 

CDCl3 and DMSO-d6 on a Bruker AV 400 MHz spectrometer. The chemical shifts 

() are reported in ppm, downfield of tetramethylsilane (TMS); peak multiplicities 

are reported as follows: singlet (s), doublet (d), triplet (t), quartet (q) and multiplet 

(m). FTIR spectroscopy was performed on KBr pellets on a Bruker Tensor 27 

FTIR spectrophotometer. Electrospray ionization mass spectrometry (ESI-MS) 

was acquired on a Bruker micrOTOF-Q II mass spectrometer. The conventional 

solution phase methodology was used for the synthesis of peptide 3. 

3.2.2 Synthesis of 3 

Scheme 3.1 Synthetic pathway of 3 

 
3.2.2.1 Synthesis of 8 

7 (1.5 g, 7.44 mmol) was solubilized in dry THF under N2 atmosphere. The solution 

was ice-cooled and pyridine (0.648 g, 8.18 mmol) was added into the cold solution. 

The white slurry was obtained after the addition of pyridine. 6 (1.29 g, 6.2 mmol) 

was solubilized in dry THF and the solution was added into the reaction mixture 

by several portions. The reaction mixture was allowed to stir overnight at room 

temperature. Product conversion was checked by TLC. After completion of the 

reaction, THF was evaporated by a rotary evaporator. The crude reaction mixture 
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was diluted with ethyl acetate (50 mL) and the mixture was washed with 1 M HCl 

(3 × 30 mL) and successively with brine. The yellow-green product was obtained 

by evaporating the solvent under reduced pressure. The product was recrystallized 

by using benzene and yellow needle-shaped crystal of 8 was further used for the 

synthesis of 3. 

Yield: 1.7 g (73%). 1H NMR (400 MHz, CDCl3): δ = 8.58 (s, 1H, Amoc), 8.42-

8.40 (d, J = 8.88 Hz, 2Hs, Ph), 8.26- 8.24 (d, J= 8.44 Hz, 2Hs, Amoc), 8.08-8.06 

(d, J = 8.40 Hz, 2H, Amoc), 7.65-7.61 (t, J = 7 Hz, 2H, Amoc), 7.55-7.51 (t, J = 

7.48 Hz, 2H, Amoc), 7.37-7.35 (d, J = 8.36 Hz, 2H, Ph), 6.39 (s, 2H, Amoc) ppm. 

 
Figure 3.1 1H NMR spectrum (400 MHz) of 8 in CDCl3. 

3.2.2.2 Synthesis of 16 

1.5 g (4.02 mmol) of 8 was dissolved in 3 mL dry DMF. The reaction mixture was 

ice-cooled. The hydrochloride salt of 12 (1.46 g, 8.04 mmol) was neutralized using 

saturated Na2CO3 (10 mL) solution and the product was extracted using ethyl 

acetate (3 × 30 mL). The neutralized 12 solution was concentrated and added to 

the reaction mixture and allowed to stir for 12 h. Product conversion was 

confirmed by TLC. After completion of the reaction, ethyl acetate (25 mL) was 

added and washed with 1 M HCl (3 × 30 mL), saturated Na2CO3 solution (3 × 30 

mL) and then with brine. Solid yellow 16 was obtained after evaporating the 

solvent under reduced pressure. 

Yield: 1.32 g (86%); FT-IR (KBr): ῡ = 3313 (s, NH), 1738 (s, COOMe), 1682 (s, 

amide I band), 1625 (s, amide I band), 1535 (s, amide II band) cm-1; 1H NMR (400 

MHz, CDCl3): δ = 8.50 (s, 1H, Amoc), 8.38–8.36(d, J = 8.60 Hz, 2H, Amoc), 8.03–

8.01 (d, J = 8.28 Hz, 2H, Amoc), 7.59–7.47 (m, 4H, Amoc), 6.21–6.10 (q, 2H, 

Amoc), 5.09–5.07 (d, J = 7.56 Hz, 1H, NH), 4.44 (m, 1H, Cα H of Leu), 3.72 (s, 

3H, OCH3), 1.64–1.60 (m, 1H, Cγ H of Leu), 1.57–1.48 (m, 2H, Cβ Hs of Leu), 

0.97–0.90 (t, 6H, Cδ Hs of Leu) ppm; MS (ESI): m/z calcd for C23H25NO4: 

402.1681 [M+Na]+; found: 402.1680. 
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Figure 3.2 1H NMR spectrum (400 MHz) of 16 in DMSO-d6. 

 

 
Figure 3.3 ESI-MS spectrum of 16. 

3.2.2.3 Synthesis of 17 

1.0 g (2.63 mmol) of 16 was completely solubilized in the mixture of THF:MeOH 

(1:2, 30 mL). In the reaction mixture, 1 M LiOH (2 mL) solution was added slowly. 

The progress of hydrolysis was monitored by TLC and reaction mixture was stirred 

up to 6 h for complete hydrolysis. After the completion of the reaction, excess 

solvent was evaporated and diluted with 30 mL of distilled water. The aqueous 

solution of the product was taken into the separating funnel and slowly washed 

with diethyl ether (20 mL). The aqueous layer was collected and cooled in an ice 

bath. Then, the solution was acidified with 1 M HCl. The pH of aqueous layer was 

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

ethyl acetate layer was dried over anhydrous Na2SO4 and evaporated under reduced 

pressure to obtain 17 as yellow sticky product. 

Yield: 0.850 g (88%); FT-IR (KBr): ῡ = 3337 (s, NH), 1712 (s, COOH), 1682 (s, 

amide I band), 1623 (s, amide I band), 1523 (s, amide II band) cm-1; 1H NMR (400 

MHz, DMSO-d6): δ = 8.68 (s, 1H, Amoc), 8.40-8.38 (d, J = 8.8 Hz, 2H, Amoc), 

8.14-8.11 (d, J = 8.28 Hz, 2H, Amoc), 7.62-7.53 (m, 4H, Amoc), 7.45-7.43 (d, J = 

8.04 Hz, 1H, NH), 6.08 (s, 2H, Amoc), 4.01-3.98 (m, 1H, Cα H of Leu), 1.58 (m, 

1H, Cγ H of Leu), 1.47-1.42 (m, 2H, Cβ Hs of Leu) 0.84-0.81 (m, 6H, Cδ Hs of 

Leu) ppm; MS (ESI): m/z calcd for C22H23NO4: 388.1525 [M+Na]+; found: 

388.1611. 
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Figure 3.4 1H NMR spectrum (400 MHz) of 17 in DMSO-d6. 

 
Figure 3.5 ESI-MS spectrum of 17. 

3.2.2.4 Synthesis of 18 

0.7 g (1.91 mmol) of 4 and HOBt (0.361 g, 2.67 mmol) were stirred in 3 mL of 

DMF. A neutralized solution of 9 (0.825 g, 3.82 mmol) was extracted from its 

corresponding hydrochloride salt. It was concentrated and added to the reaction 

mixture followed by coupling agent DCC (0.551 g, 2.67 mmol) at 0 °C and allowed 

to stir at room temperature for 12 h. After the reaction, the reaction mixture was 

diluted with ethyl acetate and the organic layer was washed with 1 M HCl (3 × 30 

mL), saturated Na2CO3 (3 × 30 mL) and brine solution. Ethyl acetate layer was 

dried over anhydrous Na2SO4 and evaporated under vacuum to found 18 as yellow-

orange solid. 

Yield: 0.880 g (87%); FT-IR (KBr): ῡ = 3294 (s, NH), 1741 (s, COOMe), 1688 (s, 

amide I band), 1650 (s, amide I band), 1537 (s, amide II band) cm-1; 1H NMR (400 

MHz, DMSO-d6): δ = 8.69 (s, 1H, Amoc), 8.40-8.38 (d, J = 8.68 Hz, 2H, Amoc), 

8.24 (d, J = 7.4 Hz, 1H, NH), 8.14-8.12 (d, J = 8.16 Hz, 2H, Amoc), 7.60-7.55 (m, 

4H, Amoc), 7.24-7.17 (m, 6H, NH and Ph of Phe), 6.07 (s, 2H, Amoc), 4.47-4.42 

(m, 1H, Cα H of Phe), 4.13-4.07 (m, 1H, Cα H of Leu), 3.54 (s, 3H, OCH3), 3.00-

2.93 (m, 2H, Cβ Hs of Phe), 1.50-1.48 (m,1H, Cγ H of Leu), 1.32-1.29 (m, 2H, Cβ 

Hs of Leu), 0.84-0.80 (m, 6H, Cδ Hs of Leu) ppm; MS (ESI): m/z calcd for 

C32H34N2O5: 549.2365 [M+Na]+; found: 549.2521. 
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Figure 3.6 1H NMR spectrum (400 MHz) of 18 in DMSO-d6. 

 
Figure 3.7 ESI-MS spectrum of 18. 

3.2.2.5 Synthesis of 3 

0.5 g (0.95 mmol) of 18 was dissolved in 10 mL dry THF and 20 mL MeOH. In 

the reaction mixture, 1 M LiOH (6 mL) solution was added. The hydrolysis 

progress was monitored by TLC. The reaction mixture was stirred up to 4 h for 

complete hydrolysis. After the completion of reaction, excess solvent was 

evaporated and diluted with 50 mL of distilled water. The water mixture was taken 

in a separating funnel and slowly washed with diethyl ether (20 mL). The aqueous 

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

1 M HCl. The pH of aqueous layer was adjusted to 2 and the product was extracted 

with ethyl acetate (3 × 30 mL). The ethyl acetate layer was dried over anhydrous 

Na2SO4 and evaporated under reduced pressure to obtain 3 as white solid. 

Yield: 0.391 g (80%); FT-IR (KBr): ῡ = 3288 (s, NH), 1727 (s, COOH), 1687 (s, 

amide I band), 1647 (s, amide I band), 1531 (s, amide II band) cm-1; 1H NMR (400 

MHz, DMSO-d6): δ = 12.72 (s, 1H, COOH), 8.68 (s, 1H, Amoc), 8.40-8.38 (d, J = 

8.68 Hz, 2H, Amoc), 8.14-8.12 (d, J = 8.16 Hz, 2H, Amoc), 8.03-8.01 (d, J = 7.68 

Hz, 1H, NH), 7.60-7.55 (m, 4H, Amoc), 7.24-7.15 (m, 6H, NH and Ph of Phe), 

6.11-6.02 (m, 2H, Amoc), 4.44-4.39 (m, 1H, Cα H of Phe), 4.12-4.07 (m, 1H, Cα 

H of Leu ), 3.05-2.89 (m, 2H, Cβ Hs of Phe), 1.52-1.48 (m, 1H, Cγ H of Leu), 1.33-

1.30 (m, 2H, Cβ Hs of Leu), 0.83-0.80 (t, J = 14.72 Hz, 6H, Cδ Hs of Leu) ppm; 
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13C NMR (100 MHz, DMSO-d6): δ = 172.76, 172.10, 155.99, 137.45, 130.92, 

130.48, 129.18, 128.90, 128.61, 128.07, 127.29, 126.59, 126.33, 125.25, 124.22, 

58.10, 53.29, 53.17, 36.66, 24.07, 22.90, 21.51 ppm; HRMS (ESI): m/z calcd for 

C31H32N2O5: 535.2209 [M+Na]+; found: 535.2213. 

 
Figure 3.8 1H NMR spectrum (400 MHz) of 3 in DMSO-d6. 

 
Figure 3.9 13C NMR spectrum (100 MHz) of 3 in DMSO-d6. 

 
Figure 3.10 HRMS spectrum of 3. 
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Figure 3.11 HPLC chromatogram of 3 at 254 nm. 

3.2.3 Preparation of the Hydrogel 

A self-supporting hydrogel of the peptide (molecular weight 512.5962) was 

prepared by using the pH method. a 10.25 mg portion of the peptide was suspended 

in 1 mL of ultrapure water (20 mM) in a glass vial. This suspension was partially 

solubilized by slow addition of aqueous 0.5 M NaOH and stirred for 30 min for 

complete solubilization of dipeptide. The pH of the solutions (pH 10) was 

decreased slowly by addition of 0.1 M HCl, and the final pH was maintained at 

7.4. The viscous solution of the peptide was kept resting at 37 °C for 15 min to get 

a strong and self-supporting hydrogel. The formation of a stable and tough 

hydrogel was confirmed by the test tube inversion method. 

3.2.4 Characterizations 

The synthesized peptide 3 and the corresponding hydrogel 3 were characterized by 

various spectroscopic techniques. The absorption spectra of the diluted hydrogel 

were recorded using a Varian Cary 100 Bio UV/vis spectrophotometer at 

concentrations ranging from 5 to 400 μM. However, the absorption spectra are 

shown only in the concentration range from 5 to 100 μM because of saturation of 

absorption spectra at higher concentrations (200, 300, and 400 μM). Fluorescence 

emission and excitation spectra of the aqueous peptide (10 μM) and the 

corresponding hydrogel 3 (20 mM) were recorded on Horiba Scientific 

Fluoromax-4 spectrophotometer in a quart cuvette (10 × 10 mm2) at 25 °C. The 

slit width for the emission and excitation spectra was set at 2 nm, and the data pitch 

was 1 nm. The emission spectra of the aqueous peptide and hydrogel were recorded 

at λex 365 nm, and the data range was 375-600 nm. The excitation spectra of the 

aqueous peptide were recorded at λem 412 nm, and the data range was 402-250 nm. 

The excitation spectra of the hydrogel were recorded at λem 477 nm, and the data 

range was 467-250 nm. The concentration-dependent fluorescence spectra of the 

aqueous hydrogel (ranging from 0.062 to 15 mM) and hydrogel (20 mM) were 

recorded to investigate the supramolecular interactions between peptides. The 

critical aggregation concentration for the peptides was determined by a 

concentration-dependent fluorescence experiment by using a fluorescence 

intensity versus peptide concentration plot. A time-correlated single photon 

counting (TCSPC) instrument was used to measure decay traces of the hydrogels. 

TCSPC studies were performed on a Horiba Yovin (Model Fluorocube-01-NL) 

instrument. Samples were excited at λex 375 nm using a picosecond diode laser, 

and emission was recorded at λem 412 and 477 nm for the peptide and hydrogel, 

respectively. The signals were collected at magic angle (54.701) polarization using 

a photomultiplier tube (TBX-07C) as a detector, which had a dark count of less 

than 20 cps. The instrument response function (IRF, fwhm B 140 ps) was recorded 

using a very dilute scattering solution. Data analysis was performed using IBH 
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DAS (version 6, HORIBA Scientific, Edison, NJ) decay analysis software. The 

excited state average lifetimes of the hydrogel was measured by using the equation  

˂𝜏˃ =∑ 𝛼𝑖
𝑛

𝑖=1
𝜏𝑖 

where τi values are the fluorescence lifetimes of various fluorescent species and ai 

values are the normalized pre-exponential factors. The circular dichroism (CD) 

spectra were recorded at 25 °C using a JASCO J-815 spectropolarimeter at aqueous 

hydrogel concentrations ranging from 5 to 400 μM (in line with concentration-

dependent UV/vis experiments). The spectra were recorded in a quartz cell (path 

length 1 mm) within the range 500-190 nm with a data pitch of 0.1 nm. The 

bandwidth was set at 1 nm, the scanning speed was 20 nm min-1, and the response 

time was 1 s. Experimental data were recorded in triplicate, and the average data 

are shown. Fourier transform infrared (FT-IR) spectra of the hydrogel and peptide 

were recorded on a Bruker (Tensor 27) FT-IR spectrophotometer by using the KBr 

pellet technique. The FT-IR measurements were recorded within the range 500-

4000 cm-1 over 64 scans at a resolution of 4 cm-1 and interval of 1 cm-1. 

3.2.5 Morphological Study of the Hydrogel 

The nanostructural morphology present in the self-assembled hydrogel was 

characterized by microscopic techniques. A field-emission scanning electron 

microscopy (FE-SEM) experiment was performed on a JEOL scanning electron 

microscope (Model No: JSM-7600F). In this experiment, 50 μL of the hydrogel 

(20 mM) was diluted with 150 μL of water and 20 μL of the aqueous solution of 

the hydrogel was placed on a glass coverslip. The glass coverslip containing the 

hydrogel sample was dried first in the air and then under vacuum and coated with 

gold. Transmission electron microscope (TEM) images were captured with a 

Tecnai-G2-F20 instrument manufactured by FEI, operated at an accelerating 

voltage of 200 kV. A 50 μL portion of the hydrogel (20 mM) was diluted with 450 

μL of water, and the dilute solution of the hydrogel (20 μL) was dried on carbon-

coated copper grids (300 mesh) by slow evaporation in the air and then allowed to 

dry separately under reduced pressure at room temperature. The nano structural 

morphology of the hydrogel was analyzed by TEM experiments using 2% (w/v) 

phosphortungstic acid as a negative stain. 

3.2.6 Rheological Properties of the Hydrogels 

The mechanical strength of the hydrogel was analyzed by rheological experiments. 

Rheological experiments were performed at 25 °C on an Anton PaarPhysica MCR 

301 rheometer. The viscoelastic properties of the hydrogel were measured by 

measuring the storage modulus (G′) and loss modulus (G′′). A 1 mL portion of the 

hydrogel was transferred to a rheometer plate by using a micro spatula and kept 

hydrated by using a solvent trap. A stainless-steel parallel plate (diameter 25 mm) 

was used to sandwich the hydrogel with TruGap (0.5 mm). The amplitude sweep 

experiment was performed to determine the region of deformation of the hydrogel 

in which linear viscoelasticity is valid. The exact strain (0.5%) for the hydrogel 

was determined by a linear viscoelastic (LVE) regime at a constant frequency of 

10 rad s-1. The mechanical strengths of the hydrogel were determined by a 
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frequency sweep experiment using the same strain percent determined by an 

amplitude sweep experiment. In a frequency sweep measurement, the graph was 

plotted as a function of frequency in the range 0.05-100 rad s-1. The step strain 

experiment was performed to evaluate the thixotropic and self-healing nature of 

the hydrogel by varying low-high-low strain for every 100 s at a constant frequency 

of 10 rad s-1. 

3.2.7 Antibacterial Experiment 

3.2.7.1 Inoculum Preparation 

The optical density OD620 method was employed for antibacterial experiments. 

Nutrient broth (NB) medium was used for bacterial growth and cultivation. NB 

media was prepared by mixing peptone (10 g), yeast extracts (3 g), and sodium 

chloride (5 g, NaCl) in 1000 mL of sterile distilled water. The pH of the NB 

medium was adjusted to pH 7.0 using 0.1 M NaOH solution. The NB medium was 

sterilized in an Erlenmeyer flask (25 mL) at a pressure of 15 lb and temperature of 

121 °C for 30 min. The microbial cultures of Staphylococcus aureus (MTCC 96) 

and Escherichia coli (MTCC 739) bacteria were obtained as lyophilized powders 

from the Institute of Microbial Technology Chandigarh (CSIR-IMTech), India. 

Fresh inoculums of Staphylococcus aureus and Escherichia coli bacteria were 

prepared. A single colony was harvested and subsequently inoculated in sterilized 

nutrient broth medium for bacterial growth. The bacterial inoculums were kept 

shaking in an incubator at 37 °C overnight. The turbidity of fresh overnight 

cultured bacterial suspensions was diluted as 0.5 McFarland standard to give a 

working concentration in the range of (1-2) × 108 colony-forming units (cfu mL-

1).[47] The optical density of all cultures was measured before and after incubation 

at OD620 nm under aseptic conditions. 

3.2.7.2 Antibacterial Assay 

The hydrogel (40 mM) for the antibacterial test was prepared as described in 

Preparation of the Hydrogel. A 500 μL portion of the hydrogel (40 mM) was placed 

in a 2 mL sterile microcentrifuge tube (triplicate). A 400 μL amount of NB media 

was mixed with the hydrogel, and 100 μL of bacterial inoculum (working 

inoculums size 1 × 106 cfu mL-1) was placed in the tubes (total hydrogel dilution 

1:1). For other hydrogel concentrations, the stock gel (40 mM) was used and final 

working concentrations (15, 10, 5, and 2.5 mM) were maintained after NB and 

culture addition for the antibacterial test. The bacterial solution devoid of the 

hydrogel in nutrient broth was used as the control, and only nutrient broth was used 

as a blank. The gel control was prepared using similar concentrations of the 

hydrogel without adding the bacterial culture to subtract the gel background. All 

of the tubes were kept in an incubator at 37 °C for 24 h. After incubation, 500 μL 

of sterile NB media was added to microcentrifuge tubes and centrifuged at 1500 

rpm for 5 min to avoid the hydrogel turbidity in the bacterial absorbance. A 200 

μL portion of supernatant having the bacterial culture was taken in the sterile 

centrifuge tube, and 1.5 mL volume was maintained by adding 1300 μL of sterile 

water. The absorbance OD620 values of control and test gel were recorded manually 

in the spectrophotometer. The absorbance of gel control was recorded and 
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subtracted from the absorbance of the test gel. The absorbance of the test sample 

was compared with the absorbance of control, and data are shown as the percentage 

of control groups.  

3.2.8 In Vitro Biocompatibility Experiments 

3.2.8.1 Isolation of Blood 

The blood sample was collected from a healthy Wistar albino male rat in a vacuum 

tube in which sodium citrate solution (3.2% w/v) was added as an anticoagulant. 

3.2.8.2 Isolation of RBCs (Red Blood Cells) and WBCs (White Blood Cells) 

Erythrocytes (RBCs) were isolated from blood by using centrifugation at 1500 rpm 

for 5 min at 4 °C. Leukocytes (WBCs) were collected from buffy coat using a 

sterile syringe, and the rest of the cells were washed three times with 10 mM PBS 

(0.9% w/v NaCl, pH 7.4).  

3.2.8.3 Hemolytic Activity 

To study hemolytic activity, a 2% (v/v) suspension of erythrocytes in PBS (10 

mM) was used. The aqueous hydrogel concentrations used for hemolytic activity 

were in line with the cell culture experiment (200 to 12.5 μM). Briefly, 950 μL of 

cell suspension was incubated with 50 μL of the hydrogel (final concentrations 

ranging from 200 to 12.5 μM). Only PBS was used as a blank, whereas control 

samples had erythrocytes in the buffer and were devoid of the hydrogel (considered 

as zero lysis). Erythrocytes treated with 1% (w/v) Triton X-100 were considered 

as complete lysis (100% lysis). The mixtures were then incubated at 37 °C for 2 h. 

After the completion of incubation, mixtures were centrifuged very carefully at 

1000 rpm for 10 min at 4 °C. Each experiment was performed in triplicate (n = 3). 

The percentage of hemolysis was analyzed using absorbance of the supernatant at 

540 nm against control (zero lysis and 100% lysis).  

3.2.8.4 MTT Viability Assay 

The cytotoxic effects of the hydrogel (1000, 800, 600, 400, 200, 100, 50, 25, 12.5, 

and 6.25 μM peptide concentrations) were evaluated by performing a 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The human 

embryonic kidney 293 cell line (HEK293) and HeLa cells were used for the MTT 

assay. The cells were trypsinized and seeded (8.0 × 103 and 5.0 × 103 cells/well for 

HEK293 and HeLa cells, respectively) in a 96-well culture plate (number of wells 

for each peptide concentration n = 8) and allowed to grow for 24 h in 100 μL of 

DMEM (Dulbecco’s Modified Eagle Medium contains 4 mM L glutamine, 1000 

mg/L glucose, and 110 mg/L sodium pyruvate) with 10% FBS (fetal bovine serum) 

and 1% antibiotic (penicillin-streptomycin) solution. After 80% confluency, 

DMEM media was slowly removed from the wells and a fresh 190 μL of the 

medium was placed in the wells. Cells were treated with 10 μL of the hydrogel 

(final peptide concentrations after media dilution ranged from 1000 to 6.25 μM) 

for 48 h at 37 °C and 5% CO2. The control groups were treated with 10 μL of PBS 

(10 mM, pH 7.4) in place of the hydrogel. After incubation, the medium was 

carefully removed by pipet and 20 μL of MTT (5 mg/mL stock) was placed in each 

well and incubated for additional 4 h at 37 °C to allow intracellular reduction of 

the soluble yellow MTT to insoluble purple formazan crystals. These crystals were 
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dissolved by adding 100 μL of DMSO, and absorbance was taken at 570 nm using 

a microplate reader (Synergy H1 multimode microplate reader).  

3.2.9 In Vivo Anti-Inflammatory Experiments 

3.2.9.1 Animals 

In vivo experiments were performed according to the Institutional Animal Ethical 

Committee (IAEC) guidelines, and approval was received prior to in vivo 

experiments. Wistar albino male rats (weight 180 ± 10 g) were housed in 

polypropylene cages in a standard photoperiod (14 h light/10 h dark)- and 

temperature-controlled (27 ± 1 °C) room with the provision of laboratory feed 

(Gold Mohur feed, Hindustan Lever Limited, Mumbai, India) and water ad libitum. 

Animals were maintained in accordance with the guidelines of the Committee for 

the Purpose of Control and Supervision of Experiments on Animals (CPCSEA), 

Ministry of Environment, Forest and Climate Change, New Delhi, Government of 

India (Reg. No. 779/Po/Ere/S/03/CPCSEA). 

3.2.9.2 Carrageenan-Induced Inflammation 

The animals were divided into six groups (n = 5) and labeled as control (normal 

control, disease control, and drug control) and test groups (1, 0.5, and 0.25% 

hydrogel groups; 19.51, 9.75, and 4.87 mM peptide). The air pouch was made on 

the back of the Wistar rat (for five groups) except for the normal control group. To 

create an air pouch, 20 mL of sterile air was injected subcutaneously into the 

intrascapular area of the back of the rat. The air pouch cavity was maintained by 

reinjecting 10 mL of sterile air on the third and sixth days, respectively. After 

formation of a stable air pouch (on the seventh day), 1 mL of carrageenan (2% 

w/v) dissolved in normal saline (0.9%) was directly injected into the air pouch of 

rats (total five groups except normal control) to induce the inflammatory response. 

To evaluate the biological activity of Amoc-capped hydrogel, 0.2 mL of various 

doses of the hydrogel (1, 0.5, and 0.25% hydrogel groups) was injected into the air 

pouch after 4 h carrageenan treatment. In the drug control group, 0.2 mL of the 

standard anti-inflammatory drug indomethacin (10 mg/kg) was injected after 4 h 

carrageenan treatment. In the disease control group, only carrageenan was given 

to induce acute inflammation. After 48 h incubation (on the ninth day), the 

overnight fasted animals were sacrificed under mild anesthesia. Various 

parameters were analyzed as described below.[48]  

3.2.9.3 Total and Differential WBCs Count 

A small incision was made in the thoracic region of the pouch wall, and 10 mL of 

ice-cold PBS was injected through the incision. The fluid content mixed with PBS 

inside the pouch was carefully removed using a sterile Pasteur pipet. These fluid 

contents were centrifuged at 5000 rpm for 10 min. Exudate cells were separated, 

and the total/differential WBCs were counted microscopically after staining air-

dried smears with Wright stain. The larger exudate volume in the disease control 

group in comparison to the test group signifies the maximum inflammation 

induced by carrageenan. 

3.2.9.4 Histology 
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The histological experiment was performed after carrageenan, indomethacin, and 

hydrogel treatment on the endothelial tissue of the inner lining of the air pouch. A 

small portion of the tissue specimen was fixed in buffered formalin (10% v/v) and 

embedded in paraffin wax. The sections were cut to 4 μm thickness, stained with 

hematoxylin and eosin, and viewed under a light microscope for the histological 

examinations of the control and experimental rats.  

3.2.9.5 Lipid Peroxidation Assay (LPO) 

The endothelial tissue of the inner lining of the air pouch was carefully 

homogenized in 10% (w/v) ice-cold PBS (1 mM, pH 7.4). After complete tissue 

homogenization, the homogenate was centrifuged at 10000 rpm for 10 min and the 

supernatant was separated with the help of a micropipet. The experiment was 

performed using 0.2 mL of tissue homogenate in 0.2 mL of SDS (8.1% w/v), and 

1.5 mL of acetic acid (20% v/v) was added to provide the acidic medium for the 

peroxidation reaction. Finally, 1.5 mL of TBA (1% w/v) was added to the reaction 

mixture and an additional 0.6 mL of water was added to make up the reaction 

volume to 4 mL. The control experiment was performed as mentioned above using 

another 1.5 mL of water in place of 1% TBA (total amount of water 2.1 mL). These 

experimental setups were kept in a boiling water (95 °C) bath for 1 h to give a pink 

solution. Finally, 4 mL of freshly prepared TCA (10% w/v) was added to stop the 

reaction. The amount of thiobarbituric acid reactive substances (TBARs) formed 

was measured by taking the absorbance at 532 nm. A standard curve was made to 

calculate the amount of TBARs formed equivalent to malondialdehyde formed in 

nM/mL.  

3.2.10 Statistical Analyses  

Data are presented as the percentage of the control group and shown as mean ± 

SEM (ap < 0.05; bp < 0.01; cp < 0.001, and dp < 0.0001) in comparison to the control 

group. Data were analyzed by nonparametric analysis of variance (ANOVA) 

followed by post hoc Dunnett’s multiple comparison tests, using a trial version of 

Graph Pad Prism version 7.03 for Windows (GraphPad, San Diego, CA). 
 

3.3 Results and Discussion 

We have designed and synthesized an Amoc-capped dipeptide (Amoc-LF-OH; L 

= L-leucine, F = L-phenylalanine). The synthesized peptide is insoluble in water. 

Hence, the peptide was solubilized in ultrapure water by increasing the pH by 

addition of 0.5 M NaOH. The pH of the system was slowly decreased by addition 

of 0.1 M HCl solution. The peptide entraps a large amount of water and forms a 

self-supporting hydrogel under physiological conditions (pH 7.4, 37 °C) (Scheme 

3.2). Introducing Amoc moiety in low-molecular-weight-based peptides provides 

optimal hydrophobicity, which enhances their self-assembling propensity for 

biological applications. In a previous report, a bulky amino acid leucine attached 

adjacent to an Fmoc (9-fluorenylmethoxycarbonyl) group showed higher anti-

inflammatory activity (NPC 15199 (9-(fluorenylmethoxycarbonyl)leucine)). 

However, reduction of the size of the side chains of amino acids such as alanine 

(NPC 14688) and glycine (NPC 14692) attached adjacent to the Fmoc group 
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significantly decreased anti-inflammatory activity.[49] The structural similarity of 

the designed peptide with a previously reported Fmoc-capped anti-inflammatory 

peptide (NPC 15199) motivated us to investigate the inherent anti-inflammatory 

and antibacterial efficacies.[35,49,50] 

Scheme 3.2 Chemical Structures of Amoc-Capped Dipeptidea 

 
aGraphical Representation of the Self-Assembly of Amoc-Capped Dipeptide Leading to the 

Formation of Self-Supporting Hydrogel 

 

The self-assembling nature of the Amoc-capped peptide leads to the formation of 

a nano-structural morphology which was analyzed by electron microscopy (SEM 

and TEM) (Figure 3.12a, b). The SEM image of the hydrogel demonstrates porous 

and highly dense cross-linked nanofibrillar networks (Figure 3.12a). TEM images 

further demonstrate the presence of entangled nanofibrillar networks with an 

average diameter of 15 nm and length of several micrometers (Figure 3.12b). 

Concentration dependent UV/vis spectra were collected to understand the 

intermolecular interactions in supramolecular aggregates (Figure 3.12c).[28] The 

absorption maxima centered at 254 nm (π-π* transitions) are observed due to the 

presence of phenylalanine. Multiple absorption bands from 346 to 385 nm are 

observed, which are associated with the anthracene moiety present in the peptide. 

The concentration-dependent UV/vis spectra showed a nonsignificant shift of 

absorption maxima at all studied concentrations (5 to 100 μM). The intensity of 

absorption maxima increases gradually with an increase in peptide concentration, 

which could be attributed to the involvement of intermolecular interactions among 

peptide molecules. Further, the fluorescence spectroscopic technique was used to 

characterize the self-assembly process. The emission spectra of the hydrogel (20 

mM) and the aqueous peptide solution (10 μM) were recorded to investigate the 

change in the emission maxima (Figure 3.12d).[6] The emission spectrum of the 

aqueous peptide shows three sharp emission bands between 393 and 435 nm with 

a emission maximum at 412 nm (λex 365 nm). The emission spectrum of the 

hydrogel showed a broad emission maximum at 477 nm (λex 365 nm) due to the 

head to tail interaction of the peptide in the J aggregate state.[4,6] The red-shifted 

(65 nm) emission spectrum of the hydrogel in the self-assembled state evidences 

the involvement of π-π stacking and intermolecular hydrogen bonding 

π-π stacking

interactions 

H-bonding

interactions 
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interactions.[31] The excitation spectra of the peptide (λem 412 nm) and 

corresponding hydrogel (λem 477 nm) were recorded. The excitation spectra of the 

peptide and hydrogel show excitation peaks at 365 and 370 nm, respectively 

(Figure 3.12e). Furthermore, the critical aggregation concentration (CAC) and 

self-assembling behavior of the peptide were studied with the help of a 

concentration-dependent fluorescence experiment (Figure 3.12f, g).[31]  

 
Figure 3.12 (a, b) SEM and TEM images of the hydrogel, respectively. (c) 

Concentration-dependent UV/vis spectra of aqueous hydrogel solutions. (d) 
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Fluorescence spectra (λex 365 nm) of the hydrogel (20 mM) and aqueous peptide 

solution (10 μM). (e) Excitation spectra of the hydrogel (20 mM, λem 477 nm) and 

aqueous peptide (10 μM, λem 412 nm). (f) Concentration-dependent fluorescence 

spectra (λex = 365 nm) using various concentrations of hydrogel (20-0.007 mM). 

(g) Concentration-dependent fluorescence (λex 365 nm) maxima showing the 

critical aggregation concentration of peptides. (h) Decay traces of hydrogel (20 

mM) and peptide (10 μM) solutions. 

 

A decrease in the hydrogel concentrations (20 to 0.062 mM) results in a blue shift 

and change in the pattern of emission spectra. The highest concentration of peptide 

in the hydrogel (20 mM) leads to aggregation-caused quenching (ACQ) in the 

fluorescence spectra. The intensity of the emission spectra becomes constant (15 

to 1 mM) due to strong supramolecular interactions among peptides. Further, 

hydrogel dilutions (1 to 0.125 mM) lead to the loss of supramolecular interactions 

among peptides and the highest fluorescence intensity is observed at 0.125 mM 

peptide. The fluorescence intensity decreases again with the hydrogel dilutions 

(0.125 to 0.007 mM) because of the lesser number of available fluorophore 

moieties. The results from the concentration-dependent fluorescence study 

indicate that the CAC value of the peptide is 1 mM, approximately. A time-

correlated single photon counting (TCSPC) was employed to measure the 

fluorescence lifetime and the decay profiles of the excited state species of the 

aqueous peptide (10 μM) and hydrogel (20 mM) by excitation-emission 

wavelength at 375-475 nm, respectively (Figure 3.12h).[31] The decay traces for the 

aqueous peptide and corresponding hydrogel are fitted with a biexponential 

function. The average lifetime for the aqueous peptide is calculated as 3 ns with 

lifetime components of 2.2371 ns (62%) and 4.2462 ns (38%), whereas the average 

lifetime for the hydrogel is calculated as 2.64 ns with lifetime components of 

1.3013 ns (50%) and 3.9607 ns (50%). 

 

Table 3.1 Decay parameters of the peptide (10 μM) and corresponding hydrogel 

(20 mM) 

Name α1 α2 τ1 (ns) τ 2 (ns) τ a (ns) 2 

Peptide 0.62 0.38 2.2371 4.2462 3.0 1.06 

Hydrogel  0.50 0.50 1.3013 3.9607 2.63 1.14 

τa = Average lifetime  

α = Normalized amplitude of each component 

 

In line with fluorescence experiments, the shorter excited state lifetime for the 

hydrogel in comparison to the aqueous peptide reveals the effect of ACQ. In order 

to investigate the secondary structure and hydrogen-bonding interactions present 

in the peptide and the corresponding hydrogel, an FT-IR experiment was 

performed (Figure 3.13a). The enhancement of the IR signal in the amide I region 



117 

 

(1600-1700 cm-1) is mainly associated with the involvement of hydrogen bonds 

among amide groups.[31] The peptide shows a peak at 1647 cm-1, whereas the 

hydrogel shows an intense peak at 1635 cm-1 indicating a more ordered β-sheet-

like arrangement in the hydrogel state.[51] Concentration-dependent CD 

spectroscopy was employed to study the self-assembling behavior of the aqueous 

hydrogel (Figure 3.13b).[31]  

 
Figure 3.13 (a) FTIR spectra of peptide and hydrogel. (b) Concentration-

dependent CD spectra of diluted hydrogel solutions. (c, d, e) Amplitude, frequency 

and step strain sweep experiments, respectively. 

 

The aqueous hydrogel (5 to 400 μM) was used for the concentration dependent CD 

experiment. The observed CD spectra of self-assembled peptide show strong 

bisignated CD absorption in the range of 235-265 nm which is associated with the 

aromatic chromophores present in the peptides. The self-assembling behavior of 

the peptides from lower to higher concentrations (5 to 400 μM) results in a red shift 

in CD absorption in the aromatic region. These results reveal the involvement of 

π-π stacking and hydrogen-bonding interactions for the formation of chiral 
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supramolecular aggregates. The aqueous hydrogel (200 to 400 μM) shows a 

negative CD absorption at 223 nm due to an n-π* transition of the amide groups. 

The amide CD is not seen at lower concentrations (5 to 100 μM) of the aqueous 

hydrogel, which might be attributed to the strong intervention of aromatic side 

chains. From the concentration-dependent CD and fluorescence experiments, we 

conclude that noncovalent interactions are prominent at higher concentrations 

(≥200 μM) of peptides. Furthermore, the stiffness and viscoelastic nature of the 

hydrogel were elucidated with the help of rheological experiments.[30,52] The 

amplitude sweep experiment was performed at a constant angular frequency of 10 

rad/s to determine the linear viscoelastic region (LVR) of the hydrogel (Figure 

3.13c). The amplitude sweep experiment suggests that 0.5% strain is within the 

LVR for the hydrogel and is valid for the oscillatory frequency sweep experiment. 

The oscillatory frequency sweep experiment reveals that the storage modulus (G′) 

is greater than the loss modulus (G′′) over the entire frequency range, indicating 

the formation of a tough and rigid hydrogel (Figure 3.13d). Further, the thixotropic 

nature of the hydrogel was evaluated by a strain sweep experiment at a constant 

angular frequency of 10 rad/s (Figure 3.13e). In the strain sweep experiment, the 

reversibility of gel-sol-gel transitions was evaluated by periodically changing the 

low-high strain. Initially, the hydrogel was kept below the deformation limit at 

lower strain (γ = 0.5%) for 100 s. At lower strain, the storage modulus (G′) of the 

hydrogel is greater than the loss modulus (G′′) of the hydrogel for 100 s, indicating 

the formation of a tough and highly cross linked self-assembled network. At higher 

strain (γ = 40%), the storage modulus of the hydrogel decreases below the loss 

modulus of the hydrogel, indicating the formation of a sol-like state due to the 

deformation of the self-assembled network. Again, at lower strain (γ = 0.5%), the 

storage modulus (G′) exceeds the loss modulus (G′′) of the hydrogel, which further 

indicates very fast recovery (100 s) of its mechanical strength due to the 

reconstruction of the self-assembled network. The results from step strain and 

frequency sweep experiments evidence that the hydrogel stiffness is suitable for 

the biological applications. However, the hydrated environment of the hydrogel 

and other biomaterials generates a favorable microenvironment for bacterial 

adhesion, growth, and biofilm formation. Most of the Gram-positive bacteria 

contain teichoic acid in their cell envelopes, which is responsible for bacterial 

adhesion and biofilm formation on the surface of biomaterials.[34] Hence, to 

overcome these challenges, the antibacterial efficacy of the hydrogel was evaluated 

at the gelation concentration (20 mM) and various other dilutions (2.5, 5, 10, 15 

mM) of the hydrogel against Gram-positive (S. aureus) and Gram-negative (E. 

coli) pathogenic bacteria (Figure 3.14a, b). The growth of Gram-positive and 

Gram-negative bacteria is significantly inhibited by the hydrogel. The maximum 

antibacterial efficacy against Gram-positive and Gram-negative bacteria is 

observed at a gelation concentration of 20 mM. Further, dilution of the hydrogel 

(20-2.5 mM) decreases the antibacterial efficacy against Gram-positive and Gram-

negative bacteria. The antibacterial efficacy of the hydrogel against Gram-negative 

bacteria is less than that against Gram-positive bacteria.  
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Figure 3.14 The antibacterial experiments against (a) S. aureus. (b) E. coli 

bacteria, respectively. Optical microscope (original magnification 100X) 

photograph of HEK293 cells during cell culture experiment taken from 96 well 

plate: (c) before hydrogel treatment. (d) 48 h after hydrogel (200 μM) treatment 

shows intact cellular morphology. Cell culture experiment using HEK293 and 

HeLa cells: (e, f) HEK293 cell viability and IC50 plot. (g) IC50 plot for HeLa cells. 

(h) Hemolysis data. Data are presented as the percentage of the control group and 

shown as mean ± SEM. ap< 0.05; bp < 0.01; cp < 0.001, and dp< 0.0001, as 

compared to the control group (n = 5). The non-significant data are shows as “ns”. 
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Lower concentrations of the hydrogel (2.5, 5, and 10 mM) are ineffective against 

Gram-negative bacteria because inhibition is ≤50%. However, the hydrogel shows 

potent antibacterial efficacy against Gram-positive bacteria. The self-assembling 

peptide interacts with the lipid membrane present in Gram-negative and Gram-

positive bacteria. The amphipathic nature of the self-assembling peptide could be 

the driving force behind the antibacterial efficacy of the hydrogel.[22-24] The 

amphiphilic nature of the peptide leads to aggregation with the bacterial lipid 

membrane, which results in the membrane permeation and disruption through 

various noncovalent interactions.[53,54] The extra lipopolysaccharide membrane 

present in Gram-negative bacteria might retard the antibacterial efficacy of 

peptides against Gram-negative bacteria in comparison to Gram-positive 

bacteria.[34] The biocompatibility of the biomaterials must cover various biological 

aspects such as non-cytotoxicity, non-immunogenicity, and biodegradability.[38] 

Prior to in vivo experiments, the in vitro cytotoxicity of the prepared hydrogel was 

evaluated using cell culture experiments (Figure 3.14c, d).[39] In vitro cytotoxicity 

of the hydrogel (1000 to 6.25 μM) to cellular viability and proliferation of normal 

cells were evaluated using HEK293 cells (Figure 3.14e). The data from the 

cytotoxicity study represents that the hydrogel is noncytotoxic for the growth and 

viability of HEK293 cells up to 200 μM hydrogel concentration (82% cell 

viability). Further, dilutions of the hydrogel (200 to 6.25 μM) show a significant 

increase in growth and viability of HEK293 cells in a dose-dependent manner (cell 

viability ≥95%). Higher concentrations (1000 to 400 μM) of hydrogel show 

significant inhibition to cell viability. The IC50 value (759 μM) for the hydrogel is 

calculated by a nonlinear fitting of the cell viability of HEK293 cells against 

various hydrogel concentrations (Figure 3.14f). However, another cell culture 

experiment was performed using HeLa cells. The IC50 values (1063 μM) for HeLa 

cells corroborate the non-cytotoxicity of the hydrogel (Figure 3.14g). In order to 

investigate the compatibility of the hydrogel toward mammalian blood cells, a 

hemolysis study was performed with red blood cells using various concentrations 

of hydrogel (200 to 12.5 μM) (Figure 3.14h).[55] The highest hemolysis (5% only) 

is observed at a 200 μM hydrogel concentration. Further, dilution of the hydrogel 

(200 to 12.5 μM) decreases the hemolysis (∼5 to 1%) in a dose-dependent manner. 

These cytotoxicity data further authenticate the biocompatibility of the peptide for 

in vivo applications. Biomaterial-mediated acute inflammation remains a huge 

challenge for researchers. In this regard, the in vivo compatibility and therapeutic 

potential of the Amoc-capped peptide hydrogel were investigated using the rat air 

pouch model of inflammation (Figure 3.15a, b). Hematoxylin-eosin (H&E) 

staining is an excellent technique for the observation of gross tissue morphology, 

infiltration of inflammatory cells, tissue edema, and injury due to the injection or 

implantation of the biomaterials into the target site.[56] The histological 

examinations of endothelial tissue reveal normal tissue architecture in the control 

group (Figure 3.15c).  
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Figure 3.15 Optical photographs of (a) a normal rat and (b) a rat having an air 

pouch. (c) Endothelial tissue histology images of the rat air pouch wall after 

termination of the experiments at 10X and 40X, respectively. 

 

The carrageenan-treated group shows edema in endothelial tissue, which is marked 

by the increased widths of endothelial cells with a concomitant decrease in 

interstitial spaces and masking of adipocyte size and the highest infiltration of 

inflammatory cells such as neutrophils and macrophages (Figure 3.16a, b). In the 

indomethacin-treated group, reduction of inflammatory cells was observed similar 

to the normal tissue architecture. The hydrogel-treated groups show dose-

dependent behavior in inflammation (1 to 0.25% hydrogel).  
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Figure 3.16 (a) Average inflammatory cell number per histological field (400X 

magnification). (b) Average interstitial space between adipocytes per histological 

field (400X magnification). Differential WBCs counts in air pouch fluid exudates 

collected after termination of the experiments (a) Neutrophile, (b) Lymphocyte, 

respectively. (e) Total WBC count in air pouch exudates. (f) LPO assay on 

endothelial tissue extracted from the air pouch wall. 

 

The maximum numbers of inflammatory cells are seen in the 1% hydrogel treated 

group which are less than those for the carrageenan-treated group. However, 

further lower doses of hydrogel (0.5 and 0.25%) lead to a significant decrease in 

inflammatory cells and tissue architectures, which revert back toward normalcy. 

The best anti-inflammatory activity is observed with 0.25% hydrogel. 

Furthermore, total and differential white blood cell (WBC) counts of air pouch 

exudate corroborate the histology data (Figure 3.16c, d, e). The maximum WBCs 

are seen in the carrageenan-treated group, whereas in the control group no WBCs 
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are detected. The total WBC count is significantly decreased by indomethacin. 

However, the hydrogel treatment further decreases WBC count in a dose-

dependent manner and the lowest WBC number is observed with the 0.25% 

hydrogel treated group. In line with histology, this experiment also reveals that 

0.25% hydrogel is best for anti-inflammatory activity. A differential WBC count 

suggests that the hydrogel significantly reduces the inflammatory cell neutrophils 

and macrophages. Our data consistently reveal that the hydrogel works as an anti-

inflammatory agent (Figure 3.16d, e). A lipid peroxidation (LPO) assay was 

performed to further evaluate the oxidative damage by hydrogel treatment on the 

endothelial tissue of the rat air pouch (Figure 3.16f).[57] A significant increase in 

LPO value is observed in the carrageenan-injected group, in comparison to the 

control. Treatment with the anti-inflammatory drug indomethacin reduces the LPO 

value. Interestingly, hydrogel treatment further reduces LPO values in a dose-

dependent manner (1 to 0.25% hydrogel), which confirms the nontoxic and anti-

inflammatory nature of the hydrogel. 

 

3.4 Conclusion 

In summary, we have designed and developed an Amoc-capped peptide-based 

LMWH and the therapeutic potential of the hydrogel in inflammation was 

evaluated by a rat air pouch model of acute inflammation. The inherent 

antibacterial efficacy of the hydrogel against pathogenic bacteria also opens a new 

avenue for LMWHs as a biological containment free implantable biomaterial. In 

vitro biocompatibility of the peptide offers a significant promise for therapeutic 

applications. Furthermore, an in vivo study of acute inflammation gives insight 

into the biocompatibility as well as anti-inflammatory potential of the hydrogel in 

a dose-dependent manner. We believe that our designed material may work as an 

implantable biomaterial for wound healing and targeted drug and cell delivery 

applications. 
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4.1 Introduction  

In recent years, self-assembling systems have attracted great attention for the 

construction of functional materials with the rationalized properties and 

functions.[1−5] The well-defined nanostructured materials could be achieved by 

participation of various noncovalent interactions such as hydrogen bonding and 

electrostatic, hydrophobic, and π−π stacking interactions among molecular 

building blocks.[6−11] One of the most important soft biomaterials, which exhibits 

self-healing and stimuli-responsive behavior, is obtained using the involvement of 

reversible noncovalent interactions of self-assembling systems.[12−14] In the light of 

recent biomaterial science advancement, the self-healing biomaterials, which 

recover the mechanical strength in a very short time, have been used in various 

interdisciplinary areas including drug delivery, wound healing, 3D bioprinting, 

tissue engineering, and antimicrobial therapy.[15−23] Among the various 

biomaterials, amino acids and peptide-based hydrogels have been extensively 

investigated owing to their high water content, chemical simplicity, 

biocompatibility, biodegradability, and tunable mechanical properties.[24−27] The 

Amoc (9-anthracenemethoxycarbonyl)-protected peptide-based hydrogelators 

possess excellent self-assembling behaviors owing to their inherent 

hydrophobicity and aromaticity.[11,14] The incorporation of aromatic moieties at the 

side chains of Amoc-capped peptides could enhance the π−π interactions. Among 

the various side chains, FF-based (F = phenylalanine) building blocks self-

assemble into the various nanostructures such as nanotubes, nanospheres, 

nanowires, and nanofibrils.[28] Therefore, FF-based nanofibrous materials are 

highly demanding because of their functional similarity with natural extracellular 

matrices.[6,28] Additionally, their complex nanostructures and biological activity 

can be easily controlled and tuned using a simple precursor.[29−32] To achieve this, 

several supramolecular coassembled systems have been developed using 

cyclodextrins with self-assembling peptides and other organic molecules which 

support cell viability, promote cell attachments and migration, and provide 

mechanical strength.[33−36] In the area of supramolecular chemistry, cyclodextrins 

are an important class of cyclic oligosaccharides having six to eight interlinked D-

glucose units with hydrophilic exterior and hydrophobic interior, which can 

increase noncovalent interactions between cyclodextrins and self-assembling 

peptides.[37,38] The outer hydrophilic surfaces of cyclodextrins increase the 

hydrogen bonding interactions between guest molecules, whereas the interior 

hydrophobic cavities accommodate bulky nonpolar groups.[39] The supramolecular 

complexes between cyclodextrins and peptides have progressively attracted 

researchers to design and synthesize biological active biomaterials.[40,41] The 

coassembled hydrogels driven by coassembly of cyclodextrins and peptides would 

have great promise in the area of wound healing owing to their hydrated 

environment, nanofibrillar morphology, excellent biocompatibility, self-healable 

activity, and sustained release of bioactive component for antibacterial 

therapy.[39−42] Wound healing is one of the universal and important issues in health 

care which restores the normal functions of tissues and cellular architectures to 
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protect against the foreign invaders, mechanical and chemical injury, and regulate 

the body temperature.[43−45] However, in vivo wound healing possesses several 

challenges such as bacterial infection, inflammatory and immune mechanism for 

the restoration of normal tissues, and cellular function.[46,47] The skin is considered 

as the largest and fastest growing organ in the animal body which serves as a self-

renewing and self-repairing interface between the body and the external 

environment.[48−50] An ideal hydrogel for wound healing must prevent bacterial 

infection, allows gaseous exchange, and provides a hydrated environment for 

epithelial cell migration and proliferations.[47,50] The wound healing is a multistage 

process which consists the following events: (1) coagulation, (2) inflammation, (3) 

mesenchymal cell differentiation, proliferation and migration, (4) angiogenesis, 

(5) re-epithelization, and (6) collagen synthesis.[51,52] Coagulation or hemostasis is 

the first and early stage of wound healing which starts with vascular constriction, 

platelet aggregation, and fibrin formation to stop the bleeding.[53] The hemostatic 

clot and wound tissues release proinflammatory cytokines, proadhesive molecules, 

and growth factor such as fibroblast, epidermal, and platelet-derived growth 

factor.[53] The proinflammatory cytokines actuate the acute inflammation by the 

sequential recruitment of the inflammatory cells such as neutrophils, macrophages, 

and lymphocytes into the wound site.[51−53] These inflammatory cells are 

responsible for clearance of invading microbes, apoptotic cells, and other cellular 

debris near the wound site.[51−53] In this healing process, the inflammatory cells 

promote the cell proliferation and regeneration stage of wound healing.[51,52] It is 

well accepted that the moist environment has an important role in the rapid wound 

healing process, and dry environments cause tissue death which further delay in 

the healing process.[53,54] However, excessive moist environment nearby the wound 

site causes microbial infection and wound may enter into the nonhealing chronic 

inflammatory state.[49] The development of modern inherent antibacterial 

hydrogels provides alternative biomaterials for wound healing process by 

eliminating the biocontaminants and maintains the hydrated environment.[55] 

Second, the ideal wound healing biomaterials must not evoke the undesired 

inflammatory or allergic response.[56,57] Therefore, the design and fabrication of 

peptide-based bioactive biomaterials using cyclodextrins, which show in vivo 

wound healing activity, have paid great attention in the current research.[33,35,40,58] 

The objectives of the present work are as follows: (1) design and synthesis of 

bioactive dipeptide, (2) development of self-healable coassembled biomaterial 

with β-cyclodextrin (β-CD), (3) in vitro assessment of cytotoxicity of coassembled 

hydrogel, (4) antibacterial activity, and (5) in vivo wound healing activity. 

 

4.2 Experimental Section 

4.2.1   Materials and Methods 

All the materials used for this project were procured from commercial sources and 

used as received. The 9-anthracenemethanol, 4-nitrophenyl chloroformate and 

pyridine were purchased from Sigma-Aldrich (Merck KGaA), India. L-

phenylalanine (F), dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole 
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(HOBt) were purchased from SRL, India. The β-cyclodextrin (β-CD) hydrated was 

procured from Alfa Aesar, India. The chemicals for biological experiments i.e. 

peptone powder, yeast extract, agar agar powder, Dulbecco's Modified Eagle 

Medium (DMEM), Minimum Essential Medium Eagle (MEM), Trypsin-EDTA 

solution 1X, Penicillin-Streptomycin antibiotic solution 100X and 3-(4,5-

dimethythiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) powder were 

purchased from HiMedia Laboratories Pvt. Ltd., India. The silverex gel (silver 

nitrate 0.2% w/w, Sun Pharma, India), povidone-iodine (Win Medicare Pvt. Ltd., 

India), Dynapar AQ (Diclofenac 75 mg/mL injection) Tegaderm (3M bandage), 

hair removal cream Anne French (Pfizer, India), and the disposable biopsy punch 

(8 mm, amazon, India) were purchased commercially for the research purposes. 

All solvents were analytical grade and purchased from Rankem, India; and Merck, 

India. The HPLC grade acetonitrile (ACN) and methanol (MeOH) were used for 

the analysis of the synthesized molecules.  Solvents were distilled prior to use and 

kept in 4Å molecular sieves. Tetrahydrofuran (THF), N,N’-dimethylformamide  

(DMF), ethyl acetate (EtOAc), MeOH, hexane were dried using the standard 

procedure. Thin-layer chromatography was performed on pre-coated silica gel 

plates (Kieselgel 60 F254, Merck). Synergy H1 multimode microplate reader was 

used for 96-well microplates reading at 25 °C. 

4.2.2 Synthesis of 4 

Scheme 4.1 Synthetic pathway of 4 

 
 

4.2.2.1 Synthesis of 8 

7 (1.5 g, 7.44 mmol) was solubilized in dry THF under N2 atmosphere. The solution 

was ice-cooled and pyridine (0.648 g, 8.18 mmol) was added into the cold solution. 

The white slurry was obtained after the addition of pyridine. 6 (1.29 g, 6.2 mmol) 

was solubilized in dry THF and the solution was added into the reaction mixture 

by several portions. The reaction mixture was allowed to stir overnight at room 

temperature. Product conversion was checked by TLC. After completion of the 

reaction, THF was evaporated by a rotary evaporator. The crude reaction mixture 

was diluted with ethyl acetate (50 mL) and the mixture was washed with 1 M HCl 

(3 × 30 mL) and successively with brine. The yellow-green product was obtained 

by evaporating the solvent under reduced pressure. The product was recrystallized 

by using benzene and yellow needle-shaped crystal of 8 was further used for the 

synthesis of 4. 
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Yield: 1.7 g (73%). 1H NMR (400 MHz, CDCl3): δ = 8.58 (s, 1H, Amoc), 8.42-

8.40 (d, J = 8.88 Hz, 2Hs, Ph), 8.26- 8.24 (d, J= 8.44 Hz, 2Hs, Amoc), 8.08-8.06 

(d, J = 8.40 Hz, 2H, Amoc), 7.65-7.61 (t, J = 7 Hz, 2H, Amoc), 7.55-7.51 (t, J = 

7.48 Hz, 2H, Amoc), 7.37-7.35 (d, J = 8.36 Hz, 2H, Ph), 6.39 (s, 2H, Amoc) ppm. 

 
Figure 4.1 1H NMR spectrum (400 MHz) of 8 in CDCl3. 

4.2.2.2 Synthesis of 10 

8 (1.2 g, 3.48 mmol) was dissolved in 3 mL dry DMF. The hydrochloride salt of 9 

(1.25 g, 6.96 mmol) was neutralized using saturated Na2CO3 (10 mL) solution and 

the product was extracted using EtOAc (3 × 30 mL). The neutralized 9 was drop-

wise added to ice-cooled reaction mixture and allowed to stir for 12 h. The product 

conversion was confirmed by TLC. After completion of the reaction, EtOAc (25 

mL) was added and washed with 1 M HCl (3 × 30 mL), saturated Na2CO3 solution 

(6 × 30 mL) and then with brine. Solid yellow 10 was obtained after evaporating 

the solvent under reduced pressure. The product 10 was recrystallized in cold 

methanol. 

Yield: 1.32 g (86%); FT-IR (KBr): ῡ = 3302 (s, NH), 1743 (s, COOMe), 1687 (s, 

amide I band), 1658 (s, amide I band), 1543 (s, amide II band) cm-1; 1H NMR (400 

MHz, DMSO-d6): δ = 8.68 (s, 1H, Amoc), 8.34–8.31 (d, J = 8.72 Hz, 2H, Amoc), 

8.13–8.11 (d, J = 8.24 Hz, 2H, Amoc), 7.72–7.70 (d, J = 7.92, 1H, NH), 7.62–7.53 

(m, 4H, Amoc), 7.20–7.19 (br, m, 5H, Phe), 6.07–5.97 (q, 2H, Amoc), 4.29–4.28 

(br, m, 1H, Cα H of Phe), 3.61 (s, 3H, OCH3), 3.02–2.79 (m, 2H, Cβ H of Phe) 

ppm; MS (ESI): m/z calcd for C26H23NO4: 436.1525 [M+Na]+; found: 436.1654. 
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Figure 4.2 1H NMR spectrum (400 MHz) of 10 in DMSO-d6. 

 

 
Figure 4.3 ESI-MS spectrum of 10. 

4.2.2.3 Synthesis of 11 

10 (1.2 g, 2.90 mmol) was dissolved in 15 mL THF and 30 mL MeOH. In the 

reaction mixture, 1 M LiOH solution was slowly added for hydrolysis. The 

reaction mixture was stirred for 6 h and progress of the hydrolysis was monitored 

by TLC. Then 1 M LiOH solution was added in every 30 min interval according 

to the progress of the hydrolysis. The excess solvent was evaporated and remaining 

mixture was taken in the separating funnel. The mixture was very carefully washed 

with diethyl ether (2 × 20 mL). The hydrolyzed solution was taken in the conical 

flask and acidified with 1 M HCl (pH 2).  The acidified solution was extracted 

three times with EtOAc (3 × 30 mL) and dried over anhydrous Na2SO4. The 

solution was evaporated and solid yellow 11 was obtained. The solid yellow mass 

was recrystallized in dry THF.  

Yield: 0.860 g (74%); FT-IR (KBr): ῡ = 3294 (s, NH), 1690 (s, amide I band), 

1624 (s, amide I band), 1537 (s, amide II band) cm-1; 1H NMR (400 MHz, DMSO-

d6): δ = 8.67 (s, 1H, Amoc), 8.35–8.31 (d, J = 8.64 Hz, 2H, Amoc), 8.13–8.11 (d, 

J = 8.16 Hz, 2H, Amoc), 7.61–7.52 (m, 4H, Amoc), 7.50–7.48 (br m, 1H, NH), 

7.19 (s, 5H, Phe), 6.05–5.95 (q, 2H, Amoc), 4.20 (br s, 1H, Cα H of Phe), 3.05–

2.76 (m, 1H, Cβ H of Phe), 2.82–2.76 (m, 1H, Cβ H of Phe) ppm. MS (ESI): m/z 

calcd for C25H21NO4: 422.1368 [M+Na]+; found: 422.1330. 
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Figure 4.4 1H NMR spectrum (400 MHz) of 11 in DMSO-d6. 

 

Figure 4.5 ESI-MS spectrum of 11. 

4.2.2.4 Synthesis of 19  

11 (1.0 g, 2.50 mmol) and HOBt (0.406 g, 3.0 mmol) was dissolved in 3 mL dry 

DMF. The coupling reagent DCC (0.619 g, 3.0 mmol) was added to the reaction 

mixture. The reaction mixture was ice-cooled. The hydrochloride salt of 9 (0.896 

g, 5.0 mmol) was neutralized using saturated Na2CO3 (10 mL) solution and the 

product was extracted using ethyl acetate (3 × 30 mL). The neutralized solution of 

9 was added to the reaction mixture and allowed to stir for 12 h. The product 

conversion was confirmed by TLC. The reaction mixture was filtered by sintered 

glass funnel (Borosil, G4) to remove urea by product. Ethyl acetate (25 mL) was 

added to the reaction mixture and washed with 1 M HCl (3 × 30 mL), saturated 

Na2CO3 solution (3 × 30 mL). Solid yellow 19 was obtained after evaporating the 

solvent under reduced pressure. The solid product was dissolved in ACN and 

insoluble urea was removed by vacuum filtration. The ACN was evaporated at 

reduced pressure and solid mass of 19 was purified by flash chromatography using 

EtOAc: hexane (1:4) as eluent.  

Yield: 1.2 g (85%); FT-IR (KBr): ῡ = 3296 (s, NH), 1731 (s, COOMe), 1694 (s, 

amide I band), 1690 (s, amide I band), 1655 (s, amide I band), 1647 (s, amide I 

band), 1536 (s, amide II band) cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 8.67 (s, 

1H, Amoc), 8.45–8.43 (d, J = 7.44 Hz, 1H, NH), 8.30–8.28 (d, J = 8.4 Hz, 2H, 
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Amoc), 8.13–8.11 (d, J = 8.08 Hz,  2H, Amoc), 7.59–7.26 (m, 4H, Amoc), 7.33–

7.31 (d, J = 8.72 Hz, 1H, NH), 7.28–7.19 (br, m, 10H, ph of Phe), 5.99–5.89 (m, 

2H, Amoc), 4.51–4.46 (m, 1H, Cα H of Phe), 4.34–4.30 (m, 1H, Cα H of Phe), 3.56 

(s, 3H, OCH3), 3.06–2.87 (m, 3H, Cβ Hs of Phe), 2.66–2.60 (m, 1H, Cβ Hs of Phe) 

ppm; MS (ESI): m/z calcd for C35H32N2O5: 583.2209 [M+Na]+; found: 583.2279. 

 
Figure 4.6 1H NMR spectrum (400 MHz) of 19 in DMSO-d6. 

 
Figure 4.7 ESI-MS spectrum of 19. 

4.2.2.5 Synthesis of 4 

19 (0.600 g, 1.07 mmol) was completely solubilized in the mixture of THF:MeOH 

(1:2, 30 mL). In the reaction mixture, 2 mL of 1 M LiOH solution was added 

slowly. The progress of the hydrolysis was monitored by TLC and reaction mixture 

was stirred up to 6 h for complete hydrolysis. After the completion of the reaction, 

excess solvent was evaporated and diluted with 30 mL of distilled water. The 

aqueous solution of the product was taken into the separating funnel and slowly 

washed with diethyl ether (20 mL). The aqueous layer was collected and cooled in 

an ice bath. Then, the solution was acidified with 1 M HCl (pH 2). The product 

was extracted with ethyl acetate (3 × 30 mL). The ethyl acetate layer was dried 

over anhydrous Na2SO4 and evaporated under reduced pressure to obtain 4 as 

yellow product. The yellow product was recrystallized in dry THF. 

Yield: 0.489 g (83 %); FT-IR (KBr): ῡ = 3289 (s, NH), 1710 (s, COOH), 1690 (s, 

amide I band), 1657 (s, amide I band), 1650 (s, amide I band), 1533 (s, amide II 

band) cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 8.67 (s, 1H, Amoc), 8.29–8.23 



138 
 

(m, 3H, 2H of Amoc and NH), 8.13–8.11 (d, J = 7.84 Hz, 2H, Amoc), 7.59–7.52 

(m, 4H, Amoc), 7.31–7.29 (d, J = 8.8 Hz, 1H, NH), 7.24–7.13 (m, 11H, 10H of ph 

of Phe and NH), 5.97–5.89 (m, 2H, Amoc), 4.47–4.30 (m, 2H, Cα H of Phe), 3.09–

3.05 (m, 2H, Cβ H of Phe), 2.95–2.88 (m, 2H, Cβ H of Phe) ppm; 13C NMR (100 

MHz, DMSO-d6): δ = 173.30, 172..05, 156.48, 138.48, 137.88, 131.40, 130.95, 

129.72, 129.64, 129.38, 129.13, 128.70, 128.48, 127.53, 127.11, 126.71, 125.74, 

124.64, 58.67, 56.57, 54.00, 37.88, 37.23 ppm; HRMS (ESI): m/z calcd for 

C34H30N2O5: 569.2052 [M+Na]+; found: 569.2059. 

 
Figure 4.8 1H NMR spectrum (400 MHz) of 4 in DMSO-d6. 

 

 
Figure 4.9 13C NMR spectrum (100 MHz) of 4 in DMSO-d6. 
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Figure 4.10 HRMS spectrum of 4. 

 
Figure 4.11 HPLC chromatogram of 4 at 254 nm. 

4.2.3 Purification of the Peptide 

Peptide and their intermediates were purified by Flash Chromatography 

(TELEDYNE ISCO, USA; model: CombiFlash®Rf+) using silica gel (200 mesh 

size) with EtOAc/hexane (ratio as required) as eluent. The purified peptides were 

recrystallized in THF by slow evaporation methods to get crystalline peptides and 

used for further experiments. 

4.2.4 Preparation of Hydrogels 

4.2.4.1 Hydrogel 4 

In a glass vial, peptide 4 (20 mmol L−1) was added in 2 mL of ultrapure water. 

Peptide 4 was added by dropwise addition of 0.5 M NaOH for dissolution and the 

solution was stirred for 30 min. For complete dissolution, the peptide solution was 

ultrasonicated at room temperature. The physiological pH of the solutions was 

maintained by 0.1 M HCl, and the turbid solutions of the peptide 4 turns into 

hydrogel 4 at 37 °C. After 30 min of incubation, the formation of hydrogel 1 was 

examined by inverted vial method. 

4.2.4.2 Hydrogels 5−8 

Peptide 4 (20 mmol L−1) was taken in four different glass vials containing 2 mL of 

Milli-Q water. The β-CD (5, 10, 20, 40 mmol L−1) was added to these peptide 

solutions and the peptide/β-CD molar ratio was maintained as 1:0.25, 1:0.5, 1:1, 

and 1:2, respectively. The pH of the mixture was elevated by slow addition of 0.5 

M NaOH, and these solutions were stirred for 30 min to obtain the clear peptide/β-

CD solution. The pH of the solution was slowly decreased to pH 7.4 by slow 

addition of 0.1 M HCl solution. These solutions were kept in rest for 30 min at 37 

°C, which form hydrogels 5, 6, 7, and 8 (peptide/β-CD; 1:0.25, 1:0.5, 1:1, and 1:2), 

respectively. 
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4.2.5 Characterizations 

4.2.5.1 Spectroscopic and High-Performance Liquid Chromatography 

(HPLC) Experiments 

The nuclear magnetic resonance spectroscopy (NMR) experiments were 

performed in CDCl3 and DMSO-d6 on a Bruker AV 400 MHz spectrometer. The 

peptide concentrations used for the 1H and 13C NMR were 2-5 and 120-130 mmol 

L-1, respectively. The chemical shifts (δ) are reported in ppm, downfield of 

tetramethyl silane (TMS). Peak multiplicities are reported as follows: singlet (s), 

doublet (d), triplet (t), quartet (q) and multiplet (m) and broad (b). The electrospray 

ionization mass spectrometry (ESI-MS) was acquired on a Bruker micrOTOF-Q II 

mass spectrometer by a positive-mode electrospray ionization process. HPLC 

analysis was carried out using a Dionex HPLC-Ultimate 3000 pump. A Dionex 

AcclaimTM 120 C18 column of 250 mm length with an internal diameter 4.6 mm 

and 5 µm fused silica particles at a flow rate of 1 mL min-1 coupled with UV-Vis 

detector. UV-vis spectroscopy was performed on JASCO V-750 spectrometer. The 

concentration-dependent UV-vis experiments were performed using diluted 

hydrogels (500, 250, 125, 62.5, 31.25, 15.62, 7.81, 3.90 µmol L-1). The circular 

dichroism spectra were recorded at 25 °C using a JASCO J-815 

spectropolarimeter. The concentration-dependent circular dichroism experiments 

were performed using diluted hydrogels (20, 8, 4, 2, 1, 0.5, 0.25 mmol L-1). The 

FTIR spectroscopy was performed on KBr pellets on a Bruker Tensor 27 FTIR 

spectrophotometer. The hydrogel was placed between crystal Zn−Se windows for 

FTIR analysis and scanned between 600-4000 cm-1. The powder X-ray diffraction 

spectroscopy (PXRD) was performed in the 2θ range of 6° ~ 60° using a Bruker 

D2 Phaser X-ray diffractometer with a Cu-Kα radiation source (λ = 1.5414 Å). 

Confocal laser scanning microscope (CLSM) was performed using an inverted 

microscope (Olympus, model no. FV1200MPE, IX-83).  

4.2.5.2 Electron Microscopy Experiments 

The high-resolution transmission electron microscopy (HRTEM) images were 

captured using a FEI electron microscope (model: Tecnai G2, F30), operated at an 

accelerating potential of 300 kV (Magnification, 58X to 1 × 106X). The images 

were captured using 2% (w/v) phosphotungstic acid as a negative stain. The dilute 

solution (2 mmol L-1) of the hydrogel was used for the HRTEM experiment. 

4.2.5.3 Rheological Experiments 

Rheological experiments were performed at 25 °C on an Anton Paar Physica MCR 

301 rheometer. The amplitude sweep experiment was performed at constant 

frequency of 10 rad s-1 and region of deformation was evaluated. The hydrogels 4-

8 were placed in between of a stainless steel parallel-plate (diameter: 25 mm) with 

TruGap (0.5 mm). The frequency sweep experiment was performed in the range 

of 0.05-100 rad s-1 with the same strain percent found by amplitude sweep 

experiment. The step strain experiment was performed by varying low-high-low 

strain at constant frequency of 10 rad s-1. 

4.2.6 Antibacterial Test 

4.2.6.1 Inoculum Growth 
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The nutrient agar (NA) plate method was used to evaluate the antibacterial activity 

of the hydrogels. The bacterial culture Staphylococcus aureus (S. aureus, MTCC 

87), Bacillus subtilis (B. subtilis, MTCC 441) and Escherichia coli (E. coli, MTCC 

484) bacteria were procured from the Institute of Microbial Technology 

Chandigarh (CSIR-IMTech), India. Fresh inoculum was grown in nutrient broth 

(NB) and used for the experiments. The NA was prepared by dissolving peptone 

(10 gm), yeast extract (3 gm), NaCl (5 gm), agar-agar powder (20 gm) in 1000 mL 

water. The NB was prepared similarly as NA by eliminating agar-agar powder and 

autoclaved before use. 

4.2.6.2 Hydrogel Treatment 

The hydrogel was prepared by maintaining the aseptic conditions. The sterile 

Milli-Q water, 0.5 M NaOH and 0.1 M HCl were used for the hydrogel preparation 

under the laminar air flow. The hydrogel 7 (20 mmol L-1) was treated with S. 

aureus and B. subtilis and E. coli bacteria. The bacterial culture was grown for 12 

h at 37 °C and used for the experiment. The absorbance (OD600 = 0.1) of bacterial 

culture was set according to McFarland standard (2 × 108 cfu/mL). A 100 μL of 

hydrogel 7 was transferred in a sterile centrifuge tube and 400 μL of NB was added 

slowly on the top of hydrogel. A 10 μL of bacterial culture (2 × 106 cfu/mL) was 

added to the NB containing hydrogel 7. The microcentrifuge tubes were incubated 

at 37 °C for 12 h for the bacterial growth. After treatment, 10 µL of bacterial 

suspension containing hydrogel 7 was 10-fold diluted and whole plate streaked in 

a sterile nutrient agar plate. The reduction in the bacterial colonies was visually 

observed in the nutrient agar plate.  

4.2.7 Cell Culture Experiments 

The cell culture experiments were performed in DMEM (Dulbecco’s Modified 

Eagle Medium contains 4 mM L-glutamine, 1000 mg/L glucose, and 110 mg/L 

sodium pyruvate) with 10% FBS (fetal bovine serum) and 1% antibiotic 

(penicillin-streptomycin) solution. The hydrogels 4 and 7 were diluted in cell 

culture media and used for the experiments. The resulting hydrogels concentrations 

for the cell culture experiments were in the range of 200 to 12.5 µmol L-1. The 

MCF-7 and HEK293 cells were used for the biocompatibility test. The hydrogels 

were treated with MCF-7 and HEK293 (8 × 103 cells/well) cells for 24 h at 37 °C. 

After treatment, the cell culture media was removed very carefully and cells were 

washed with PBS (10 mmol L-1, pH 7.4) to remove the excess hydrogel. After 

washing, the fresh DMEM (Dulbecco’s Modified Eagle Medium) was added into 

the 96 well plate. The cytotoxic effect was evaluated by 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The absorbance was taken at 

570 nm using a microplate reader. 

4.2.8 Confocal Experiments 

The A431 cells were grown in sterile cover slip in DMEM for 24 h. The different 

hydrogel concentrations (50 and 100 µM) were treated with the cells for the uptake 

of peptides (6 h at 37 °C). The cells were washed twice with PBS to remove the 

excess hydrogel. The cells were treated with thiazole orange (50 and 100 µM) for 

30 min. The excess dye was slowly removed by PBS washing. The cells were fixed 
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in paraformaldehyde (4% w/v) and mounted in fresh glass slide for the confocal 

laser scanning microscopy (CLSM). The hydrogel 7 and thiazole orange were 

excited at λex = 405 and 488 nm, respectively. 

4.2.9 Wound Healing Experiments 

In vivo wound healing experiments were performed according to the Institutional 

Animal Ethical Committee (IAEC) guidelines. The experimental approval was 

taken prior to the wound healing experiments. Wistar albino male rats (weight 180 

± 10 gm) were housed in polypropylene cages in a standard photoperiod (14 h, 

light:10 h, dark, 27 ± 2 °C) with the provision of laboratory feed (Gold Mohur 

feed, Hindustan Lever Limited, Mumbai, India) and water ad libitum. Animals 

were maintained in accordance with the guidelines of the Committee for the 

Purpose of Control and Supervision of Experiments on Animals (CPCSEA), 

Ministry of Environment, Forest and Climate Change, New Delhi, Government of 

India (Reg. No. 779/Po/Ere/S/03/CPCSEA). 

4.2.9.1. Wound Creation and Hydrogel Injection 

For the wound creation (1 day), each rat was anesthetized by subcutaneous 

injection of a cocktail of ketamine (50−60 mg/kg) and xylazine (10 mg/kg). The 

dorsal hairs were removed by using hair removal cream (Anne French; Pfizer, 

India). The wounding area was marked and then sterilized with povidone-iodine 

solution prior to incision. A disposable biopsy punch (8 mm) was used to induce 

wound on each side (two wounds) of the dorsal midline of the rat. Then, the rats 

were divided into different experimental groups such as disease control, drug 

control, hydrogel 7, and β-CD group, and each group contains five rats (n = 5). For 

the wound healing assay, the standard drug (silverex gel 0.2% w/w), hydrogel 7, 

and β-CD were applied on the wound site with the help of a micropipette (100 

μL/wound). The disease control group was given phosphate-buffered saline (PBS) 

on the wound site. After 1 h, the wound site was covered and fixed by placing 

Tegaderm-3M dressing bandage over the wound. The wet environment of the 

hydrogel sometimes creates troubleshoot for the Tegaderm-3M bandage; hence, 

the interval was maintained for proper hydrogel drying on the wound site. 

Diclofenac injection was subcutaneously given after a 4 h interval of the wounding. 

Hydrogel 7, standard drug, β-CD, and PBS were given on every alternate day. On 

day 7, the rats were anesthetized and wound size was photographed. The wound 

tissues were carefully collected in the PBS for the histology analysis and fixed in 

buffered formaldehyde (10% v/v). On day 12, the experiment was terminated and 

reduction in the wound area was photographed by a digital camera. The rats were 

anesthetized and the wound tissues were collected in the PBS for histology and 

biochemical analysis. The wound tissues were fixed for the histological analysis. 

4.2.9.2 Histology Experiments 

The wound tissue histology was performed on days 1 and 12. The small tissue 

specimen was collected by biopsy punch, and the tissue fixation was performed in 

formalin solution (10% v/v). The fixed tissues were properly dehydrated and 

embedded in paraffin wax and small sections were cut into 4 μm thickness. The 

sections were stained with hematoxylin and eosin (H&E staining), and images 



143 

 

were captured in an inverted optical microscope for the histology analysis of the 

wound healing process. 

4.2.9.3 Hydroxyproline Assay 

The wound tissues were dried on the blotting paper and properly chopped into 

small pieces. The chopped tissues (10% w/v) were slowly homogenized in ice-cold 

PBS (10 mM, pH 7.4). The homogenized solution was centrifuged at 10,000 rpm 

(4 °C) for 15 min. The supernatant was slowly separated for the hydroxyproline 

assay and performed as previously reported.74 The stock L-hydroxyproline solution 

(1 mg/mL) was prepared in Mill-Q water. The Ehrlich’s reagent (1 M) was 

prepared by dissolving 1.5 g of p-dimethylaminobenzaldehyde in n-

propanol/perchloric acid (2:1 v/v, 3 mL) and volume was maintained 10 mL by 

addition of Mill-Q water. The chloramine-T (0.056 M) reagent was prepared by 

addition of 1.26 g of chloramine-T in 20 mL of n-propanol/water (1:1), and final 

volume was maintained as 100 mL by addition of acetate-citrate buffer (pH 6.5, 

100 mmol L−1). The tissue homogenate (200 μL) was taken in a 2 mL 

microcentrifuge tube and 50 μL of 10 M NaOH solution was added to the vial. The 

tissue homogenate sample was hydrolyzed by autoclaving at 121 °C for 30 min. 

Chloramine-T (750 μL) was added to this sample and kept for 25 min at room 

temperature. Ehrlich’s reagent (500 μL) was added to the sample and kept at 70 °C 

for 30 min for the chromophore development. The water (500 μL) was added and 

absorbance was recorded at 550 nm using a spectrophotometer. 

4.2.9.4 Nitrite Assay 

The standard nitrite solution (1.44 mmol L−1) was prepared by dissolving 1 mg of 

sodium nitrite in 10 mL of Milli-Q water. The tissue homogenate was mixed 

properly, and 400 μL of homogenate was taken in a microcentrifuge tube. Griess 

reagent (100 μL) was added to this tube at room temperature and mixed thoroughly 

with a micropipette. Milli-Q water (1.5 mL) was added to this tube and incubated 

for 20 min at room temperature. The solution turns into pink color and the 

absorbance was recorded at 548 nm. 

4.2.9.5 Protein Estimation 

The NanoDrop 2000 spectrophotometer was used for the protein estimation. The 

tissue homogenate was diluted 5-fold, and 1 μL of sample was placed on the 

measurement probe and absorbance was recorded at 280 nm. The BSA protein (1 

mg/mL) was used as the standard known protein sample, and absorbance was 

compared with the absorbance of the tissue homogenate. 

4.2.10 Statistical Analyses 

The biological data are shown as mean ± standard error of the mean. *p < 0.05; 

**p < 0.01; ***p < 0.001, and ****p < 0.0001 as compared to the control group. 

The data were analyzed by one-way ANOVA (nonparametric), followed by 

Neuman-Keuls multiple comparison tests, using a Graph Pad Prism (GraphPad, 

San Diego, CA). 
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4.3 Results and Discussion 

In this work, an Amoc-capped peptide 4 (Amoc-FF-OH; F = L-phenylalanine) was 

synthesized by conventional solution-phase methodology and well characterized 

by Fourier transform infrared (FTIR) spectroscopy, mass spectrometry, and 1H and 
13C NMR spectroscopic techniques (Figure 4.01-4.10). The purity of the 

synthesized peptide was analyzed by high-performance liquid chromatography 

(HPLC) technique, and purified peptide was used for the biological assays (Figure 

4.11). The synthesized peptide was used for the preparation of hydrogels 4−8 

(Table 4.1). The peptide 4 (20 mmol L−1) forms self-assembled hydrogel 4 at 

physiological conditions (pH 7.4, 37 °C) by a simple pH switch method. However, 

the coassembled hydrogels 5−8 were prepared by the incorporation of peptide 4 

(20 mmol L−1, 1 equivalent) with various molar ratios of β-cyclodextrin (β-CD) (5, 

10, 20, and 40 mmol L−1; 1:0.25, 1:0.5, 1:1, and 1:2) (Table 4.1). 

 

Table 4.1 Preparation of the hydrogels 4-8 with different concentrations of β-CD 

and their physical nature 

S. 

N

o. 

Peptide 

(mmol 

L-1) 

β-CD 

(mmol 

L-1) 

Peptide/β-

CD (molar 

ratio) 

Temp.

, pH 

Hydrogel Nature of 

Hydrogel 

1 20 - - 37 °C, 

7.4 

4 Strong, 

nonhomogeneous 

2 20 5 1:0.25 37 °C, 

7.4 

5 Weak 

homogeneous 

3 20 10 1:0.50 37 °C, 

7.4 

6 Homogeneous, 

self-recoverable 

4 20 20 1:1 37 °C, 

7.4 

7 Homogeneous, 

self-recoverable, 

injectable 

5 20 40 1:2 37 °C, 

7.4 

8 Very weak, 

unstable 

 

The peptide 4 was mixed with various molar ratios of β-CD and partially 

solubilized by dropwise addition of 0.5 M NaOH, and the pH was maintained as 

10. The solution was kept under stirring at room temperature for 30 min. The 

solubility of the peptide 4 increases with the increase of β-CD concentrations, and 

maximum solubility was observed at an equimolar ratio of peptide/β-CD (1:1). 

After complete dissolution, the pH of the solution was slowly reduced by dropwise 

addition of 0.1 M HCl. The final pH of the solution was maintained to 7.4. The 

viscous solutions slowly encapsulate the large amount of water and turns into well-

defined hydrogels 5−8 after keeping at rest at 37 °C for 30 min (Scheme 4.1). The 

self-assembled hydrogel 4 is strong and does not show the syringe injectability 

(Table 4.1). To overcome this limitation, hydrogels have been engineered by 

incorporation of β-CD. The hydrogel stability and mechanical strength are greatly 
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affected by β-CD concentrations (Table 4.1). The greater β-CD concentration (40 

mmol L−1) in hydrogel 8 significantly reduces the hydrogel stability and shows 

precipitation after 48 h at 37 °C (Table 4.1). However, the lower β-CD 

concentration (5 mmol L−1) in hydrogel 5 results in the weaker hydrogel (Table 

4.1). The most striking results were achieved at 10 and 20 mmol L−1 concentrations 

of β-CD in hydrogels 6 and 7, respectively. These hydrogels are stable, 

homogeneous in nature, and show simple syringe injection without any blockage 

(Table 4.1). 

 

 
Scheme 4.2 Graphical representation of coassembly between peptide 1 and β-CD 

leading to the formation of ordered structures which results into hydrogel 7 

(Peptide 1:β-CD = 1:1). 

 

Furthermore, these physical observations of hydrogels 4−8 are corroborated by 

rheological experiments (Figures 4.12a-j). The rheological experiments were 

performed to evaluate the mechanical strength of hydrogels 4−8.4,14,59 The 

viscoelastic nature of the hydrogels are confirmed by amplitude sweep 

experiments (Figures 4.12a,c,e,g,i). The amplitude sweep experiments were 

performed to evaluate the exact strain percent where the linear viscoelastic (LVE) 

region is valid for hydrogels 4−8. The amplitude sweep data show variation in the 

storage modulus (G′) and loss modulus (G″) with the crossover point (G′ = G″) at 

a constant angular frequency 10 rad/s. The amplitude sweep experiments show 

elastic-like character (G′ > G″) of the hydrogels at low strain and liquid-like 

character (G′ < G″) at high strain. The self-assembled hydrogel 4 shows high 

storage (>104) and loss moduli (>103) (Figure 4.12a,b). Noteworthy, the values of 

G′ and G″ decrease owing to the presence of β-CD in hydrogels 5−8 (Figures 

4.12c-j). The higher crossover values for hydrogels 5−7 suggest the elastic 

behavior of hydrogels which dominate over viscous behavior (Figure 4.12c,e,g). 

Hydrogel 8 does not show the plateau region with a linear decrease in storage and 

loss moduli which could be the outcome of a weaker three-dimensional network 

present in hydrogel 5 (Figure 4.12i).35,36 Further, the dynamic frequency sweep 
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experiments were performed within the LVE region to ensure the solid-like 

character of hydrogels 4−8 (Figures 4.12b,d,f,h,j).20  

 
Figure 4.12 (a,c,e,g,i) Amplitude sweep experiments; (b,d,f,h,j) Frequency sweep 

experiments of hydrogels 4-8, respectively. 
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The frequency sweep data of hydrogels 4, 6, and 7 suggest that G′ and G″ are 

independent of applied frequency and show solid-like behavior in the entire 

oscillating frequency (100−0.05 rad/s) region (Figures 4.12b,f,h).34 As expected, 

hydrogels 5 and 8 show frequency-dependent G′ and G″, which suggest the 

formation of a weaker three-dimensional network (Figure 4.12d,j). The rheological 

data from amplitude and frequency sweep suggest that hydrogels 4, 6, and 7 show 

better mechanical strength compared to hydrogels 5 and 8. Noteworthy, as 

compared to hydrogel 4, the values of G′ and G″ decrease dramatically in the case 

of hydrogels 6 and 7. Interestingly, biomaterials with lower viscosity and lower G′ 

and G″ are easier to inject to the target site compared to biomaterials with high 

viscosity and high G′ and G″.20,36,37 The other advantages of biomaterials with low 

G′ and G″ show better self-recovery properties after injection to the target site.35 

Importantly, the hydrogels for better wound healing applications must retain the 

three-dimensional network after gel-sol-gel conversion.20,39 To ensure the in vivo 

applicability, the step strain experiments were performed to evaluate the 

thixotropic and self-healing properties of hydrogels 4 and 7 (Figure 4.13a,b).26,39  

 

 
Figure 4.13 (a,b) Step strain experiments of hydrogels 4 and 7, respectively. 

Hydrogels 4 and 7 were subjected to the periodically low-high-low (1, 40, and 1%) 

strain at a constant angular frequency (10 rad s−1). The low strain (1%) shows solid-

like (G′ > G″) character, but the high strain (40%) shows liquid-like (G′ < G″) 

character, which is recovered (G′ > G″) again when low strain (1%) was applied. 

Hydrogel 7 shows better self-recovery (almost 95%) compared to hydrogel 4 

(Figure 4.13b). The equimolar ratio of the peptide and β-CD could provide 

substantial noncovalent interactions including hydrogen bonding; thus, hydrogel 7 

exhibits better thixotropic and self-recovery properties.25,60 The thixotropic nature 

of the hydrogel depends on the dynamic cross-linking ability of gelator 

molecules.25 The higher applied strain breaks the entangled nanofibrillar network 

and the hydrogel converts into sol-like state owing to the disruption of noncovalent 

interactions. However, the noncovalent interactions including hydrogen bonding 

between gelators recovered very rapidly at the low strain, and sol-state turns into 

the gel state because of the reconstruction of fibrillar networks. The other 

stoichiometric ratio of peptide/β-CD results in a change in the mechanical strength 
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of the hydrogel probably because of the imbalanced orientations and interactions 

between the peptide and β-CD. The thixotropic behavior of hydrogel 7 potentially 

indicates the biological importance of the recoverable three-dimensional network 

(Figure 4.13b). Ultimately, hydrogel 7 has been chosen for the biological 

applications because of the better injectability and quick self-recovery ability 

(Figure 4.14a,b).25 

 

Figure 4.14 The optical photographs of hydrogel 7 showing: (a) reversible gel-sol-

gel conversion; (b) syringe injectability. 

The nanostructural morphology of hydrogel 7 was analyzed by high resolution 

transmission electron microscopy (HRTEM) (Figure 4.15a,b).29 

 
Figure 4.15 HRTEM images of hydrogel 7. (a) Entangled nanofibers 

and (b) twisted nanofibers. 
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The HRTEM data suggests the highly entangled fibrous networks present in 

hydrogel 7 (Figure 4.15a). The TEM images show that the entangled fibrillar 

networks are highly twisted (Figure 4.15b). The twisted fibers could be the result 

of lateral association of multiple one-dimensional nanofibers which adhered by 

hydrogen bonding interactions.61 The observed average width of the nanofibers is 

10−15 nm with several micrometers in length. The driving force behind the 

hydrogelation of peptide and β-CD was investigated by various techniques such as 
1H NMR, FTIR, and powder X-ray diffraction (PXRD) spectroscopy.30,31,62 

Hydrogel 7 was freeze-dried and used for 1H NMR and PXRD spectroscopic 

analysis, which is represented as xerogel 7. 1H NMR spectroscopy was employed 

to investigate the noncovalent interactions present between β-CD and peptide 4 

(Figure 4.16).63 

 
Figure 4.16 1H NMR (400 MHz, 25 °C) data of β-CD, peptide 4 and xerogel 7 in 

DMSO-d6. 

 
1H NMR spectroscopy was employed for free β-CD, peptide 4, and xerogel 7. The 
1H NMR data of xerogel 7 show the significant change in the chemical shift value 

(deshielding) of the secondary hydroxyl group (2-OH and 3-OH) located in the 

wider rim of the β-CD, which could be attributed from noncovalent interactions 

between peptide 4 and β-CD (Figure 4.16).63 The 1H NMR data of xerogel 7 show 

a change in the chemical shift value of amide proton owing to the noncovalent 

interactions between the peptide and β-CD. Moreover, the chemical shift values of 

the internal protons (H3 and H5) of the β-CD are nonsignificantly affected, which 

Xerogel 7

Peptide 4

β-CD



150 
 

suggest exclusion of the peptide from the β-CD cavity.63 Furthermore, the FTIR 

spectroscopic experiments were employed to investigate the noncovalent 

interactions present between peptide and β-CD (Figures 4.17a).64,65 

 

 
 

Figure 4.17 (a) FTIR and (b) PXRD spectra of β-CD, peptide 4, and hydrogel 7. 

(c,d) Concentration-dependent circular dichroism spectra of hydrogels 4 and 7, 

respectively. 

 

The FTIR spectrum of peptide 4 exhibits C=O stretching vibrations for carboxylic 

acid group at 1713 cm−1. The amide I peaks are observed at 1691, 1658, and 1650 

cm−1, respectively, which show randomness present in peptide 4. However, the 

FTIR spectrum of hydrogel 7 shows shifting in amide I peaks toward the lower 

wavenumber at 1687 and 1638 cm−1, respectively. The shifting of amide I toward 

the lower wavenumber suggests a more ordered structure present in hydrogel 7 

owing to the involvement of noncovalent interactions between peptide 4 and β-CD 

molecules (Figure 4.17a).64 The FTIR spectrum of hydrogel 7 reveals a β-sheet 
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like structure of peptides with an antiparallel arrangement.31,66,67 The coassembly 

of peptide 4 and β-CD was further investigated by PXRD spectroscopy (Figure 

4.17b).40,59,64 The PXRD spectrum of β-CD shows characteristic sharp peaks at 2Θ 

= 9.47, 10.80, 12.72, and 13.40°, respectively, which suggest a high-degree of 

crystallinity of β-CD with cage-like structure (Figure 4.17b).40 These characteristic 

peaks of β-CD may associate with the cavity diameter (6-6.5 Å) and height of the 

β-CD ring (7.9 Å).40 The PXRD spectrum of peptide shows a broad peak at 18.42°, 

giving a d-spacing value of 4.8 Å, which suggests an inter strand-type hydrogen 

bonding distance (Figure 4.17b).8,22 However, the PXRD spectrum of xerogel 7 

shows crystalline nature, which is evident by a series of sharp peaks at 10.50, 

12.38, 18.65, 20.74, 28.26, and 40.50°.40 There is a small shift in d-spacing value 

from 4.8 to 4.75 Å owing to the coassembly of peptide 4 and β-CD. The PXRD 

investigation of xerogel 7 showed a peak at 8.70° with a d-spacing value 10.15 Å 

because of the β-sheet-like antiparallel arrangement of peptides.14,67 The PXRD 

peaks at 28.26 and 40.50° correspond to d-spacings of 3.15 Å and 2.22 Å, which 

could be attributed from hydrogen bonding interactions between peptide 4 and β-

CD units.62 In comparison with the PXRD data of β-CD and peptide, xerogel 7 

shows ordered structural arrangement in the coassembled state (Figure 4.17b).40 In 

addition, the UV/vis spectroscopy was performed to investigate the absorption 

maxima of hydrogels 4 and 7 for circular dichroism spectroscopy (Figure 4.17c,d). 

The supramolecular interactions and secondary structure present in hydrogels 4 

and 7 were analyzed by concentration-dependent circular dichroism spectroscopy 

(Figure 4.17e,f).8,26,29,31 The circular dichroism spectra of hydrogel 4 show positive 

cotton at 340−390 nm owing to the π−π* transition of the anthracene ring (Figure 

4.17e).8,68 However, the circular dichroism spectra of hydrogel 7 show a very weak 

negative cotton effect at 350−385 nm, which suggest different orientations of 

noncovalent interactions between peptide 4 and β-CD (Figure 4.17f).8,68 

Additionally, the prominent π−π* transitions due to the aromatic moieties are 

observed between 230 and 270 nm for hydrogels 4 and 7 (Figure 4.17e,f).31,69 The 

circular dichroism spectra of hydrogels 4 and 7 show significant variations in 

positive signals as lowering the concentrations.26 Importantly, the aromatic peak 

positions in hydrogel 4 continuously shift toward the lower wavelength with the 

decrease in concentration, which suggest loss of supramolecular interactions 

between assembling entities(Figure 4.17e).26 Moreover, hydrogel 7 shows the 

decrease in the intensity of positive signal as lowering of the concentrations 

(Figure 4.17f). These experimental results indicate that β-CD could be present 

between two β-sheet type of structure forming units, and further dilution leads to 

the decrease in the intensity of positive signal (Figure 4.17e,f).26 Microbial 

infection and biofilm formation on the surface of biomaterials are serious global 

challenge and health issue.70,71 Inherent antibacterial hydrogels prevent bacterial 

contaminations and serve as an alternative weapon against drug resistant 

bacteria.55,72 The bacterial infections occurred in acute wounds lead toward the 

chronicity and delay in the healing process. The ideal biomaterials for wound 
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healing and drug delivery applications must eliminate the biological 

contaminations without evoking the unwanted allergic reactions.55−57 

 

 
Figure 4.18 Optical photographs of antibacterial activity of hydrogel 7 against: 

(a,b) B. subtilis; (c,d) S. aureus  bacteria. 

The self-assembling tendency of peptide-based materials has great advantage in 

the area of bacterial infection therapy.16,72 The peptides aggregate in the solution 

and form various nanostructures, which interact with the lipid bilayer of cell 

membranes.16,73 On the basis of these hypotheses, the inherent antibacterial activity 

of hydrogel 7 was investigated by the nutrient agar plate method against Gram-

positive (S. aureus and B. subtilis) and Gram-negative (E. coli) pathogenic bacteria 

(Figure 4.18).22 The antibacterial test data show that hydrogel 7 inhibits the growth 

of Gram-positive bacteria (Figure 4.18). The twisted nanofibrillar structure of the 

peptide is characterized by HRTEM, and the β-sheet-like arrangement of peptide 

in hydrogel 7 is evaluated by FTIR and PXRD spectroscopies. Hence, the 

supramolecular aggregation of peptides leads to the formation of a well-defined 

structure, which could be the driving force for antibacterial activity against the 

Gram-positive bacteria.74 The stable secondary structural features of peptides 

allow them to interact with bacterial lipid membranes. These interactions 

depolarize the lipid membranes and eventually disrupt the bacterial cell 

membranes by the formation of micropores.74 However, hydrogel 7 was ineffective 

against Gram-negative bacteria owing to extra lipopolysaccharide membrane 

present in Gram-negative bacteria, which acts as a barrier between aggregating 

peptides and the lipid cell membranes (Figure 4.18).16 Prior to in vivo experiments, 

in vitro cell viability experiment was performed to evaluate the biocompatibility 

of hydrogels 4 and 7 using MCF-7 and HEK293 cell lines (Figure 4.19a-d).22,23 
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Figure 4.19 In vitro biocompatibility experiment by MTT test: (a,c) Hydrogel 4 

and (b,d) hydrogel 7 using MCF-7 and HEK293  cell lines, respectively. The data 

are shown as mean ± standard error of the mean (n = 5). 

 

The cell viability of MCF-7 is greater than the HEK293 cells for hydrogels 4 and 

7 (Figure 4.19a,b). The HEK293 cell line was used as normal cell line for 

biocompatibility assessment of hydrogels 4 and 7 (Figure 4.19c,d). The MTT 

experiments data suggest that hydrogels 4 and 7 are biocompatible and 

noncytotoxic till 200 μmol L−1 (Figure 4.19a-d).  

Figure 4.20 Confocal microscopy images of A431 cells treated with hydrogel 7 

(50 and 100 μM) and thiazole orange (100 μM) for 4 h at excitation wavelength 

λex = 405 and 488 nm, respectively. 
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To gain insight into the cell penetrations, hydrogel 7 treated cells were analyzed 

by a confocal laser scanning microscope using an excitation wavelength of λex = 

405 nm for the fluorescence signals (Figure 4.20). The confocal laser scanning 

microscopy (CLSM) images of A431 cells show the blue signal, which indicates 

the intracellular uptake of hydrogel 7. The green channel was used for the thiazole 

orange dye at an excitation wavelength of λex = 488 nm (Figure 4.20). To 

investigate the in vivo wound healing efficacy of hydrogel 7, the cutaneous wound 

healing assay was performed (Figure 4.21). The present work was hypothesized 

that the nanofibrillar morphology of inherent antibacterial and biocompatible 

hydrogel 7 could significantly improve the in vivo wound healing.44,49,50,54,58 The 

nanofibrous morphology of the biocompatible hydrogel can work as a substrate for 

fibroblast cell attachment and migration.16,34 The antibacterial activity of 

nanofibrous hydrogel can maintain the moist condition and combats with bacteria 

for longer time period.20 The nanofibrous structure of the hydrogel serves as a 

sealant, which enhances the wound closure activity.20 The in vivo wounds (8 mm 

diameter size) were created using punch biopsy method in Wistar albino male rats, 

and the wound healing was monitored by taking photographs of the wound site 

(Figure 4.21).49,58  

 
Figure 4.21 Optical photographs of in vivo wound healing activity of different 

groups showing the increase in healing activity using hydrogel 7. 
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The experiment was divided into four different groups and labeled control 

(negative control), drug control (positive control), β-CD, and hydrogel 7. The 

silverex cream (silver nitrate gel 0.2% w/w) was used as the standard drug for 

wound healing experiments. In the test groups, hydrogel 7 was applied on the 

wound site on every alternate day. In the negative control group, phosphate buffer 

was applied in place of hydrogel 7. Hydrogel 7 contains equimolar ratio of β-CD; 

hence, the effect of β-CD in the wound healing process was evaluated by applying 

the same amount of aqueous β-CD instead of hydrogel 7 on the wound site. The 

positive control group (0.2% silverex cream) shows maximum wound healing 

activity after 12 days of incubation. After 12 days of incubation, hydrogel 7 shows 

a positive result in wound healing as compared to negative control and β-CD 

groups. The nanofibrillar morphology and inherent antibacterial efficacy of 

hydrogel 7 could be the driving force for better wound healing activity (Figure 

4.21). The histopathological evaluation of the wound site demonstrates the more 

insights about the in vivo wound healing activity of different control groups and 

the test hydrogel 7 (Figure 4.22).20,43,44,50,58 The histological analysis of wound site 

demonstrates the degree of re-epithelization in different experimental groups such 

as negative control, drug control, β-CD, and hydrogel 7 (Figure 4.22).43 The tissue 

section was collected immediately after wounding of the rats and histology images 

are shown as day 1 for all groups. The histology images (wounding day 1) of 

different groups are considered as normal tissue architecture and compared with 

histology images (day 12) of respective groups after the termination of the 

experiments. The control group shows thick epidermis layer on day 1, but the 

fragmented and irregular epidermis layer is observed after 12 days of incubation, 

which suggest incomplete healing process in the control group.44 

 
 

Figure 4.22 Epithelial tissue histology images of different groups showing wound 

healing by H&E staining technique. Tissue histology images are labeled a = 

epidermis layer; b = dermis layer; c = sweat gland; and d = sebaceous gland. 

 

The epidermis thickness is the same as on day 1 in the drug control group after 12 

days of incubation, which suggests maximum wound healing activity of silverex 

cream.43,44 The histology images of β-CD-treated group show that a thin epidermis 

layer shows delayed wound healing. However, the histology images of hydrogel 7 

treated group show distinct wound healing activity, which is evident from full 
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thickness of the epidermis layer after 12 days of incubation.50 The architecture of 

the epidermis layer is recovered after the treatment of hydrogel 7 (Figure 4.22).50 

 

 
Figure 4.23 Biochemical analysis data of wound tissue after termination of the 

experiments: (a) nitrite estimation by Griess reagent and (b) collagen protein 

estimation by hydroxyproline assay, respectively. The data are shown as mean ± 

standard error of the mean (n = 5). ap < 0.05; bp < 0.01; cp < 0.001, and dp < 0.0001 

as compared to the control group. 

 

The nitrite is the metabolite of nitric oxide (NO), which is the common and 

important biochemical parameter for the evaluation of the extent of 

inflammation.45,46,52 The shorter half-life of NO could lead to the generation of 

oxidized products nitrate and nitrite, which are considered as the indicators of NO 

production.45,52 However, the promising role of NO on early wound healing is well 

accepted owing to the biochemical impact of NO on cell proliferation, 

angiogenesis, clotting, and inflammation.45,46,75 After a certain period of the time, 

the elevated level or overproduction of nitrite shows prolonged inflammation near 

the wound site, which may retard the wound healing process.45,46,52 Therefore, the 

Griess assay was performed to evaluate the level of nitrite present near the wound 

site after the termination of the wound healing experiments (Figure 4.23a).52 The 

negative and positive control group show higher nitrite level after termination of 

the experiment. The experimental data reveals that hydrogel 7 significantly reduces 

the nitrite level among the other groups. The reduction in the nitrite level further 

corroborates the better wound healing potential of hydrogel 7 in comparison to the 

β-CD (Figure 4.23a).45,46,52 Collagen is a structural protein and essential for tissue 

remolding and hardening during the wound healing process, which is quantified 

by hydroxyproline estimation assay (Figure 4.23b).76 Hydroxyproline is an 

important structural amino acid of collagen protein and provides crucial 

information of collagen metabolism.48 The collagen content significantly increases 

in a standard drug control group compared to negative control. However, hydrogel 

7 shows highest collagen content compared to other groups, which signifies the 

maximum wound healing activity by hydrogel 7 (Figure 4.23b).48 The β-CD-

treated group shows a slight increase in collagen content compared to the negative 

control. The hydroxyproline assay was cross-examined by measuring the total 
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protein content present in the wound tissue homogenate by spectrophotometers 

(Figure 4.24).48 These experimental data suggest highest protein content present in 

hydrogel 7 treated group compared to all other groups, which could be the reason 

behind better wound healing efficacy of hydrogel 7.48,76 Overall, these 

experimental data showed the in vivo wound healing activity of coassembled 

hydrogel 7 and corroborate the previous hypothesis regarding the in vitro and in 

vivo wound healing efficacy of nanofibrillar inherent antibacterial thixotropic 

hydrogels. 

 

 
Figure 4.24 The total protein estimation in the wound tissue homogenate by 

Nanodrop spectrophotometer at 280 nm. The data are shown as mean ± standard 

error of the mean (n = 5). ap < 0.05; bp < 0.01; cp < 0.001, and dp < 0.0001 as 

compared to the control group. 

 

4.4 Conclusion 

In conclusion, we have designed and synthesized an Amoc-capped dipeptide by 

using conventional solution-phase methodology. The Amoc-capped dipeptide self-

assembled into water and formed hydrogel 4 by a simple pH switch method at 

physiological conditions (pH 7.4, 37 °C). Similarly, the coassembled hydrogel 7 

was prepared by addition of equimolar β-CD in the peptide solution. The 

rheological investigations suggested that hydrogel 4 was tough, robust, and 

nonthixotropic in nature. However, the simple syringe injectability and better 

thixotropy were achieved by incorporation of β-CD with self-assembling peptide 

4 (hydrogel 4). HRTEM images of hydrogel 7 revealed the nanofibrillar network 

because of the involvement of noncovalent interactions between the peptide and 

β-CD. The supramolecular interactions between β-CD and peptides in hydrogel 7 

were analyzed by 1H NMR and FTIR experiments. The hydroxyl groups located 

in the wider rim of β-CD interacted with the amide groups of peptides via hydrogen 

bonding interactions. Furthermore, the PXRD data showed noncovalent 
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interactions between peptide 4 and β-CD, leading to the formation of ordered 

structures. Additionally, the concentration-dependent circular dichroism 

experiment of hydrogel 7 showed different dichroic signals after incorporation of 

β-CD with peptide. Hydrogel 7 inhibited the growth of Gram-positive bacteria, 

which showed the importance of inherent antibacterial properties of hydrogel 7 as 

wound healing biomaterials. The cell culture experiments showed biocompatibility 

of the hydrogel 7 and CLSM revealed the cell penetration ability of hydrogel 7. 

Hydrogel 7 exhibited potent in vivo wound healing activity. The histology data 

showed thick and intact epidermis layer after the treatment with hydrogel 7. 

Hydrogel 7 reduced NO level and increased the hydroxyproline content, which 

could be the reason behind the better wound healing activity. The in vivo wound 

healing efficacy shown by hydrogel 7 could be mediated through pleiotropic 

biological effects including the maintenance of moisture around the wound area 

because of the hydration property of the hydrogel. The antibacterial effects of the 

hydrogel protected from the infection and triggering of inflammatory pathway. 
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(34) Redondo-Gómez C., Abdouni Y., Becer C. R., Mata A. (2019), Self-

assembling hydrogels based on a complementary host-guest peptide amphiphile 

pair. Biomacromolecules, 20, 2276−2285 (DOI: 10.1021/acs.biomac.9b00224). 

(35) Chen M. H., Wang L. L., Chung J. J., Kim Y.-H., Atluri P., Burdick J. A. 

(2017), Methods to assess shear-thinning hydrogels for application as injectable 

https://doi.org/10.1021/acsami.9b13905
https://doi.org/10.1002/adma.201403339
https://doi.org/10.1021/acsabm.9b00125
https://doi.org/10.1021/ja403345p
https://doi.org/10.1021/acsami.7b19258
https://doi.org/10.1039/B915765B
https://doi.org/10.1021/acsnano.5b00623
https://doi.org/10.1021/acs.biomac.7b00924
https://doi.org/10.1039/C5CC10531E
https://doi.org/10.1039/C9NR03440D
https://doi.org/10.1039/B816354P
https://doi.org/10.1021/acs.biomac.9b00224


161 

 

biomaterials. ACS Biomater. Sci. Eng., 3, 3146−3160 (DOI: 

10.1021/acsbiomaterials.7b00734). 

(36) Rodell C. B., MacArthur J. W., Dorsey S. M., Wade R. J., Wang L. L., Woo 

Y. J., Burdick J. A. (2015), Shear-thinning supramolecular hydrogels with 

secondary autonomous covalent crosslinking to modulate viscoelastic properties 

in vivo. Adv. Funct. Mater., 25, 636−644 (DOI: 10.1002/adfm.201403550). 

(37) Chen G., Jiang M. (2011), Cyclodextrin-based inclusion complexation 

bridging supramolecular chemistry and macromolecular self-assembly. Chem. 

Soc. Rev., 40, 2254−2266 (DOI: 10.1039/C0CS00153H). 

(38) Radu C.-D., Parteni O., Ochiuz L. (2016), Applications of cyclodextrins in 

medical textiles-review. J. Controlled Release, 224, 146−157 (DOI: 

10.1016/j.jconrel.2015.12.046). 

(39) Mantooth S. M., Munoz-Robles B. G., Webber M. J. (2019), Dynamic 

hydrogels from host−guest supramolecular interactions. Macromol. Biosci., 19, 

1800281 (DOI: 10.1002/mabi.201800281). 

(40) Hou S.-S., Hsu Y.-Y., Lin J.-H., Jan J.-S. (2016), Alkyl-poly(l-

threonine)/cyclodextrin supramolecular hydrogels with different molecular 

assemblies and gel properties. ACS Macro Lett., 5, 1201−1205 (DOI: 

10.1021/acsmacrolett.6b00716). 

(41) Schneider H.-J., Agrawal P., Yatsimirsky A. K. (2013), Supramolecular 

complexations of natural products. Chem. Soc. Rev., 42, 6777−6800 (DOI: 

10.1039/C3CS60069F). 

(42) Liu K., Jiang X., Hunziker P. (2016), Carbohydrate-based amphiphilic nano 

delivery systems for cancer therapy. Nanoscale, 8, 16091−16156 (DOI: 

10.1039/c6nr04489a). 

(43) Basu A., Celma G., Strømme M., Ferraz N. (2018), In vitro and in vivo 

evaluation of the wound healing properties of nano-fibrillated cellulose hydrogels. 

ACS Appl. Bio Mater., 1, 1853−1863 (DOI: 10.1021/acsabm.8b00370). 

(44) Rao B. R., Kotcherlakota R., Nethi S. K., Puvvada N., Sreedhar B., Chaudhuri 

A., Patra C. R. (2018), Ag2[Fe(CN)5NO] Nanoparticles exhibit antibacterial 

activity and wound healing properties. ACS Biomater. Sci. Eng., 4, 3434−3449 

(DOI: 10.1021/acsbiomaterials.8b00759). 

(45) Malone-Povolny M. J., Maloney S. E., Schoenfisch M. H. (2019), Nitric oxide 

therapy for diabetic wound healing. Adv. Healthcare Mater., 8, 1801210 (DOI: 

10.1002/adhm.201801210). 

(46) Luo J.-d., Chen A. F. (2005), Nitric oxide: a newly discovered function on 

wound healing. Acta Pharmacol. Sin., 26, 259−264 (DOI: 10.1111/j.1745-

7254.2005.00058.x). 

(47) Hoque J., Prakash R. G., Paramanandham K., Shome B. R., Haldar J. (2017), 

Biocompatible injectable hydrogel with potent wound healing and antibacterial 

properties. Mol. Pharm., 14, 1218−1230 (DOI: 

10.1021/acs.molpharmaceut.6b01104). 

(48) Udhayakumar S., Shankar K. G., Sowndarya S., Rose C. (2017), Novel 

fibrous collagen-based cream accelerates fibroblast growth for wound healing 

https://doi.org/10.1021/acsbiomaterials.7b00734
https://doi.org/10.1002/adfm.201403550
https://doi.org/10.1039/C0CS00153H
https://doi.org/10.1016/j.jconrel.2015.12.046
https://doi.org/10.1002/mabi.201800281
https://doi.org/10.1021/acsmacrolett.6b00716
https://doi.org/10.1039/C3CS60069F
https://doi.org/10.1039/c6nr04489a
https://doi.org/10.1021/acsabm.8b00370
https://doi.org/10.1021/acsbiomaterials.8b00759
https://doi.org/10.1002/adhm.201801210
https://doi.org/10.1111/j.1745-7254.2005.00058.x
https://doi.org/10.1111/j.1745-7254.2005.00058.x
https://doi.org/10.1021/acs.molpharmaceut.6b01104


162 
 

applications: in vitro and in vivo evaluation. Biomater. Sci., 5, 1868−1883 (DOI: 

10.1039/C7BM00331E). 

(49) Zhang Y., Lu L., Chen Y., Wang J., Chen Y., Mao C., Yang M. (2019), 

Polydopamine modification of silk fibroin membranes significantly promotes their 

wound healing effect. Biomater. Sci., 7, 5232−5237 (DOI : 

10.1039/C9BM00974D). 

(50) Xiao Y., Reis L. A., Feric N., Knee E. J., Gu J., Cao S., Laschinger C., 

Londono C., Antolovich J., McGuigan A. P., Radisic M. (2016), Diabetic wound 

regeneration using peptide-modified hydrogels to target re-epithelialization. Proc. 

Natl. Acad. Sci. U.S.A., 113, E5792−E5801 (DOI: 10.1073/pnas.1612277113). 

(51) Gurtner G. C., Werner S., Barrandon Y., Longaker M. T. (2008), Wound 

repair and regeneration. Nature, 453, 314−321 (DOI: 10.1038/nature07039). 

(52) Maia L. B., Moura J. J. G. (2014), How biology handles nitrite. Chem. Rev., 

114, 5273−5357 (DOI: 10.1021/cr400518y). 

(53) Naik S., Larsen S. B., Gomez N. C., Alaverdyan K., Sendoel A., Yuan S., 

Polak L., Kulukian A., Chai S., Fuchs E. (2017), Inflammatory memory sensitizes 

skin epithelial stem cells to tissue damage. Nature, 550, 475−480 (DOI: 

10.1038/nature24271). 

(54) He H., Xiao Z., Zhou Y., Chen A., Xuan X., Li Y., Guo X., Zheng J., Xiao J., 

Wu J. (2019), Zwitterionic poly(sulfobetaine methacrylate) hydrogels with optimal 

mechanical properties for improving wound healing in vivo. J. Mater. Chem. B, 7, 

1697−1707 (DOI: 10.1039/C8TB02590H). 

(55) Giano M. C., Ibrahim Z., Medina S. H., Sarhane K. A., Christensen J. M., 

Yamada Y., Brandacher G., Schneider J. P. (2014), Injectable bioadhesive 

hydrogels with innate antibacterial properties. Nat. Commun., 5, 4095 (DOI: 

10.1038/ncomms5095). 

(56) Zhang L., Cao Z., Bai T., Carr L., Ella-Menye J.-R., Irvin C., Ratner B. D., 

Jiang S. (2013), Zwitterionic hydrogels implanted in mice resist the foreign-body 

reaction. Nat. Biotechnol., 31, 553−556 (DOI: 10.1038/nbt.2580). 

(57) Su J., Hu B.-H., Lowe W. L., Kaufman D. B., Messersmith P. B. (2010), Anti-

inflammatory peptide-functionalized hydrogels for insulin secreting cell 

encapsulation. Biomaterials, 31, 308−314 (DOI: 

10.1016/j.biomaterials.2009.09.045). 

(58) Sangabathuni S., Murthy R. V., Gade M., Bavireddi H., Toraskar S., Sonar 

M. V., Ganesh K. N., Kikkeri R. (2017), Modeling glyco-collagen conjugates 

using a host-guest strategy to alter phenotypic cell migration and in vivo wound 

healing. ACS Nano, 11, 11969−11977 (DOI: 10.1021/acsnano.7b01789). 

(59) Hawes C. S., Lynes A. D., Byrne K., Schmitt W., Ryan G., Möbius M. E., 
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5.1 Introduction  
Molecular self-assembly plays vital role for the design and fabrication of 

functional materials.[1-3] In search of regenerative medicines, extensive research 

efforts have been given for the development of soft materials.[4] Particularly, self-

assembly of biomolecules offers a promising approach for the development of soft 

materials.[5,6] Self-assembly is a spontaneous and fundamental process in nature 

where molecules adopt specific and well-defined structures with the help of 

various non-covalent interactions including hydrogen bonding, ionic, hydrophobic 

and van der Waals interactions.[7] However, non-covalent interactions are 

considered as weak interactions but their collective interactions produce ordered 

nanostructures.[8] Molecular self-assembly plays very crucial role in many 

biological systems for the construction of various hierarchical structures using the 

‘bottom up’ approach.[9,10] The self-assembly of molecules forms 

thermodynamically stable structures such as spheres, rods, fibers, tubes vesicles.[11] 

Self-assembly of biomolecules can be induced by various external stimuli such as 

pH, temperature, ultrasonication and enzymatic reactions.[12,13] The stimuli 

responsive molecules change their conformations owing to the noncovalent 

interactions upon changing the physical and chemical environment.[14] The stimuli 

responsive self-assembly undergoes changes in physiochemical properties of 

materials which is used for the regenerative medicine development.[15] However, 

the challenge in self-assembly is to design and develop a stimuli responsive 

building block which can exhibit the ordered structures.[16] 

Recently, peptide-based hydrogelators have paid a great attention in the various 

areas ranging from biomedical science to biochemical engineering for the 

construction of highly thixotropic, biocompatible, biodegradable, and non-

immunogenic soft biomaterials.[17-20] Among the various self-assembling peptides, 

dipeptide-based hydrogelators are easy to design, synthesize and functionalize 

with biological active molecules, thus low molecular weight peptides are 

interesting class of building blocks for the preparation of self-assembled 

materials.[21] Several self-assembling peptide-based soft biomaterials were used for 

various in vitro and in vivo biological applications including cell culture, drug 

delivery, antimicrobial, anticancer, tissue repair therapy and wound healing 

purposes.[22-26] The cross-linked network of hydrogels encapsulates drug molecules 

via noncovalent interactions and deliver to the target site upon administration.[27] 

The difference in physicochemical environment of target site actuates the sustained 

release of drug from hydrogels.[28] The self-assembling peptides have been 

employed for the development of anticancer and antimicrobial therapeutics.[29] 

These peptides selectively interact with cell membrane and cell organelle of 

tumorigenic and nontumorigenic cells.[30] The inherent hydrophobicity, charge and 

conformation of self-assembling peptides have been utilized for the development 

of antibacterial hydrogels.[31] During past decades, the peptide-based inherent 

antimicrobial hydrogels have been utilized for acute and chronic wound healing 

applications.[32] The self-assembled hydrogels possess fibrillar and pores 

morphology which allows gaseous exchange and maintain the moist 
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environment.[33] The fibrillar structures of hydrogel stop the bleeding, guide the 

fibroblast cell migration and accelerate the quality of wound healing.[33] 

Additionally, the anti-inflammatory peptide-based hydrogels reduce the acute 

inflammation which promote the wound healing activity.[32,33] Therefore, peptide-

based self-assembled antimicrobial hydrogels possess all the merits required for 

an ideal wound dressing material. 

The 9-anthracenemethoxycarbonyl (Amoc)-capped peptides exhibit stimuli-

responsive hydrogelations under mild conditions.[34] The stiffness and viscoelastic 

properties of Amoc-capped hydrogels can be tuned through incorporation of 

cyclodextrin with self-assembling peptides by coassembly approach.[32] Other 

advantages of the Amoc-capped coassembled hydrogel demonstrate better shear 

thinning and syringe injectability which can be used to fill the tissue defects and 

cavities. Additionally, the Amoc-capped hydrogels have been used for 

antibacterial and anti-inflammatory applications owing to the optimum 

hydrophobicity and higher aggregation propensity via aromatic interactions.[21,22] 

In the current report, we have designed an Amoc-capped dipeptide-based 

noncytotoxic hydrogelator for the preparation of soft biomaterials which can 

exhibit the inherent antibacterial and in vivo wound dressing activity. 

 

5.2 Experimental Section 

5.2.1   Materials and Methods 
All the materials used for this project were procured from commercial sources and 

used as received. The 9-anthracenemethanol, 4-nitrophenyl chloroformate and 

pyridine were purchased from Sigma-Aldrich (Merck KGaA), India. L-

phenylalaninne (F), dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole 

(HOBt) were purchased from SRL, India. The β-cyclodextrin (CD) hydrated was 

procured from Alfa Aesar, India. The chemicals for biological experiments i.e. 

peptone powder, yeast extract, agar agar powder, Dulbecco's Modified Eagle 

Medium (DMEM), Minimum Essential Medium Eagle (MEM), Trypsin-EDTA 

solution 1X, Penicillin-Streptomycin antibiotic solution 100X and 3-(4,5-

dimethythiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) powder were 

purchased from HiMedia Laboratories Pvt. Ltd., India. The silverex gel (silver 

nitrate 0.2% w/w, Sun Pharma, India), povidone-iodine (Win Medicare Pvt. Ltd., 

India), Dynapar AQ (Diclofenac 75 mg/mL injection) Tegaderm (3M bandage), 

hair removal cream Anne French (Pfizer, India), and the disposable biopsy punch 

(8 mm, amazon, India) were purchased commercially for the research purposes. 

All solvents were analytical grade and purchased from Rankem, India; and Merck, 

India. HPLC grade acetonitrile (ACN) and methanol (MeOH) were used for the 

analysis of the synthesized molecules.  Solvents were distilled prior to use and kept 

in 4Å molecular sieves. Tetrahydrofuran (THF), N,N’-dimethylformamide  

(DMF), ethyl acetate (EtOAc), MeOH, hexane were dried using the standard 

procedure. Thin-layer chromatography was performed on pre-coated silica gel 

plates (Kieselgel 60 F254, Merck). Synergy H1 multimode microplate reader was 

used for 96-well microplates reading at 25 °C. 
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5.2.2 Synthesis of 5 

Scheme 5.1 Synthetic pathway of 5 

 
5.2.2.1 Synthesis of 8 

7 (1.16 g, 5.76 mmol) was solubilized in 15 mL dry THF under N2 atmosphere. 

The solution was ice-cooled and pyridine (0.456 g, 5.76 mmol) was added into the 

cold solution. The white slurry was obtained after the addition of pyridine. 6 (1.0 

g, 4.80 mmol) was solubilized in 15 mL dry THF and the solution was added into 

the reaction mixture by several portions. The reaction mixture was allowed to stir 

overnight at room temperature. Product conversion was checked by TLC. After 

completion of the reaction, THF was evaporated by a rotary evaporator. The crude 

reaction mixture was diluted with ethyl acetate (50 mL) and the mixture was 

washed with 1 M HCl (3 × 30 mL) and successively with brine. The yellow-green 

product was obtained by evaporating the solvent under reduced pressure. The 

product was recrystallized using benzene and yellow needle-shaped crystal of 8 

was further used for the synthesis of 5. 

Yield: 1.36 g (76%). 1H NMR (400 MHz, CDCl3): δ = 8.58 (s, 1H, Amoc), 8.42-

8.40 (d, J = 8.88 Hz, 2Hs, Ph), 8.26- 8.24 (d, J= 8.44 Hz, 2Hs, Amoc), 8.08-8.06 

(d, J = 8.40 Hz, 2H, Amoc), 7.65-7.61 (t, J = 7 Hz, 2H, Amoc), 7.55-7.51 (t, J = 

7.48 Hz, 2H, Amoc), 7.37-7.35 (d, J = 8.36 Hz, 2H, Ph), 6.39 (s, 2H, Amoc) ppm. 
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Figure 5.1 1H NMR spectrum (400 MHz) of 8 in CDCl3. 

5.2.2.2 Synthesis of 20 

1.2 g (3.21 mmol) of 8 was dissolved in 3 mL dry DMF. The reaction mixture was 

ice-cooled. The hydrochloride salt of 13 (1.49 g, 6.42 mmol) was neutralized using 

saturated Na2CO3 (20 mL) solution and the product was extracted using ethyl 

acetate (3 × 30 mL). The neutralized solution of 13 was added to the reaction 

mixture and allowed to stir for 12 h. Product conversion was confirmed by thin 

layer chromatography (TLC). After completion of the reaction, ethyl acetate (25 

mL) was added and washed with 1 M HCl (3 × 30 mL), saturated Na2CO3 solution 

(6 × 30 mL) and then with brine. Yellow colour solid 20 was obtained after 

evaporating the solvent under reduced pressure. The product 20 was crystalized in 

cold methanol. 

Yield: 1.12 g (81%); FT-IR (KBr): ῡ = 3302 (s, NH), 1747 (s, COOMe), 1691 (s, 

amide I band), 1613 (s, amide I band), 1591 (s, amide II band), 1507 (s, amide II 

band) cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 9.23 (s, 1H, OH, Tyr), 8.68 (s, 

1H, Amoc), 8.34–8.32 (d, J = 8.76 Hz, 2H, Amoc), 8.14–8.12 (d, J = 8.24 Hz, 2H, 

Amoc), 7.65–7.53 (m, 5H, NH, Amoc), 6.98–6.96 (d, J = 8.2 Hz, 2H, Tyr), 6.62–

6.60 (d, J = 8.24 Hz, 2H, Tyr), 6.07–5.96 (q, 2H, Amoc), 4.22–4.16 (dd, J = 9.28 

Hz, 8.96 Hz, 1H, Cα H of Tyr), 3.60 (s, 3H, OCH3), 2.89–2.84 (dd, J = 5.2 Hz, 5.08 

Hz, 1H, Cβ H of Tyr), 2.73–2.67 (m, 1H, Cβ H of Tyr) ppm; MS (ESI): m/z calcd 

for C26H23NO5: 452.1474 [M+Na]+; found: 452.1575. 

 

Figure 5.2 ESI-MS spectrum of 20. 
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Figure 5.3 1H NMR (400 MHz, DMSO-d6) spectrum of 20. 

5.2.2.3 Synthesis of 21 

20 (1.0 g, 2.32 mmol) was solubilized in 10 mL THF and 20 mL MeOH. In the 

reaction mixture, 1 M LiOH solution was slowly added for hydrolysis. The 

reaction mixture was stirred for 6 h and progress of the hydrolysis was monitored 

by TLC. Then 1 M LiOH solution was added in every 30 min interval according 

to the progress of the hydrolysis. The excess solvent was evaporated and remaining 

mixture was taken in the separating funnel. The mixture was very carefully washed 

with diethyl ether (2 × 20 mL). The hydrolyzed solution was taken in the conical 

flask and acidified with 1 M HCl (pH 2).  The acidified solution was extracted 

three times with EtOAc (3 × 30 mL) and dried over anhydrous Na2SO4. The 

solution was evaporated and solid yellow 7 was obtained. The solid yellow mass 

was recrystallized in dry THF. 

Yield: 0.790 g (82%); FT-IR (KBr): ῡ = 3305 (s, NH), 1690 (s, amide I band), 

1611 (s, amide I band), 1596 (s, amide II band), 1540 (s, amide II band), 1514 cm-

1; 1H NMR (400 MHz, DMSO-d6): δ = 9.22 (br s, 1H, OH, Tyr), 8.68 (s, 1H, 

Amoc), 8.34–8.31 (d, J = 8.64 Hz, 2H, Amoc), 8.13–8.11 (d, J = 8.20 Hz, 2H, 

Amoc), 7.62–7.53 (m, 4H, Amoc), 7.42–7.40 (d, J = 7.96 Hz, 1H, NH), 6.99–6.97 

(d, J = 7.92 Hz, 2H, Tyr), 6.62–6.60 (d, J = 7.92 Hz, 2H, Tyr), 6.06–5.94 (q, 2H, 

Amoc), 4.11 (br s, 1H, Cα H of Tyr), 2.93–2.88 (dd, J = 3.84 Hz, 3.64 Hz, 1H, Cβ 

H of Tyr), 2.70–2.64 (m, 1H, Cβ H of Tyr) ppm; MS (ESI): m/z calcd for 

C25H21NO5: 438.1317 [M+Na]+; found: 438.1331. 

 

Figure 5.4 ESI-MS spectrum of 21. 
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Figure 5.5 1H NMR (400 MHz, DMSO-d6) spectrum of 21. 

5.2.2.4 Synthesis of 22 

21 (1.0 g, 2.40 mmol) and HOBt (0.441 g, 2.88 mmol) was dissolved in 3 mL dry 

DMF. The coupling reagent DCC (0.595 g, 2.88 mmol) was added to the reaction 

mixture. The reaction mixture was ice-cooled. The hydrochloride salt of 13 (1.11 

g, 4.80 mmol) was neutralized using saturated Na2CO3 (15 mL) solution and the 

product was extracted using ethyl acetate (3 × 30 mL). The neutralized solution of 

13 was added to the reaction mixture and allowed to stir for 12 h. The product 

conversion was confirmed by TLC. The reaction mixture was filtered by sintered 

glass funnel (Borosil, G4) to remove urea by product. Ethyl acetate (25 mL) was 

added to the reaction mixture and washed with 1 M HCl (3 × 30 mL), saturated 

Na2CO3 solution (3 × 30 mL). Solid yellow 22 was obtained after evaporating the 

solvent under reduced pressure. The solid product was dissolved in ACN and 

insoluble urea was removed by vacuum filtration. The ACN was evaporated at 

reduced pressure and solid mass of 22 was purified by flash chromatography using 

EtOAc:hexane as eluent.  

Yield: 0.996 g (70%); FT-IR (KBr): ῡ = 3437 (br, OH), 3298 (NH), 1734 (s, 

COOMe), 1690 (s, amide I band), 1652 (s, amide I band), 1569 (s, amide II band), 

1516 (s, amide II band) cm-1; 1H NMR (400 MHz, DMSO-d6): δ = 9.25 (s, 1H, 

OH, Tyr), 9.17 (s, 1H, OH, Tyr), 8.68 (s, 1H, Amoc), 8.30–8.28 (d, J = 8.64, 3H, 

NH, Amoc), 8.13–8.11 (d, J = 8.12 Hz, 2H, Amoc), 7.61–7.52 (m, 4H, Amoc), 

7.25–7.23 (d, J = 8.6 Hz, 1H, NH), 7.02–6.97 (m, 4H, Tyr), 6.68–6.67 (d, J = 7.92 

Hz, 2H, Tyr), 6.61–6.59 (d, J = 7.84 Hz, 2H, Tyr), 5.98–5.91 (m, 2H, Amoc), 4.41–

4.36 (m, 1H, Cα H of Tyr), 4.25–4.20 (m, 1H, Cα H of Tyr), 3.55 (s, 3H, OCH3), 

2.91–2.77 (m, 4H, Cβ H of Tyr) ppm; MS (ESI): m/z calcd for C35H32N2O7: 

615.2107 [M+Na]+; found: 615.2036. 
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Figure 5.6 ESI-MS spectrum of 22. 

 

Figure 5.7 1H NMR (400 MHz, DMSO-d6) spectrum of 22. 

5.2.2.5 Synthesis of 5 

22 (0.800 g, 1.07 mmol) was completely solubilized in the mixture of THF:MeOH 

(1:2, 30 mL). A 3 mL of 1 M LiOH solution was added slowly. The progress of 

the hydrolysis was monitored by TLC and reaction mixture was stirred up to 6 h 

for complete hydrolysis. After the completion of the reaction, excess solvent was 

evaporated and diluted with 30 mL of distilled water. The aqueous solution of the 

product was taken into the separating funnel and slowly washed with diethyl ether 

(20 mL). The aqueous layer was collected and cooled in an ice bath. The solution 

was acidified with 1 M HCl (pH 2) and product was extracted with EtOAc (3 × 30 

mL). The EtOAc layer was dried over anhydrous Na2SO4 and evaporated under 

reduced pressure to obtain 5 as yellow product. The yellow product was 

recrystallized in dry THF and hexane. 

Yield: 0.617 g (79%); FT-IR (KBr): ῡ = 3418 (br, OH), 3298 (s, NH), 1703 (s, 

COOH), 1689 (s, amide I band), 1652 (amide I band), 1632 (amide I band) 1571 

(amide II band), 1513 (s, amide II band) cm-1; 1H NMR (400 MHz, DMSO-d6): δ 

= 9.22 (s, 1H, OH, Tyr), 9.17 (s, 1H, OH, Tyr), 8.67 (s, 1H, Amoc), 8.29–8.27 (d, 

J = 8.60, 2H, Amoc), 8.13–8.09 (m, 3H, NH, Amoc), 7.60–7.52 (m, 4H, Amoc), 

7.25–7.22 (d, J = 8.64 Hz, 1H, NH), 7.04–6.97 (dd, J = 8.08 Hz, 7.96 Hz, 4H, Tyr), 
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6.68–6.58 (dd, J = 8.04 Hz, 7.96 Hz, 4H, Tyr), 5.94 (s, 2H, Amoc), 4.38–4.34 (m, 

1H, Cα H of Tyr), 4.23–4.20 (m, 1H, Cα H of Tyr), 2.97–2.66 (m, 4H, Cβ H of Tyr) 

ppm; 13C NMR (100 MHz, DMSO-d6): δ = 173.47, 172.12, 156.50, 156.24, 131.42, 

130.99, 130.69, 130.60, 129.42, 129.16, 127.52, 127.19, 125.79, 124.65, 115.54, 

115.33, 58.71, 56.98, 54.39, 37.14, 36.53 ppm; HRMS (ESI): m/z calcd for 

C34H30N2O7: 601.1951 [M+Na]+; found: 601.1943. 

Figure 5.8 HRMS spectrum of 5. 

 
Figure 5.9 1H NMR (400 MHz, DMSO-d6) spectrum of 5. 

 

 
Figure 5.10 13C NMR (100 MHz, DMSO-d6) spectrum of 5. 
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5.2.3 Purification of the Peptide 

Peptide 5 and their intermediates were purified by Flash Chromatography 

(TELEDYNE ISCO, USA; model: CombiFlash®Rf+) using silica gel (200 mesh 

size) with EtOAc/hexane (ratio as required) as eluent. The purified peptides were 

recrystallized in THF by slow evaporation methods to get crystalline peptides and 

used for further experiments. 

5.2.4 Preparation of Hydrogels 

5.2.4.1 Hydrogel 9 

In a glass vial, peptide 5 (20 mmol L-1) was added in 2 mL of ultra-pure water and 

solubilized by dropwise addition of 0.5 M NaOH. The pH of the solutions was 

slowly reduced by 0.1 M HCl and the turbid solutions of the peptide 5 turns into 

the hydrogel 9 at pH 7.4 and 37 °C. The self-supporting hydrogel 9 was formed 

which was examined by vial inversion method. 

5.2.4.2 Hydrogels 10 

The peptide 5 (20 mmol L-1) was taken in glass vials containing 2 mL of Milli-Q 

water. The β-CD (20 mmol L-1) was added to the peptide solutions. The pH of the 

mixture was elevated by slow addition of 0.5 M NaOH and these solutions were 

stirred for 30 min to get the clear peptide/β-CD solution. The pH of the solution 

was slowly decreased to pH 7.4 by slow addition of 0.1 M HCl solution. The 

solutions were kept in rest for 30 min at 37 °C which form self-supporting hydrogel 

10. 

5.2.5 Characterizations 

5.2.5.1 Spectroscopic Experiments 

The nuclear magnetic resonance spectroscopy (NMR) experiments were 

performed in CDCl3 and DMSO-d6 on a Bruker AV 400 MHz spectrometer. The 

peptide concentrations used for the 1H and 13C NMR were 2-5 and 120-130 mmol 

L-1 respectively. The chemical shifts (δ) are reported in ppm, downfield of 

tetramethylsilane (TMS). Peak multiplicities are reported as follows: singlet (s), 

doublet (d), triplet (t), quartet (q) and multiplet (m) and broad (b). The electrospray 

ionization mass spectrometry (ESI-MS) was acquired on a Bruker micrOTOF-Q II 

mass spectrometer by a positive-mode electrospray ionization process. The 

circular dichroism spectra were recorded at 25 °C using a JASCO J-815 

spectropolarimeter. The concentration-dependent circular dichroism experiments 

were performed using diluted hydrogel 10 (20, 8, 4, 2, 1, 0.5, 0.25, 0.125, 0.062 

mmol L-1). The FTIR spectroscopy was performed on KBr pellets on a Bruker 

Tensor 27 FTIR spectrophotometer. The hydrogel was placed between crystal 

Zn−Se windows for FTIR analysis and scanned between 600-4000 cm-1.  

5.2.5.2 Electron Microscopy Experiments 

The high-resolution transmission electron microscopy (HRTEM) images were 

captured using a FEI electron microscope (model: Tecnai G2, F30), operated at an 

accelerating potential of 300 kV (Magnification, 58X to 1 × 106X). The images 

were captured using 2% (w/v) phosphotungstic acid as a negative stain. The dilute 

solution (1-2 mmol L-1) of the hydrogels 9 and 10 were used for the HRTEM 

experiment. 
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5.2.5.3 Rheological Experiments 

Rheological experiments were performed at 25 °C on an Anton Paar Physica MCR 

301 rheometer. The amplitude sweep experiment was performed at constant 

frequency of 10 rad s-1 and region of deformation was evaluated. The hydrogels 9 

and 10 were placed in between of a stainless steel parallel-plate (diameter: 25 mm) 

with TruGap (0.5 mm). The frequency sweep experiment was performed in the 

range of 0.05-100 rad s-1 with the same strain percent found by amplitude sweep 

experiment. The step strain experiment was performed by varying low-high-low 

strain at constant frequency of 10 rad s-1. 

5.2.6 Antibacterial Test 

5.2.6.1 Inoculum Growth 

The nutrient agar (NA) plate method was used to evaluate the antibacterial activity 

of the hydrogels. The bacterial culture Staphylococcus aureus (S. aureus, MTCC 

87) and Bacillus subtilis (B. subtilis, MTCC 441) bacteria were procured from the 

Institute of Microbial Technology Chandigarh (CSIR-IMTech), India. Fresh 

inoculum was grown in nutrient broth (NB) and used for the experiments. The NA 

was prepared by dissolving peptone (10 gm), yeast extract (3 gm), NaCl (5 gm), 

agar-agar powder (20 gm) in 1000 mL water. The NB was prepared similarly as 

NA by eliminating agar-agar powder and autoclaved before use. 

5.2.6.2 Hydrogel Treatment 

The hydrogel 10 was prepared by maintaining the aseptic conditions. The sterile 

Milli-Q water, 0.5 M NaOH and 0.1 M HCl were used for the hydrogel preparation 

under the laminar air flow. The hydrogel 10 (20 mmol L-1) was treated with Gram-

positive (S. aureus and B. subtilis) and Gram-negative (E. coli) bacteria. The 

bacterial culture was grown for 12 h at 37 °C and used for the experiment. The 

absorbance (OD600 = 0.1) of bacterial culture was set according to McFarland 

standard (2 × 108 cfu/mL). A 100 μL of hydrogel 10 was transferred in a sterile 

centrifuge tube and 400 μL of NB was added slowly on the top of the hydrogel. A 

10 μL of bacterial culture (2 × 106 cfu/mL) was added to the NB containing 

hydrogel 10. The microcentrifuge tubes were incubated at 37 °C for 12 h for the 

bacterial growth. After treatment, 10 µL of bacterial suspension containing 

hydrogel was 10-fold diluted and whole plate streaked in a sterile nutrient agar 

plate. The reduction in the bacterial colonies was visually observed in the nutrient 

agar plate.  

5.2.7 Cell Culture Experiments 

The cell culture experiments were performed in DMEM (Dulbecco’s Modified 

Eagle Medium contains 4 mM L-glutamine, 1000 mg/L glucose, and 110 mg/L 

sodium pyruvate) with 10% FBS (fetal bovine serum) and 1% antibiotic 

(penicillin-streptomycin) solution. The hydrogels 9 and 10 were diluted in cell 

culture media and used for the experiments. The resulting hydrogels concentrations 

for the cell culture experiments were in the range of 200 to 12.5 µmol L-1. The 

HEK293 cells were used for the biocompatibility test. The hydrogels were treated 

with HEK293 (8 × 103 cells/well) cells for 24 h at 37 °C. After treatment, the cell 

culture media was removed very carefully and cells were washed with PBS (10 
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mmol L-1, pH 7.4) to remove the excess hydrogel. After washing, the fresh DMEM 

(Dulbecco’s Modified Eagle Medium) was added into the 96 well plate. The 

cytotoxic effect was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. The absorbance was taken at 570 nm 

using a microplate reader (Synergy H1 multimode microplate reader).11 

5.2.8 In vivo Wound Healing Experiments 

In vivo wound healing experiments were performed according to the Institutional 

Animal Ethical Committee (IAEC) guidelines. The experimental approval was 

taken prior to the wound healing experiments. Wistar albino male rats (weight 180 

± 10 gm) were housed in polypropylene cages in a standard photoperiod (14 h, 

light:10 h, dark, 27 ± 2 °C) with the provision of laboratory feed (Gold Mohur 

feed, Hindustan Lever Limited, Mumbai, India) and water ad libitum. Animals 

were maintained in accordance with the guidelines of the Committee for the 

Purpose of Control and Supervision of Experiments on Animals (CPCSEA), 

Ministry of Environment, Forest and Climate Change, New Delhi, Government of 

India (Reg. No. 779/Po/Ere/S/03/CPCSEA). 

5.2.8.1 Wound Creation and Hydrogel Injection 

For the wound creation (1 day), each rat was anesthetized by subcutaneously 

injection of cocktail of the ketamine (50−60 mg/kg) and xylazine (10 mg/kg). The 

dorsal hairs were removed by using hair removal cream (Anne French; Pfizer, 

India). The wounding area was marked and then sterilized with povidone-iodine 

solution prior to incision. A disposable biopsy punch (8 mm) was used to induce 

wound on each side (two wounds) of the dorsal midline of the rat. Then, the rats 

were divided in different experimental groups such as disease control, drug control, 

hydrogel 10, and each group contains five rats (n = 5). For the wound healing 

assay, the standard drug (silverex gel 0.2% w/w) and hydrogel 10 were applied on 

the wound site with the help of micropipette (100 µL/wound). The disease control 

group was given PBS on the wound site. After 1h, the wound site was covered and 

fixed by placing Tegaderm-3M dressing bandage over the wound. The wet 

environment of hydrogel sometime creates troubleshoot for the Tegaderm-3M 

bandage; hence, the interval was maintained for proper hydrogel drying on the 

wound site. The diclofenac injection was subcutaneously given after 4 h interval 

of the wounding. The hydrogel 10, standard drug, and PBS were given in every 

alternate day. On day 12, the experiment was terminated and reduction in the 

wound area was photographed by digital camera. The rats were anaesthetized and 

the wound tissues were collected in the PBS for histology and biochemical 

analysis. The wound tissues were fixed for the histological analysis. 

5.2.8.2 Histology Experiments 

The wound tissue histology was performed on day 1 and 12. The small tissue 

specimen was collected by biopsy punch and the tissue fixation was performed in 

formalin solution (10% v/v). The fixed tissues were properly dehydrated and 

embedded in paraffin wax and small sections were cut into 4 μm thickness. The 

sections were stained with hematoxylin and eosin (H&E staining) and images were 
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captured in an inverted optical microscope for the histology analysis of the wound 

healing process. 

5.2.8.3 Hydroxyproline Assay 

The wound tissues were dried on the blotting paper and properly chopped into the 

small pieces. The chopped tissues (10% w/v) were slowly homogenized in ice-cold 

PBS (10 mM, pH 7.4). The homogenized solution was centrifuged at 10000 rpm 

(4 °C) for 15 min. The supernatant was slowly separated for the hydroxyproline 

assay and performed as previously reported. The stock L-hydroxyproline solution 

(1 mg/mL) was prepared in Mill-Q water. The Ehrlich’s reagent (1 M) was 

prepared by dissolving 1.5 g of p-dimethylaminobenzaldehyde in n-

propanol/perchloric acid (2:1 v/v, 3 mL) and volume was maintained 10 mL by 

addition of Mill-Q water. The chloramine-T (0.056 M) reagent was prepared by 

addition of 1.26 g of chloramine-T in 20 mL n-propanol/water (1:1) and final 

volume was maintained as 100 mL by addition of acetate-citrate buffer (pH 6.5, 

100 mmol L-1). The 200 µL of tissue homogenate was taken in a 2 mL 

microcentrifuge tube and 50 µL of 10 M NaOH solution was added to the vial. The 

tissue homogenate sample was hydrolyzed by autoclaving at 121 °C for 30 min. A 

750 µL of chloramine-T was added to this sample and this sample was kept for 25 

min at room temperature. A 500 µL of Ehrlich’s reagent was added to the sample 

and kept at 70 °C for 30 min for the chromophore development.  A 500 µL of water 

was added and absorbance was recorded at 550 nm using a spectrophotometer.  

5.2.8.4 Nitrite Assay 

The standard nitrite solution (1.44 mmol L-1) was prepared by dissolving 1 mg of 

sodium nitrite in 10 mL of Milli-Q water. The tissue homogenate was mixed 

properly and 400 µL of homogenate was taken in a microcentrifuge tube. A 100 

µL of Griess reagent was added to this tube at room temperature and mixed 

thoroughly with a micropipette. A 1.5 mL of Milli-Q water was added to this tube 

and incubated for 20 min at room temperature. The solution turns into pink color 

and the absorbance was recorded at 548 nm. 

5.2.9 Statistical Analyses 

The biological data are shown as mean ± SEM. *p< 0.05; **p< 0.01; ***p < 0.001, 

and ****p< 0.0001, as compared to the control group. The data were analyzed by 

one-way ANOVA (nonparametric) followed by Neuman-Keuls multiple 

comparison tests, using a Graph Pad Prism (GraphPad, San Diego, CA). 

5.3 Results and Discussion 

Self-assembly of peptide-based soft materials offers an appealing approach for the 

fabrication of functional biomaterials. In current work, the self-assembling 

dipeptide was synthesized using robust and rigid 9-anthracenemethoxycarbonyl 

(Amoc) group for N-terminal aromatic protection. The overall hydrophobicity of 

the synthesized dipeptide 5 (log P = 5.16) is calculated using online prediction 

program.[35] The additional hydrophobicity and planarity of Amoc group enable 

the hydrogelation of tyrosine containing dipeptide 5 (Amoc-YY-OH: Y = L-

tyrosine). The dipeptide (20 mmol L-1) self-assembles at physiological conditions 



178 
 

(pH 7.4, 37 °C) which encapsulates the water molecules and results into self-

supporting hydrogel 9. The dipeptide was solubilized at higher pH 10 and 

subsequently the pH of the system was reduced to 7.4 which entrapped water 

molecules owing to involvement of noncovalent interactions such as hydrogen 

bonding, π-π stacking and hydrophobic interactions.  

 
 

Scheme 5.2 The schematic representation of coassembly of peptide 5 (20 mmol L-

1) and β-CD (1:1 equivalent) at physiological conditions results into self-

supporting hydrogel 10. The coassembled nanofibrillar hydrogel 10 has been 

utilized as wound dressing system. 

However, the dipeptide tailored with Amoc group has lower water solubility which 

was tuned by simple incorporation of equimolar ratio of β-cyclodextrin (β-CD) 

with self-assembling peptide (1:1 equivalent, peptide:β-CD). The dipeptide with 

β-CD (20 mmol L-1; 1:1 equivalent) coassembled at physiological conditions (pH 

7.4, 37 °C) and formed self-supporting hydrogel 10 (Scheme 5.2). The greater 

water solubility of dipeptide due to presence of equimolar β-CD could results of 

noncovalent interactions between β-CD and peptides.[36] The rheological 

experiments were carried out to ensure the formation of self-assembled materials 

(Figure 5.11). The strain sweep experiment was performed at constant angular 

frequency (10 rad s-1) to ensure the viscoelastic nature of the hydrogels 9 and 10 

(Figure 5.11a,d). The hydrogels 9 and 10 exhibit elastic behavior at low strain and 

viscous behavior at high strain. The exact strain percent for hydrogels are obtained 

where linear viscoelastic (LVE) region is valid. Below the critical strain percent 

(0.5 and 0.1 for hydrogels 9 and 10, respectively), the rheological properties of 

hydrogels are independent of oscillatory strain. The values of storage (G’) and loss 

modulus (G”) for hydrogel 9 are always greater than the hydrogel 10. This 

phenomenon suggests that the mechanical strength of the hydrogel 10 decreases 

after the incorporation of β-CD with self-assembling peptides. The lower 

mechanical strength of hydrogel 10 compared to hydrogel 9 could be the outcome 

of coassembly of β-CD and peptides.[37] The oscillatory frequency sweep 

experiments were performed below the LVE region to evaluate the solid-like 

character of hydrogels 9 and 10 at constant strain percent (Figure 5.11b,e). 

β-CD
(20 mmol L-1)

Peptide 5
(20 mmol L-1)

+
Day 1 Day 7 Day 12

Hydrogel 10

200 nm
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Figure 5.11 (a,d) amplitude sweep, (b,e) frequency sweep, (c,f) step strain 

experiments data of hydrogels 9 and 10, respectively. 

 

The frequency sweep data reveals the formation of self-supporting hydrogels 

because of greater G’ values compared to G” values in entire oscillatory frequency 

region. The rheological properties are independent of oscillatory frequency which 

suggests solid-like character of hydrogels 9 and 10. The dynamic step strain 

experiment was performed at constant angular frequency (10 rad s-1) to study the 

self-recovery in mechanical strength of the hydrogels 9 and 10 (Figure 5.11c,f). 

The dynamic high-low-high strain was applied to deform and reform the gel 

networks because of reversible participation of noncovalent interactions. The step 

strain experiments exhibit better self-recovery of hydrogel 10 compared to 

hydrogel 9 which could be the reason of noncovalent interactions between β-CD 

and peptides. The data from step strain experiments suggests that the hydrogel 10 

could be used as an injectable biomaterial owing to the rapid gel-sol-gel 

conversion.[38]  

 

 
 

Figure 5.12 (a,b) HRTEM data of hydrogels 9 and 10, respectively. 
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Further, the morphology of hydrogels 9 and 10 were analyzed by high-resolution 

transmission electron microscopy (HRTEM). The HRTEM data demonstrates the 

presence of dense nanofibrillar network which could entrap a large amount of 

water through the capillary action and surface tension leading to the formation of 

self-supporting hydrogels 9 and 10 (Figure 5.12a,b). The fibers are thin in hydrogel 

10 with 10-15 nm average diameter, whereas the fibers are entangled in hydrogel 

9 with 18-24 nm average diameter. The dense entangled fibrillar networks in 

HRTEM image corroborate the rheological data which suggests the greater 

mechanical strength of hydrogel 9 compared to the hydrogel 10. The FTIR 

spectroscopy was employed to elucidate the type of secondary structure present in 

peptide and coassembled xerogel 10 (Figure 5.13a). The FTIR spectrum of β-CD 

shows characteristic peak at 1644 cm-1.  

 

 
 

Figure 5.13 (a) FTIR spectra of β-CD, peptide 5 and xerogel 10, respectively; (b) 

concentration-dependent CD of hydrogel 10. 

 

The FTIR spectrum of peptide 5 shows amide I peaks at 1688, 1656 and 1648 cm-

1 which suggest the random structure of peptide. However, the xerogel 10 shows 

amide I peaks at 1688 and 1650 cm-1.[22] The small shifting in amide band I could 

be the outcome of hydrogen bonding interactions between peptide and β-CD.[32] 

Furthermore, the concentration-dependent circular dichroism (CD) spectroscopy 

was employed to investigate the secondary structure and supramolecular 

aggregation of the peptide in coassembled hydrogel 10 (Figure 5.13b). The CD 

pattern of hydrogel changes with variation in concentrations which suggests the 

different orientation of molecules in their aggregated state.[32] Generally, CD 

spectra of proteins and peptides are studied in two regions such as the far UV (190-

240 nm) and near UV (240-320 nm) region. The coassembled hydrogel 10 shows 

intense CD signals in the near UV region (250-320 nm) owing to presence of 

aromatic chromophores side chains in the peptides.[39] The dilution of hydrogel 10 

(20-0.25 mmol L-1) leads to the blue shift in CD signal suggesting the decrease of 

supramolecular aggregation of peptides at lower concentrations. The aromatic 

chromophore present in peptide significantly interferes with the amide CD in the 

far UV region (20 to 1 mmol L-1). However, the aqueous hydrogel 10 (0.5 mM) 

shows negative CD signal at 234 and 264 nm owing to n-π* and π-π* transition of 
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amide and aromatic chromophore groups, respectively. Interestingly, the lower 

hydrogel 10 concentrations (0.125 and 0.062 mmol L-1) shows additional positive 

signal at 203 nm owing to π-π* transition of amide group. However, the aromatic 

CD signal disappears at lower hydrogel 10 concentrations (0.125 and 0.062 mmol 

L-1) which indicates the loss of extended aromatic stacking interactions.[39] The 

data from concentration-dependent CD spectra shows the π-π stacking interactions 

of aromatic groups interfere with the amide CD signal at far UV region. 

Noteworthy, the hydrogels for desired biomedical applications do not show 

unwanted immunogenicity and cytotoxicity. Hence, the cell culture experiments 

were performed to investigate the cytotoxicity of hydrogels 9 and 10 on the 

viability and growth of HEK293 cell line (Figure 5.14a,b). The HEK293 cell line 

was used as normal cell line for biocompatibility assessment of the hydrogels 9 

and 10. The hydrogels 9 and 10 show 80% cell viability at 200 μmol L-1 

concentrations which illustrate the noncytotoxic nature of hydrogels. 

 
Figure 5.14 The cell culture experiments data using HEK293 cells and hydrogel 9 

and 10. The data are shown as mean ± standard error of the mean (n = 3). 

 

The cytotoxicity data reveals that the hydrogel 10 is better biocompatible 

compared to hydrogel 9. Furthermore, the better thixotropy and biocompatibility 

of hydrogel 10 motivated for the further assessment in biological applications. The 

innate antibacterial activity of hydrogel 10 was investigated using S. aureus and B. 

subtilis Gram positive bacteria (Figure 5.15a-d). On the basis of inherent 

hydrophobicity and better aggregation propensity, the Amoc-capped dipeptide-

based coassembled hydrogel was used for the antibacterial study. The hydrogel 10 

shows antibacterial activity against S. aureus and B. subtilis bacteria. The chronic 

wounds are mostly infected by S. aureus (93%) bacteria and cause slow wound 

healing.[40] The acute wounds become chronic wounds due to the bacterial 

infections which significantly increase the morbidity and financial burden. Hence, 

the biomaterials with innate antibacterial activity against the S. aureus bacterial 

could minimize the bacterial infections, therefore positively contribute in wound 

dressing process. The self-assembling peptide could lead to the cell membrane 

permeabilization and depolarization owing to the aggregation of peptides which 

results antibacterial activity.[41]  
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Figure 5.15 Antibacterial activity of hydrogel 10: (a,b) B. subtilis; (c,d) S. aureus, 

respectively (control images are taken from Figure 4.18).  

 

The in vivo cutaneous wound dressing activity of coassembled hydrogel was 

performed (Figure 5.16).[32] One pair of cutaneous wounds (8 mm) was created on 

the back of the rat using sterile Biopsy punch. The coassembled hydrogel was 

applied on the wound for 12 days. The reduction in wound size was photographed 

by digital camera which showed the distinct wound dressing activity of the 

hydrogel. 

 
 

Figure 5.16 The in vivo wound dressing activity of hydrogel 10. The progress of 

wound closure was photographed by digital camera at day 1, 7 and 12 and 

compared with control group (control images are taken from Figure 4.21). 
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The hydrated microenvironment near the wound site, antibacterial nature, fibrillar 

structure of coassembled hydrogel could be the reason for wound dressing activity 

of coassembled hydrogel 10.[42] Moreover, the wound dressing activity of hydrogel 

10 was studied by wound tissue histology experiments (Figure 5.17). The histology 

data exhibits the formation of regular epidermis layer which ensures the wound 

dressing activity.[43] The wound healing is complex and multistep process which 

contains coagulation, inflammation, fibroblast cell proliferation/differentiation, 

angiogenesis, re-epithelization and collagen synthesis.[44] Inflammation is essential 

phenomenon to activate the inflammatory cells such as neutrophils, macrophages 

and lymphocytes which scavenge the microbes and dead cells near the wound 

site.[44] 

 

Figure 5.17 The tissue histology images of wound healing experiments (control 

images are taken from Figure 4.22). 

The controlled inflammation promotes the fibroblast cell proliferation and 

migration for the healing process. However, the inflammation for longer time 

period causes delayed and impaired wound healing. The production of nitric oxide 

(NO) is directly associated with inflammatory cells such as macrophages in early 

phage of wound healing.[45] Hence, the level of inflammation is predicted by nitrite 

estimation which is the stable metabolite of NO. The Griess reagent was used to 

estimate the inflammation near the wound site after termination of the experiments 

(Figure 5.18a). The hydrogel 10 dramatically reduced the inflammation compared 

to control groups owing to better healing process. However, the drug control group 

shows greater nitrite level which suggests different mode of action of the silverex 

cream compared to hydrogel 10. The hardening and maturation of wound are the 

last stage which depends upon the collagen fibers content near the wound site.[46] 

The content of collagen deposition near the wound site is investigated by 

hydroxyproline assay (Figure 5.18b). Hydroxyproline is structural amino acid of 

collagen protein which directly correlates the content of collagen protein in a tissue 

sample. The wound tissue homogenate of control group shows lowest level of 

collagen protein. However, the drug control and hydrogel group show greater 
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collagen content compared to control group which suggests the better wound 

healing process. Overall, the hydrogel 10 reduces inflammation and increases 

collagen deposition near the wound site, which suggests the wound dressing 

potential of a coassembled hydrogel. The nanofibrillar structure and inherent 

antibacterial nature of hydrogel 10 could be the second reason for better cutaneous 

wound healing process. 

 
Figure 5.18 Biochemical analysis of wound tissue: (a) nitrite estimation by Griess 

reagent  and (b) collagen protein estimation by hydroxyproline assay, 

respectively (control data are taken from Figure 4.23). The data are shown as mean 

± standard error of the mean (n = 5). ap < 0.05; bp < 0.01; cp < 0.001, and dp < 

0.0001 as compared to the control group. 

 

5.4 Conclusion 

In conclusion, the Amoc-capped dipeptide was synthesized using liquid-phase 

synthesis by racemization free peptide coupling reactions. The synthesized peptide 

(20 mmol L-1) encapsulated water molecules through the surface tension and 

capillary action and formed self-supporting hydrogel 9 at physiological conditions 

(pH 7.4, 37 °C). The coassembled hydrogel 10 was prepared by simple physical 

integration of β-CD into dipeptide at equimolar concentration. The electron 

microscopic images of hydrogels 9 and 10 revealed entangled nanofibrillar 

networks, which were responsible for the self-supporting hydrogels.  The 

mechanical strength of hydrogels was investigated by rheological studies which 

showed the viscoelastic and robust nature of self-supporting hydrogels. However, 

the rheological data suggested the thixotropic nature of coassembled hydrogel 10 

that was good compared to hydrogel 9. The cell culture data showed that hydrogel 

10 was better cytocompatibile compared to hydrogel 9. Furthermore, the hydrogel 

10 was employed for antibacterial and wound healing applications due to better 

self-recovery and noncytotoxic nature. The antibacterial data exhibited that the 

hydrogel 10 was bactericidal for the growth of B. subtilis and S. aureus bacteria. 

The hydrogel 10 was employed for in vivo wound dressing applications and found 

that hydrogel 10 improved the healing process probably due to the antibacterial 

and nanofibrillar structures. The hydrogel 10 reduced the inflammation near the 

wound site and significantly increased the collagen deposition. All the 
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experimental data corroborated that the hydrogel 10 would be promising 

biomaterials for in vivo wound dressing activity. 
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6.1 General Conclusions 

The development of dipeptide-based functional materials for biological 

applications are gaining immense attention during past decades owing to their 

simple chemical functionalization, low concentration aggregation propensity, 

inherent antibacterial activity, biocompatibility and biodegradability.[1-5] However, 

the design and fabrication of peptide-based functional materials require a good 

biochemical engineering approach.[6-8] This thesis work is focused on the design 

and development of N-terminal Amoc-capped self-assembling dipeptide-based 

biomaterials for various biomedical applications including antibacterial, anti-

inflammatory and wound healing. The N-terminal Amoc group has been utilized 

for aromatic protection of the dipeptides which facilitate the additional 

hydrophobicity for formation of self-assembled nanostructures. Electron 

microscopic techniques have been used for the characterization of well-defined 

nanostructures which showed the noncovalent interactions were driving force for 

the formation of self-assembled structures. Several spectroscopic techniques have 

been employed for the investigation of secondary structure present in the 

dipeptides during the self-assembly process. The spectroscopic and microscopic 

techniques revealed the noncovalent interactions such hydrogen bonding, π-π 

stacking and hydrophobic interactions participated in supramolecular arrangement 

of dipeptides. The photophysical studies showed the extended aromatic 

interactions between Amoc-capped dipeptides resulted into the self-supporting 

hydrogels. Rheological investigations exhibited viscoelastic and thixotropic 

character of self-assembled materials. The biocompatibility of dipeptide-based 

hydrogels were evaluated by cell culture experiments and found that the hydrogels 

were noncytotoxic in nature. Furthermore, the dipeptide-based self-assembled 

materials were employed for various biological studies such as antibacterial, anti-

inflammatory and wound healing applications. 

Chapter 1 summarizes the basic understanding of supramolecular chemistry which 

is used as a tool for the programming of the chemical systems for the development 

well organized micro to nanostructures. This chapter presents brief account about 

various N-terminus protecting groups and their role in self-assembly. This chapter 

presents the brief account of the self-assembling peptides and their applications in 

various interdisciplinary areas of research. 

Chapter 2 describe the self-assembly of Amoc-capped dipeptides which entrap the 

water molecules and formed injectable, thixotropic and self-supporting hydrogels 

for broad spectrum antibacterial applications against the Gram-positive and Gram-

negative bacteria. This chapter describe the link between hydrophobicity, 

aggregation propensity, secondary structure of the dipeptides and their 

antibacterial activity. The higher hydrophobicity and better secondary structure 

propensity of dipeptides were responsible for antibacterial applications. However, 

the Amoc-capped self-assembling dipeptides showed noncytotoxicity for human 

blood cells.   
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Chapter 3 describe the self-assembly of Amoc-capped dipeptide-based injectable 

and thixotropic hydrogel. The dipeptide self-assembled into hydrogel owing to 

involvement of aromatic and hydrogen bonding interactions which was established 

by spectroscopic and microscopic techniques. This chapter illustrate the potential 

therapeutic application of dipeptide-based hydrogel in acute inflammation. The rat 

air pouch model of inflammation was utilized for the study of anti-inflammatory 

activity of self-assembled hydrogel. Furthermore, an in vivo study of acute 

inflammation gives insight into the biocompatibility as well as anti-inflammatory 

potential of the hydrogel in a dose-dependent manner. 

Chapter 4 describe the coassembly of Amoc-capped dipeptide and β-cyclodextrin 

for preparation of self-supporting, thixotropic and injectable hydrogel. The 

mechanical strength of hydrogel was controlled and tuned by physical 

incorporation of β-cyclodextrin with self-assembling peptides at physiological 

conditions. The coassembled hydrogel exhibited nanofibrillar structures which are 

highly twisted and entangled owing to participation of noncovalent interactions. 

The coassembled hydrogel was antibacterial against the growth of Gram-positive 

bacteria. Furthermore, the coassembled hydrogel demonstrated in vivo dermal 

wound healing activity because of inherent antibacterial nature and highly 

nanofibrillar structure of hydrogel. 

Chapter 5 describe the development of Amoc-capped dipeptide-based 

coassembled hydrogel as wound dressing systems. The coassembled hydrogel was 

demonstrated nanofibrillar network which encapsulate large amount of water and 

turns into the thixotropic hydrogel. The hydrogel was biocompatible and inherent 

antibacterial against Gram-positive bacteria. The hydrogel employed for cutaneous 

wound dressing activity and observed that the healing process was significantly 

improved by introduction of the hydrogel. The hydrogel reduced acute 

inflammation and increased the collagen deposition near the wound site which are 

the key and important component for the better wound healing activity. 

6.2 Scope for Future Work 

Self-assembly of peptides and peptide-based materials are expected to enter into 

the regenerative medicine in near future. The peptide-based materials are inherent 

biocompatible and biodegradable, hence small structural manipulation i.e. nitric 

oxide functionalization could result into the functional biomaterials for diabetic 

wound healing. To fulfil the long-standing demand of biomedicine, the self-

assembling peptides can be programmed by covalent linkage or coassembly 

approach with the biological active molecules. The self-assembling peptide-based 

materials would be promising candidate for hemorrhage control and hemostatic 

applications. The self-assembling peptides can be functionalized to show the 

heparin-like activity for anticoagulating applications. Additionally, the peptide-

based self-assembled materials would be great candidate as COX inhibitor for 

acute and chronic inflammations related to rheumatoid arthritis and cancer. The 

stimuli-responsive self-assembly would be great interest for the development of 
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anticancer therapeutics. The scope of peptides and peptide-based self-assembled 

biomaterials are very broad in the area of cell culture, antimicrobial, anti-

inflammatory, anticancer, wound healing, drug delivery, bioimaging and 3D 

bioprinting applications. 
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