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Abstract 

Mimicking the functional cues of native extracellular matrix (ECM) is elementary to understand 

and control the processes that regulate cell physiology and cell fate. Extensive groundwork on 

the structural and biological complexity of ECM has revealed the critical paramaters for the 

design of synthetic ECM that can control cellular behavior. These parameters include tuning of 

biophysical properties (stiffness, elasticity), biochemical properties (bioactive peptide epitopes), 

and nano-architecture (nanofibrillar structure, porosity) of the designer scaffold. Recent 

advances in the construction of ECM mimetic materials have directed the efforts towards tissue 

specific scaffold design and are primarily based on exploration of bioactive peptides. The 

concept of molecular self-assembly coupled with rich peptide chemistry holds great potential to 

fabricate diverse functional materials. Inspired by the design of mother nature, we have 

developed a series of bioactive functional scaffolds, using minimalist design approach to 

fabricate the synthetic mimics of ECM, which can have potential implications in tissue 

engineering. To this direction, we initially explored the short functional motifs i.e. IKVAV and 

YIGSR, of basement membrane protein of natural ECM, i.e. Laminin, which has critical role in 

cell adhesion, migration and proliferation. Our study emphasizes on the role of differential 

environmental conditions i.e. solvent switch in tailoring the self-assembling properties of these 

designed peptides. We tuned the physiochemical and structural properties of these novel peptide 

based scaffolds to effectively modulate the differential interactions with different cell types. 

Apart from individual peptides, we explored the self-assembling properties of IKVAV and 

YIGSR peptides in combination. Interestingly, these short laminin peptides were highly 

biocompatible and able to mimic biological properties of native protein, including proliferation, 

adhesion, neurite extension, neuronal marker expression and cell cycle regulation, indicating 

their role in controlling neuronal cell behavior. The next step was intended to achieve the 

complex multi-functional hierarchical composition and structure by simply mixing the two 

functional peptides derived from collagen and laminin proteins. Gelation was induced in short 

collagen mimetic peptide by the addition of laminin mimetic peptides, thus creating 

multifunctional scaffolds for regulating the growth of both fibroblast as well as neuronal cells. 

Our studies revealed that maintenance of hydrophilic-lipophilic balance (HLB) within the 

molecule is crucial for designing an ideal hydrogelator. In order to achieve detailed 

understanding on rationale behind the gelator design, our attempt was directed to establish a 

sequence-structure relationship with respect to systematic variations in hydrophobic-hydrophilic 

balance within designer peptides. For the first time, differential role of aliphatic vs aromatic 

hydroxyl group has been established towards shape controlled synthesis of gold nanoparticles. 



 

II 
 

Furthermore, non-conventional approach for modulation of physical parameter of the self-

assembly in a single molecular domain was explored, without changing chemistry of the 

gelator. Highly tuneable gels were created by the interaction of non-gelator peptides and 

specific proteins which represents the ‘out of equilibrium’ structures. The present work 

underpins the development of tunable functional materials, mainly inspired from biological 

origin, which could essentially create the ideal microenvironment to provide essential 

biochemical and biophysical cues to the relevant cell types. These biomimetic materials hold 

great potential to be developed as next-generation biomaterials for biomedical applications. 
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and (b) YIGSR derived peptides in different solvents (ACN/water, 

DMSO/water and PBS). 

108 

Figure 3.14 Secondary structure investigation of (a) IKVAV and (b) YIGSR 

derived peptides using FTIR spectroscopy. 

109 

Figure 3.15 Fluorescence spectra of Thioflavin T and its interaction with different 

(a) IKVAV and (c) YIGSR peptides along with magnified spectra of 

(b) IKVAV and (d) YIGSR derived weak gelators and bright-field 

microscopic images and fluorescence microscopic images of (e &f) 

Fmoc IKVAV and (g & h) Fmoc YIGSR after binding with Thioflavin 

T in ACN/water. 

110 

Figure 3.16 Figure 3.16 Fluorescence emission spectra of (a) Fmoc-IKVAV and 

(b) Fmoc-YIGSR in ACN/water and PBS solvent systems. 

111 

Figure 3.17 Figure 3.17 XRD analysis of laminin derived peptide gels in different 

solvent systems (a) Fmoc IKVAV in ACN/water, (b) Fmoc IKVAV in 

PBS, (c) Fmoc YIGSR in ACN/water, (d) Fmoc YIGSR in PBS. 

112 

Figure 3.18 CD melting studies of (a-c) Fmoc IKVAV and (d-f) Fmoc YIGSR gels 

prepared in different solvents with first derivative of normalized CD 

signal at 303 nm plotted against temperature. 

114 

Figure 3.19 ThT fluorescence microscopic images of Fmoc IKVAV showing 

progress of self assembly process at different time intervals of (A) 0 

min, (B) 10 min, (C) 20 min, (D)60min and (E) 90 min in different 

solvent (I) ACN/water, (II) DMSO/water, (III) PBS. 

114 

Figure 3.20 ThT fluorescence microscopic images of Fmoc YIGSR showing 

progress of self assembly process at different time intervals of (A) 0 

min, (B) 10 min, (C) 20 min, (D)60min and (E) 90 min in different 

solvent (I) ACN/water, (II) DMSO/water, (III) PBS. 

115 

Figure 3.21 AFM images of Fmoc IKVAV in (a-e) ACN/water and (f-j) PBS after 

1 min, 5 min, 10 min, 20 min and 30 min, showing nucleation and 

116 



 

VI 
 

growth of peptide structures during molecular self-assembly. 

Figure 3.22 Gelation studies β-amyloid peptide, Fmoc FF in different solvents at 

10mM concentration with (a) Rheology studies of Fmoc FF gels in 

10% DMSO/water PBS (pH 6) and10% ACN/water, and AFM images 

of Fmoc FF solution/gel in (b) 50% ACN/water, (c) 10% DMSO/water 

and (d) PBS. 

118 

Figure 3.23 Scrambled IKVAV peptide synthesis, gelation and characterization: (a 

and b) HPLC chromatogram along with the molecular structure and 

LCMS spectra of Fmoc VVIAK peptide, (c) Storage modulus of Fmoc 

VVIAK peptide gels at concentration of 20mM in different solvents, 

measured at 0.1% strain (LVE range) in the frequency range of 0.1 to 

100Hz and (d-f) AFM images showing different morphologies of 

Fmoc VVIAK formed in 50% ACN/water, 10% DMSO/water and 

PBS respectively. 

119 

Figure 3.24 FTIR spectra of Fmoc IKVAV gels before and after solvent exchange 

in (a) ACN/D2O and (b) DMSO/D2O showing the reduced peak of 

nitrile (CN) at 2250cm
-1

 and diminished peak of sulfoxide at 1020cm
-1

 

after exchange. Rheology measurements of Fmoc IKVAV gels in (c) 

ACN/water and (d) DMSO/water before and after solvent exchange at 

concentration of 5mM and (e) Fmoc IKVAV gel in ACN/water before 

and after media exchange. 

121 

Figure 4.1: Molecular structure of Laminin peptides (a) Fmoc IKVAV and (b) 

Fmoc YIGSR and corresponding HPLC chromatograms and mass 

spectra of (c, e) Fmoc IKVAV and (d, f) Fmoc YIGSR. 

143 

Figure 4.2  Calibration curves of (a) Fmoc IKVAV and (b) Fmoc YIGSR. 144 

Figure 4.3 Schematic representation of molecular self-assembly of laminin 

derived peptides showing differential fibrous morphology, while their 

composite gels showing coexistence of self-sorted fibrous morphology 

of both the peptides. The driving forces for self-assembly of IKVAV 

peptide is probably hydrophobic and aromatic π interactions and for 

YIGSR, H-bonding and aromatic π interactions are dominant in 

aqueous solvent environment. 

145 

Figure 4.4 Rheological measurements of IKVAV peptide with different N-

terminal modifications with Fmoc, Nap and Myristyl (a) showing 

change in storage modulus with respect to frequency for the 

hydrophobically modified IKVAV peptides and (b) comparing the 

average storage and loss modulus of each peptide. 

146 

Figure 4.5 Morphology analysis of (a) Fmoc IKVAV, (b) Fmoc YIGSR showing 

fibrous network and (c) Fmoc IKVAV+ Fmoc YIGSR peptides self-

assembling to give rise to a mixed fibrous network structures, using 

AFM. 

147 

Figure 4.6 TEM images of laminin derived peptides showing differential fibrous 

morphology formed by (a) Fmoc IKVAV, (b) Fmoc YIGSR, (c) 

combined self-sorted network of Fmoc IKVAV + Fmoc YIGSR and 

(d) magnified TEM image of composite gel. 

148 

Figure 4.7 AFM images of composite gels showing self-assembling behavior of 149 
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individual peptides in mixture at different time points (a) 5 min, (b) 10 

min, (c) 15 min, (d) 30 min and (e) 60 min. 

Figure 4.8 Rheological studies showing (a) frequency sweep measurements, (b) 

comparison of storage modulus (G’) and loss (G”) modulus of 

individual laminin peptide as well as composite gels, (c and d) shows 

concentration dependent rheology of Fmc IKVAV and Fmoc YIGSR, 

respectively and (e) composite gels with variable ratios of Fmoc 

IKVAV and Fmoc YIGSR. 

151 

Figure 4.9 Rheological analysis depicting thixotropic nature of laminin derived 

peptide hydrogels at a 20mM concentration of (a) Fmoc IKVAV, (b) 

Fmoc YIGSR and (c) Fmoc IKVAV+Fmoc YIGSR in 1: 1 molar ratio 

(10mM each) measured upto 3 consecutive cycles with deformation 

strain of 50% at frequency of 1Hz and (d) ) Percentage recovery of gel 

strength of laminin after 60sec. 

152 

Figure 4.10 Thixotropic measurements showing gel-sol-gel transformation after 

applying stress for 5 min and recovery after 3 hr. (a) Optical images of 

the macroscopic gel and sol transformations. AFM images of (b-d) 

Fmoc IKVAV, (e-g) Fmoc YIGSR and (h-j) Fmoc IKVAV +Fmoc 

YIGSR gels (20mM concentration) at different stages of thixotropy 

measurement i.e. before deformation, after deformation and after 3hrs 

of recovery. 

153 

Figure 4.11 (a) CD spectroscopic analysis of secondary structures of laminin 

inspired peptides and their composite hydrogels, and concentration 

dependence of resultant CD signals when (b) Fmoc IKVAV 

concentration is increased with respect to Fmoc YIGSR and (c) Fmoc 

YIGSR concentration is increased with respect to Fmoc IKVAV. 

154 

Figure 4.12 FTIR spectra of individual laminin peptides as well as their composite 

peptide in 1:1 ratio.  

154 

Figure 4.13 CD melting temperature studies of individual laminin peptides as well 

as their composite peptide in 1:1 ratio.  

155 

Figure 4.14 Cytotoxicity studies using MTT assay with (a) C6 glial cells and (b) 

SHSY5Y neuroblastoma cells after 4 hrs of treatment, assessing initial 

toxicity of peptides in solution state. 

158 

Figure 4.15 Cytotoxicity studies through MTT assay with (a) C6 cells and (b) 

SHSY5Y cells after 24 hrs and 72hrs of culture over laminin derived 

peptide hydrogels and their conjugate hydrogels. 

158 

Figure 4.16 Microscopic images of C6 cells cultured over Control (TCPS) and 

laminin derived peptide hydrogels based on Fmoc IKVAV, Fmoc 

YIGSR and composite Fmoc IKVAV+ Fmoc-YIGSR, at day 1, day 2, 

day 4 and day5. 

160 

Figure 4.17 Microscopic images of SHSY5Y cells cultured over Control (TCPS) 

and laminin derived peptide hydrogels based on Fmoc IKVAV, Fmoc 

YIGSR and composite Fmoc IKVAV+ Fmoc-YIGSR, at day 1, day 2, 

day 4 and day 5. 

161 

Figure 4.18 Live dead staining assay of C6 glial cells cultured over (a, e) Control 

(TCPS), (b, f) Fmoc IKVAV, (c, g) Fmoc YIGSR and (d, h) conjugate 

162 
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hydrogel (Fmoc IKVAV+ Fmoc YIGSR), studied using DiOC18(3) and 

PI, after 2 days (panel 1) and 5 days (panel 2). Scale bar for images is 

of 100μm.  

Figure 4.19 Live dead staining assay of SHSY5Y neuroblastoma cells cultured 

over (a, e) Control (TCPS), (b, f) Fmoc IKVAV, (c, g) Fmoc YIGSR 

and (d, h) conjugate hydrogel (Fmoc IKVAV+ Fmoc YIGSR), studied 

using DiOC3 and PI, after 2 days (panel 1) and 5 days (panel 2). Scale 

bar for images is of 100μm. 

162 

Figure 4.20 Proliferation studies using Alamar blue assay with (a) C6 glial cells 

and (b) SHSY5Y neuroblastoma cells cultured over the surface of 

laminin derived peptide gels, after 2 days and 5 days. 

164 

Figure 4.21 Axon length measurement of C6 cells grown over (a, e) control 

(TCPS) and different laminin derived peptide (b, f) Fmoc IKVAV, (c, 

g) Fmoc YIGSR and (d, h) composite gels, after 24 hrs (row 1) and 48 

hrs (row 2). Red arrows mark the ends of axons extending from cell 

bodies of the cells. (i) Schematic representation of differential 

extensions of neuronal cells in the absence and presence of laminin 

derived peptide hydrogels. (j)  Average lengths of axons measured 

using Image J software by measuring 30 cells from each sample, after 

24 and 48 hrs. 

165 

Figure 4.22 Immunofluorescence staining of neuronal marker β-III tubulin 

expressed in C6 cells cultured over Control (TCPS), Fmoc IKVAV 

hydrogels, Fmoc YIGSR hydrogels and compoite Fmoc IKVAV and 

Fmoc YIGSR hydrogels, after 5 days. The red colour indicates the β-

III tubulin stained with Alexa Fluor 555 and blue indicates nuclei 

stained with DAPI. 
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Figure 4.23 Immunofluorescence staining of neuronal marker β-III tubulin 

expressed in SHSY5Y cells cultured over Control (TCPS), Fmoc 

IKVAV hydrogels, Fmoc YIGSR hydrogels and composite Fmoc 

IKVAV and Fmoc YIGSR hydrogels, after 5 days. The red colour 

indicates the β-III tubulin stained with Alexa Fluor 555 and blue 

indicates nuclei stained with DAPI. 

167 

Figure 4.24 Flow cytometry analysis of cell cycle in (a-d) C6 cells and (e-h) 

SHSY5Y cells, after the treatment with different laminin peptides 

hydrogels diluted upto the concentration of 1000μg/ml, after 24 hrs. 

The percentage of cells present in different phases of cell cycle in (i) 

C6 cells and (j) SHSY5Y cells. 

168 

Figure 5.1  Molecular structure of CMP (collagen inspired peptide) (a) Nap-

FFGSO and LMP (laminin mimetic peptides), (b) Nap IKVAV and (c) 

Nap YIGSR and their corresponding HPLC chromatograms. 

191 

Figure 5.2 Schematic representation of co-assembly of CIP and LMP using 10% 

DMSO/ water as a solvent switch. 

191 

Figure 5.3 Critical aggregation concentration determination of individual 

peptides(a) Nap-FFGSO, (b) Nap-IKVAV, (c) Nap-YIGSR and co-

assembled peptides (d) Nap-FFGSO+A and (e) Nap-FFGSO+B using 

Thioflavin T dye. 

193 
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Figure 5.4 Gelation studies of collagen and laminin inspired co-assembled gels in 

2% DMSO/water with optical images and respective AFM 

microscopic images of gels of  (a & b) Nap-FFGSO+A and (c & d) 

Nap-FFGSO+B;  (e) Rheology studies of gels prepared in 2% 

DMSO/water at the concentration of 30mM of Nap-FFGSO and 3mM 

of either Nap-IKVAV (A) or Nap-YIGSR (B) and (f) Comparison to 

gels prepared in 10%DMSO/water and 2% DMSO/water. 

194 

Figure 5.5 Optical images of (a) Nap-FFGSO as a soution and (b) Nap-

FFGSO+A, (c) Nap-FFGSO+B, (d) Nap-FFGSO+A+B as co-

assembled gels in 10% DMSO/water. 

195 

Figure 5.6 AFM images of (a) Nap-IKVAV and (b) Nap-YIGSR at 3mM 

concentration. (c) FTIR spectra of LMP’s. 

196 

Figure 5.7 Optical images of control hydrogels with varied concentration of CIP 

and LMP peptide and their respective AFM images (a, e) Nap-FFGSO 

(20mM)+A (4.5mM), (b, f) Nap-FFGSO (20mM)+B (4.5mM), (c, g) 

Nap-FFGSO (20mM)+ A(1.5mM )+B (1.5mM) and (d, h) Nap-

FFGSO (20mM)+ A(2.25mM )+B (2.25mM). 

196 

Figure 5.8 AFM and TEM images of collagen and laminin co-assembled peptide 

hydrogels of (a, e) Nap-FFGSO (30mM), (b, f) Nap-FFGSO 

(30mM)+A (3mM), (c, g) Nap-FFGSO (30mM)+B (3mM) and (d, h) 

Nap-FFGSO(30mM)+A (1.5mM)+B (1.5mM). 

198 

Figure 5.9 Mechanical strength measurements of co-assembled peptide hydrogels 

(a) Frequency sweep graph of Nap-FFGSO with LMP A and B (b) 

comparison of corresponding storage and loss modulus. 

200 

Figure 5.10 Thixotropic behaviour of (a) Nap-FFGSO (30mM)+A (3mM), (b) 

Nap-FFGSO (30mM)+B (3mM) and (c) Nap-FFGSO (30mM)+A 

(1.5mM)+B (1.5mm) at 50% strain for 100s followed by recovery at 

0.1% strain for 200s and (d) comparison of corresponding percentage 

recovery after 100s. 

201 

Figure 5.11 Secondary structure investigation of co-assembled hydrogels prepared 

30mM concentration of CMP and 10% LMP (3mm) using (a) CD 

spectroscopy and (b) FTIR spectroscopy and (c) Th T binding assay 

through fluorescence spectroscopy.    

202 

Figure 5.12 Fluorescence microscopic images of Thioflavin T bound with co-

assembled peptide hydrogels (a) Nap-FFGSO + A, (b) Nap-FFGSO+B 

and (c) Nap-FFGSO+A+B. 

203 

Figure 5.13 Images of co-assembled peptides with (a) bright field, (b) fluorescence 

and (c) merged image of bright field and fluorescence showing 

localization of fluorescent Nap-IKVAV along the non-fluorescent 

Nap-FFGSO peptide fiber. 

203 

Figure 5.14  Solvent exchange of gels prepared at concentration of 30mM Nap-

FFGSO and 3mM of LMP in 10% DMSO/water   (a) FTIR spectra of 

CIP-LMP gels after solvent exchange showing diminished sulfoxide 

peak at 1020 cm
-1

   and (b) Rheology measurement of gels without and 

after solvent exchange. The measurements were done after three 

consecutive cycles of solvent exchange with water. 
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Figure 5.15 AFM images of 5mg/ml (6.5mM) stock diluted to (a) 100 μg/ml 

(0.13mM) and (b) 1000μg/ml (1.3mM) peptide concentration. 

205 

Figure 5.16 Cytotoxicity studies of collagen inspired peptide and its co-assemblies 

with laminin mimetic peptides at the concentration of 100μg/ml 

(0.13mM) and 1000μg/ml (1.3mM) with (a) C6 cells and (b) L929 cell 

lines, using MTT. 

206 

Figure 5.17 Cytotoxicity studies: microscopic images of (a) C6 cells and (b) L929 

cells as (i and vi) control (TCP) and after treatment with (ii and vii) 

Nap-FFGSO, (iii and viii) Nap-FFGSO+A, (iv and ix) Nap-FFGSO+B 

and (v and x) Nap-FFGSO+A+B at 100μg/ml (0.13mM) and 

1000μg/ml (1.3mM) concentrations, after 4 hrs of treatment. 

207 

Figure 5.18 Cytotoxicity studies of CIP-LMP peptide self-assembled structures 

with (a) C6 cells and (b) L929 cells when treated with peptide 

concentration of 1000μg/ml (1.3mM) for 24 hrs, 48 hrs and 72hrs 

208 

Figure 5.19 Microscopic evaluation of 2D cultured C6 cells (a-h) and L929 (i-p) 

cells over collagen laminin co-assembled gels after 24hrs using phase 

contrast microscopy and fluorescence microscopy.  

209 

Figure 5.20 Confocal laser scanning microscopic images using C6 cells showing 

live (green) and dead (red) cells cultured over (a and e) plastic 

(control), (band f) Nap-FFGSO+A gels (c and g) Nap-FFGSO+B gels  

and (d and h) Nap-FFGSO+A+B gels after 48 hrs and 72 hrs 

respectively. 

209 

Figure 5.21 Confocal laser scanning microscopic images using L929 cells showing 

live (green) and dead (red) cells cultured over (a and e) plastic 

(control), (band f) Nap-FFGSO+A gels (c and g) Nap-FFGSO+B gels  

and (d and h) Nap-FFGSO+A+B gels after 48 hrs and 72 hrs 

respectively. 

211 

Figure 5.22 Proliferation studies of (a) C6 cells and (b) L929 cells after treatment 

with positive control as matrigel and different co-assembled CIP - 

LMP gels diluted to concentration of 1000μg/ml (1.3mM), after 24 hrs, 

48hrs and 72 hrs, using Alamar blue reagent. Data is represented as 

mean±SD with N=3 indicating p ≤ 0.0059 for ** , p ≤ 0.003 for *** 

and p ≤ 0.0001 for ****. 

212 

Figure 5.23 Proliferation and migration response of C6 cells in the presence of 

diluted peptide gels, assessed by microscopic images of scratched 

region after 0 hr, 24 hrs and 48 hrs time points after treatment with (a) 

control (2% DMSO/water, blank), (b) Nap-FFGSO+A, (c) Nap-

FFGSO+B and (d) Nap-FFGSO+A+B at concentration of 1000μg/ml 

(1.3mM). 

213 

Figure 5.24 Proliferation and migration response of  L929 cells in the presence of 

diluted peptide gels, assessed by microscopic images of scratched 

region after 0 hr, 24 hrs and 48 hrs time points after treatment with (a) 

control (2 % DMSO/water, blank), (b) Nap-FFGSO+A, (c) Nap-

FFGSO+B and (d) Nap-FFGSO+A+B at concentration of 1000μg/ml 

(1.3mM). 
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Figure 6.1  (a) Design of the library of variable dipeptide sequences attached to 234 
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different aromatic cappings (Ar) such as Fluorenyl (Fmoc), Napthoxy 

(Nap) and Benzyloxy-carbonyl (Cbz) at N-terminal end and different 

amino acids at C-terminal (b) Representative schematic diagram 

describing the self-assembly of aromatic dipeptides resulting in 

differential self-assembled nanostructures depending on the size and 

hydrophobicity of the aromatic capping 

Figure 6.2 HPLC analysis of Fmoc FY (a) immediately when pH was adjusted to 

10.5 and (c) 24 hrs after pH was adjusted to pH 7. (b) and (d) 

represents the corresponding mass spectra collected using  LC-MS 

(QDA). (e) and (f) shows the microscopic images at corresponding 

time points using AFM. The HPLC and AFM results confirmed that 

time for which pH 10.5 is maintained for the dissolution of peptides in 

pH method, does not cleave the carbamate group of Fmoc. 

235 

Figure 6.3  (a) Minimum gelation concentrations of the hydrophobically modified 

dipeptides and (b) c Log P values of same peptides calculated through 

ChemDraw Ultra 12.0 

236 

Figure 6.4 Fluorescence spectra of aromatic dipeptides peptides (a) Fmoc, (b) 

Nap and (c) Cbz showing the fluorescence intensity of peptides in 

monomeric state (low conc.) and subsequent quenching of the 

corresponding emission peak at ~320nm  for Fmoc and ~350nm for 

Nap peptides in gel state (gelation concentration), when excited at 280 

and 270 nm respectively. In case of Cbz, the enhanced emission peak 

at ~365nm at higher concentration is observed when excited at 254 

nm, as a function of concentration. 

238 

Figure 6.5 FTIR spectra of different aromatic dipeptides having Fmoc group (in 

panel 1), Nap group (in panel 2) and Cbz group (in panel 3) depicting 

characteristic β-sheet arrangement. 

239 

Figure 6.6 CD spectra of (a) Fmoc appended and (b) Nap appended and (c) Cbz 

appended dipeptides  at concentrations below MGC, at MGC (X) and 

above MGC, denoted by solid line (—), dashed line  (- - - -) and dotted 

line (••••) respectively. 

240 

Figure 6.7 Fluorescence emission spectra of Thioflavin T alone and (a) Fmoc FF 

& Cbz FF (panel a) and  Fmoc FL & Cbz FL peptides (panel b) at 

5mM and 20mM concentration  and the magnified images of ThT 

binding with (b) Cbz FF and (b) Cbz FL. Th T as a fluorescent 

molecular rotor at 0 hrs, 12hrs and 24 hrs in comparison to control Th 

T with (c) Fmoc FF and (d) Cbz FF hydrogels of 40mM concentration. 

241 

Figure 6.8 Fluorescence microscopic analysis using Thioflavin T to compare the 

extended β-sheet conformation structures formed in highly 

hydrophobic peptides (a) Fmoc FF and (b) Fmoc FL and also with less 

hydrophobic peptides (c) Cbz FF and (d) Cbz FL at 20mM 

concentration. 

242 

Figure 6.9  (a) Representative XRD data of dried hydrogels having different 

aromatic groups (a) Fmoc FF, (b) Nap FF and (c) Cbz FF. 

243 

Figure 6.10 Morphological studies of different aromatic dipeptides (a)Fmoc FF, 

(b)Fmoc FY, (c) Fmoc FL, (d) Fmoc FS, (e) Nap FF, (f) Nap FY, (g) 
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Nap FL, (h)Nap FS, (i) Cbz FF, (j) Cbz FY, (k) Cbz FL and (l) Cbz FS  

using TEM microscopy. 

Figure 6.11 AFM images of different aromatic peptide hydrogels (a) Fmoc FF, (b) 

Fmoc FY, (c) Fmoc FL, (d) Fmoc FS, (e) Nap FF, (f) Nap FY, (g) Nap 

FL, (h) Nap FS , (i) Cbz FF, (j) Cbz FY, (k) Cbz FL and (l) Cbz FS. 

245 

Figure 6.12 Rheology plots showing storage moduli as a function of frequency for 

the different aromatic dipeptide hydrogels (a) FF, (b) FY, (c) FL and 

(d) FS; (e) Bar graph comparing the storage modulus of different 

hydrophobically modified dipeptides gels. 

247 

Figure 6.13 Thixotropic studies of representative aromatic peptide gels (a) Fmoc 

FF, (b) Nap FF and (c) Cbz FF using a cyclic reversible strain of 100% 

to deform the gels and reduced to 0.1% to allow recovery of gels, for 

the time of 100 s and 200 s respectively. 

248 

Figure 6.14 (a) Schematic representation of in-situ reduction of gold (Au
+3

) using 

serine (Fmoc FS) and tyrosine (Fmoc FY) based peptides resulting in 

shape controlled synthesis of gold nanoparticles (Au
0
) and further 

stabilization in gel network. (b) Mechanism of gold reduction from 

Au
+3

 to Au
0 

by electron transfer from hydroxyl group on the surface of 

peptide nanofiber. 

249 

Figure 6.15  Optical images of gold nanoparticles entrapped in hydrogels at near 

physiological pH (8) and peptide solutions at higher pH (11), reduced 

by Fmoc FY and Fmoc FS peptides. 

250 

Figure 6.16 AFM images of soluble fibers of (a) Fmoc FY at pH 11 and (b) Fmoc 

FY and (c) Fmoc FS nanostructures embedded gold nanoparticles at 

pH 11. The highlighted area in (b) and (c) shows the gold 

nanoparticles.  

250 

Figure 6.17 Surface Plasmon resonance spectra of gold nanoparticles with (a) 

Fmoc FY and (e) Fmoc FS at different pH;  TEM images of  gold 

nanoparticles synthesized with Fmoc FY (b, c) and Fmoc FS (f-g) at 

pH 8 and pH 11 respectively. 

252 

Figure 6.18 TEM images of rectangular gold nanoparticles synthesized by Fmoc 

FY (a-c) at pH 8 and (d-f) at pH 11 at different magnifications. 

253 

Figure 6.19 EDX elemental analysis of gold nanoparticles synthesized by (a) Fmoc 

FY and (b) Fmoc FS;(c)TEM and (d) HRTEM image of single 

rectangular gold nanoparticle, (f and i) Magnified HRTEM in two 

different planes A and B (marked with red and yellow boxes) showing 

adjacent lattice fringe width of 0.23nm which corresponds to (111) 

face-centered cubic crystal structure of gold as confirmed by the major 

peak in (e) XRD spectra at 2θ= 38.1
0
; (g and j) shows FFT and (h and 

k) shows auto-correlation pattern of the corresponding gold 

nanoparticle. 

255 

Figure 6.20  (a) Bright field STEM image of rectangular gold nanoparticle, (b-f) 

corresponds to its elemental mapping with (b) showing the presence of 

carbon (green dots), oxygen (cyan dots), nitrogen (blue dots) and gold 

(red dots), followed by individual images of each element(c-f); (g) 

shows EDX elemental spectra of same rectangular gold nanoparticle, 
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confirming the presence of gold.  

Figure 6.21  (a) EDX line scans of Carbon-K, Nitrogen- K, Oxygen- K and Gold-

LA signals, (b) STEM image of rectangular gold nanoparticle analysed 

for line EDX analysis (yellow line) and (c) Quantification of different 

elements from EDX line spectra. 

257 

Figure 6.22 Size distribution analysis of nanopartices with (d) Fmoc FY and (h) 

Fmoc FS using TEM and DLS. 

257 

Figure 6.23 Comparison of mechanical stiffness of (a) Fmoc FY and (b) Fmoc FS 

hydrogels in the presence and absence of gold nanoparticles formed 

after 24 hrs and 48 hrs respectively, at pH 8. 

258 

Figure 7.1 (a) Molecular structure of Cbz-dipeptide having variable C-terminal 

amino acids, which are non gelator and shows aggregate like 

morphology. (b) Schematic representation of gelation of non-gelator 

dipeptide analogues in the presence of different proteins, which 

triggered formation of fibrillar network resulting in gelation except 

with chymotypsin, which forms aggregate like morphology 

276 

Figure 7.2 HPLC chromatogram of Cbz FL (a) without lipase (b) after 24 hrs of 

lipase addition. 

276 

Figure 7.3 AFM images of (a) Cbz FL, (b) Cbz FL with L1, (c) Cbz FL with L2, 

(d) Cbz FL with thermolysin and (e) Cbz FL with chymotrypsin with 

concentration of Cbz FL as 50mM and proteins with 0.5% w/v 

concentration. 

278 

Figure 7.4 Rheological measurements of (a) Cbz FL with different concentrations 

of L1, (b) Cbz FL with different proteins at 0.25% concentration and 

(c) Cbz FL with different proteins at 0.5% concentration.  

279 

Figure 7.5 Thixotropic measurements of protein-peptide gels composed of Cbz 

FL peptide (50mM) with  (a) Lipase, L1; (b) Lipase, L2, (c) 

Thermolysin at 0.5% w/v concentration and (d) percentage recovery of 

corresponding gels within initial 60sec. 

280 

Figure 7.6  (a) CD analysis of denatured proteins to confirm the disruption of 

their conformational structure, (b) mechanical strength measurement of 

gels prepared by 0.25% concentration of denatured proteins (L1, L2 

and thermolysin) with Cbz FL and (c) comparison of storage modulus 

of gels normal (without denaturation) and denatured protein.  

281 

Figure 7.7  (a) Rheological measurements of dipeptide analogue gels with lipase 
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Thesis outline 

The research work carried during the fulfillment of this thesis includes following chapters: 

Chapter 1: Introduction 

This chapter will cover the overview of natural extracellular matrix (ECM), its composition, 

structure and functions which motivates the design of synthetic extracellular mimics. 

Fundamentals of hydrogel formation will be discussed, which would showcase the use of 

molecular self-assembly approach as a simple and elegant methodology for bottom-up 

nanofabrication of the soft materials. Furthermore, the role of the designer gels will be 

delineated towards developing as a synthetic scaffold. A brief discussion about β-amyloid 

assemblies to explain the mechanistic and structural aspects of short self-assembling peptides 

will also be included. This chapter will finally introduce the applicability of bioactive short 

peptide hydrogels for biomedical and tissue engineering applications.  

Chapter 2. Methodology 

This chapter describes the synthetic protocols and characterization techniques used for the work 

presented in this thesis. Standard peptide synthesis procedures of solid phase and liquid phase 

synthesis will be discussed in detail. Different gelation methods for the preparation of hydrogels 

like solvent triggered, heat-cool, pH switch, etc. will be discussed in this chapter. The 

fundamentals of various spectroscopic and microscopic techniques like FTIR, CD, 

Fluorescence, AFM,  XRD, TEM, Fluorescence microsopy, Confocal laser scanning 

microscopy, Rheology, Biolayer interferometry, Flow cytometry, etc and their applicability in 

our work, will be discussed further in this section.  

Chapter 3: Differential self-assembly of Laminin derived short peptides using solvent 

mediated approach 

This chapter mainly focuses on the minimalist approach for the rational design and synthesis of 

short peptide sequences derived from the extracellular matrix (ECM) protein laminin (IKVAV 

and YIGSR). Further, the tuning of self-assembly pathways by the non-conventional solvent 

mediated approach is shown which leads to diverse nanostructures from a single gelator 

molecule. The effect of solvent nature on the self-assembling behavior of peptides was assessed 

by various microscopic, spectroscopic and rheological analysis. In order to, make these mixed 

solvent gels suitable for bio-applications, an effective solvent exchange method was also 

elucidated. 
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 Chapter 4: Laminin conjugate hydrogels for controlling neuronal cell behavior 

The biofunctional properties of laminin derived peptides were explored in this chapter. The 

mechanical, morphological and spectroscopic properties of co-assembled laminin peptides i.e 

Fmoc IKVAV and Fmoc YIGSR were investigated. The cell-substrate interactions were 

investigated by culturing neuronal cells like C6 and SHSY5Y cells with these hydrogel 

scaffolds. The cytocompatability and proliferation of both the cells were checked through MTT 

assay and Alamar blue assay. The cultured cells were visualized for their viability and healthy 

morphology using Live-dead staining. The regulation of normal cellular functions can be 

assessed by quantification of certain neuronal markers. 

Chapter 5: Designing a bifunctional extracellular matrix mimic from co-assembled 

collagen and laminin derived short peptides 

This chapter will include synthesis of Napthoxy acetic acid appended collagen and laminin 

mimetic peptides, which will be further mixed to attain a complex hierarchical structure to 

mimic native extracellular matrix. Their gelation method will be discussed and various 

characterization techniques to evaluate the gelation properties of co-assembling peptides. The 

mechanical stiffness measurements has been carried out by rheology, while microscopic 

analysis of nanostructures was investigated by AFM and TEM and the secondary structure 

investigation was completed by using CD, FTIR, and thioflavin T binding assays, which will be 

discussed in detail.  Further, the results obtained for cell culture studies will be discussed which 

were assessed in terms of biocompatibility, proliferation, and migration through MTT and 

alamar blue assays. The future application of such scaffolds for 3D cell culture will be discussed 

which highlights its use as an injectable hydrogel for encapsulation and delivery of cells. 

Chapter 6: Understanding the structure-function correlation of ultra short amyloid 

peptides towards synthesizing organic-inorganic hybrid materials 

This chapter includes the design of library of dipeptides modified with aromatic groups having 

different hydrophobicities and different C-terminal amino acid residue. The evidences for effect 

of overall hydrophobicity of peptides on mechanical stiffness, morphology, and secondary 

structure were studied in detail. The fundamentals of structure-property relationship derived 

from various physiochemical characterization was further extended to structure-function 

correlation. This part of work demonstrates the differential role of aromatic and aliphatic 

hydroxyl groups in controlling the shape of the in-situ synthesized gold nanoparticles by 
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hydrogels. This chapter talks about design and development of organic-metal hybrids with 

controlled properties. 

Chapter 7: Highly tuneable gels formed by the co-assembly of peptide and protein 

Protein-peptide co-assembly is a rarely used approach to trigger gelation in a non-gelator short 

peptides. This chapter discusses about non-conventional approach of using several different 

proteins to access different non-equilibrium structures corresponding to diverse gels formed in a 

single gelator domain. Interestingly, fixed concentration of a short peptide (Cbz FL) was 

utilized to form diverse nanomaterials by simply varying the concentration of protein. To check 

the specificity of this interaction, several other non-gelator dipeptide analogues and different 

proteins of variable hydropathy index were explored for gelation. The nature of binding of 

protein and peptide were analysed using BLI and ITC. This chapter discusses about the novel 

approach of creating differential hydrogels at physiological conditions and can also be used as 

enzyme immobilization technique. 

Chapter 8: Future work and conclusions 

This chapter summarizes them key findings of work discussed in previous chapters. It also 

discusses the future prospects of biomaterials developed during this thesis in the field of stem 

cell differentiation and tissue engineering. 
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1.1 Motivation of Work 

Tissue injury and organ failures are common and serious medical conditions which can be life 

threatening. Currently available treatment options include drug therapy, surgical repair, organ 

transplantations and artificial prostheses. However, the number of untreated patients was 

constantly growing due to limited supply of donated organs available for such procedures and 

end-stage failure of available donated organs. Another important issue associated with 

compatibility with allografts resulting in severe immune responses. Tissue engineering or 

regenerative medicine aims to restore the functions of the damaged tissues/organs using 

patient‘s own cells. To engineer a tissue construct, a biomaterial scaffold is needed to grow cells 

that is capable of recapitulating the extracellular matrix (ECM) microenvironment to promote 

tissue development. To meet up with this emerging medical need, a hug emphasis has been laid 

to develop functional nanomaterials. Combining principles of material science and in vitro cell 

culture can be an effective approach to develop substitutes for tissue repair and regeneration. 

However, the development of artificial cell scaffolds with high biocompatibility and tuneable 

structural and mechanical properties still remained a challenge in the field of tissue engineering. 

Moreover, the progress in biomaterials design is focused towards bioactive three dimensional 

scaffolds that can mimic native ECM. Developing peptide hydrogels with tailorable properties 

is one of the effective approaches to obtain appropriate synthetic ECM. 

1.2 Tissue Engineering 

Tissue engineering is defined as an interdisciplinary field that applies the principles of 

engineering and life sciences toward the development of biological substitutes that restore, 

maintain, or improve tissue function. 
[1-3]

 Tissue engineering aims to create organs from scratch 

in the laboratory, which can be transplanted into the patients. 
[4,5]

 To achieve this aim, three key 

components are involved; they are cells, scaffolds and growth regulating factors, often referred 

to as tissue engineering triad (figure 1.1). 
[6-9]

 Cells can be autologus or xenogenic which grows 

and multiply to develop a tissue. Another important component is scaffold that is generally 

composed of biomaterials forming three dimensional network structures and provides 

appropriate environment and structural support for cell attachment and tissue development, 

subsequently. 
[10-13]

 The biological signaling molecules such as growth factors plays important 

role in instructing cells to express desired phenotypes. Therefore, the physical structure, 

chemical composition and biological functionality are the essential attributes to biomaterials for 



Chapter 1 

 

4 
 

tissue engineering. 
[14-16] 

Hence, design and development of an appropriate scaffold offers a 

great scope as well as challenge for the progress of tissue engineering field. 

 

Figure 1.1 Components of tissue engineering 

1.3 Extracellular matrix  

In mammalian body, the cellular reactions are regulated by the highly complex 

microenvironment, called an extracellular matrix (ECM). 
[17, 18]

 ECM is a gel-like biological 

material that forms a physical network for encapsulation of cells. In the past, ECM was 

considered as an inert framework, filling intercellular spaces and provides physical support. 

However, recent investigations have clarified the role of ECM, which is much more complex 

than it was thought to be. 
[19-21]

 ECM acts as an active component for controlling cell behavior 

and fate, which is secreted and maintained by the cells. It is believed that the cellular 

organization is a reflection of matrix composition. 
[22, 23]

  

Broadly, the ECM is composed of three major classes of macromolecules i.e. fibrous proteins, 

glycosaminoglycans (GAG‘s), and proteoglycans. 
[24]

 Although the basic composition of all the 

tissues is same, different variants of macromolecules and their variable proportions, determine 

the differential physical properties of different tissues. The fundamental fibrous proteins include 

collagens, elastin, laminins, fibronectins, etc. 
[25, 26] 

These constituents have different vital roles 

which regulate the cell viability, migration, proliferation, differentiation and gene expression. 

[27, 29]
 Among these, Collagen is the most abundant component and constitutes about 30% of the 

total protein content of the body. It plays a major role in providing tensile strength to the tissues 

and organs and also regulates cell adhesion and migration. Collagens, along with elastin, impart 



Chapter 1 

 

5 
 

elasticity to the tissues. 
[30-32]

 The elasticity of the tissue is dependent on the concentration of 

elastin present within the tissue. The elastin helps tissues to regain their structure upon physical 

pressure or stretching and prevents permanent deformation of the tissue. Another important 

class of ECM protein is Fibronectins, which participate in cell adhesion and guides cell 

migration. These play a major role in cell-matrix and cell-cell interactions and also helpful in 

wound healing. A three amino acid oligopeptide, RGD (arginine-glycine-aspartate) was 

recognized as adhesion site in fibronectin proteins which binds to the cells through cell surface 

integrin receptors. 
[33-35]

 Laminins are another important class of ECM proteins, which is mainly 

found in the basement membrane and acts as glue for joining dissimilar types of tissues 

together. Laminin has a heterotrimeric structure consisting of three different polypeptide chains 

(α, β, and γ). 
[36, 37]

 They play an important role in cell adhesion by interacting through integrin, 

heparin, or dystroglycan receptors. 
[38]

 Different intracellular signaling pathways involving 

phosphatases, mitogen-activated protein kinases (MAPK), focal adhesion kinases (FAK), and 

cytoskeletal components are activated in cells by interacting laminin with integrin receptors. 

Laminin-integrin interactions also regulate cellular behavior such as viability, migration, 

adhesion, proliferation and differentiation. 
[39-42]

 

 

Figure 1.2 Diagrammatic representations of extracellular matrix components (taken from ref 43) 

1.4 Design criteria’s for an ECM mimic: 

In natural ECM, the cells and the complex biomolecules coexists within a nanofibrous 3D-

network. The mechanical properties of tissues are determined by the exclusive physical, 

topological and biochemical composition of ECM. 
[44, 45]

 To design an artificial ECM mimic, a 

matrix should be simple and biocompatible, possess structural architecture similar to native 

ECM and should be able to direct and control cell behavior. The appropriate porosity with high 

surface area is greatly desirable, which can provide suitable space for the growth of cells and 
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blood vessels. The mechanical integrity as well as biocompatibility is essential requisites for the 

design of scaffolds. The scaffold material should be biodegradable and the degradation rate 

should be similar to that with the rate of formation of new tissue. Ultimately, the scaffold should 

be able to interact with the cells through attachment, migration, growth, differentiation, but at 

the same time should avoid unfavorable tissue reaction like macrophage activation, 

inflammation, or apoptosis. Cell-matrix interaction can be induced by various physical and 

chemical cues. The physical cues can be incorporated in the form of mechanical properties and 

structural architecture, while chemical cues are incorporated into the matrix as cell adhesive 

peptides, growth factors, etc. 
[12, 17, 18]

 

1.5 Hydrogels as ECM substitutes: 

In the past few decades, hydrogels have gained inevitable attention to be developed as ECM 

analogue for tissue engineering applications. Traditionally, hydrogels are the versatile 

biomaterials having 3D cross-linked network structure. Their high water content, tissue like 

elasticity and nanofibrous architecture make them ideal candidates for native ECM mimics. 
[46-

49]
 Moreover, mild and cyto-compatible methods of formation ease of modification with 

chemical functionalities, tunable mechanical properties and degradability offers close 

similarities to the properties of natural ECM. Based on mode of interaction between the 

building blocks, hydrogels can be broadly classified into two types: physical gels and chemical 

gels. 
[50]

 In physical gels, the reversible non-covalent interactions such as hydrogen bonding, 

hydrophobic interactions, π-π stacking, van der Waals interactions, and/or electrostatic 

interactions between different segments of building blocks are involved to hold the network 

together. The transition from sol-to-gel, in physical gels, is triggered in response to change in 

environmental conditions such as pH, ionic strength, temperature, solvent, etc. While the 

chemical gels, on the other hand involves irreversible covalent interactions between the 

segments of monomeric building blocks. In addition to this, hydrogels can be classified in 

various ways, depending upon their source, type of composition, network electrical charges or 

stimuli responsiveness, as shown in figure 1.3. 
[51]

 

Similar to natural ECM, the hydrogel physical properties are dependent upon the nature and 

composition of the materials used. Hydrogels can be synthesized from either natural or synthetic 

materials. 
[50-52]

 Naturally derived polymers may include ECM components like collagen, fibrin, 

hyaluronic acid, matrigel, dextran, etc. 
[53-57]

 However, poor reproducibility due to batch-to-

batch variation, risk of contamination, difficulty in purification, poor control over biochemical 
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and mechanical properties are some of the major issues associated with natural biomaterials. On 

the other hand, synthetically derived polymers like poly-ethylene glycol (PEG), polyvinyl 

alcohol (PVA), polymethacrylate (PMA), poly-lactic acid (PLA), etc have fixed composition, 

adjustable physiochemical properties and reproducibility. 
[58-60]

 However, lack of cell 

recognition signals is the major drawback for synthetic polymers, which limits their use in 

biomedical applications. Moreover, their bioinert nature and ability to integrate with 

biochemical cues, makes them suitable platforms to control cell behavior and mimic complex 

natural ECM system. 

 

Figure 1.3 Hydrogels classification on the basis of different parameters (adapted from ref 51) 

1.5.1 Applications of Hydrogels 

Hydrogels are highly advantageous materials because of their multiple desirable properties. 

Hydrogels have potential applications in the field of domestics, pharmaceuticals, biomedicine 

and industries. Their excellent adsorbing, retention, and releasing properties expand the scope 

of utilities in day-to-day life. Their flexible structure, high water content, and biocompatibility, 

makes it suitable to use for biomedical purposes. Some of the major uses of hydrogels are listed 

below: 

1) Domestic Use: Hydrogel materials have plenty of usages in everyday life. Diapers are one 

the breakthrough in common man‘s life. The super-absorbent properties of diapers owing to the 

high water retention capacities of hydrogel materials keep the diaper dry, even after absorbing 

considerable amount of liquid. 
[61]

 Cosmetics are an important part of modern daily life. 

Usually, the cosmetic products like ‗beauty masks‘ claims to hydrate skin, anti-aging effects 

and restores its elasticity and are made with engineered collagen Other products like sunscreens 

and mascara also use Pecogels. Furthermore, some commercially available products act as 

complex-drug delivery systems such as Hydro Gel Face Masks by Fruit and Passion Boutiques 
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Inc. performs the moisturizing action of polymeric gels along with release of active 

biomolecules like vitamin C or B3. Smart hydrogels made up of pH sensitive materials are a 

huge advancement in the field of cosmetics. Such hydrogels are used for the delivery of 

cosmetic drugs like niacinamide, arbutin, adenosine, etc, which have skin whitening or wrinkle 

treatment properties. 
[61]

 

Perfume delivery is another important application of hydrogels which showed a rise in the 

nineties in the form of delivery technologies for volatile species. The aim to develop devices for 

delivery of volatile compounds was to control the slow dispensing of fragrances to the 

surroundings that can last long. Such hydrogel based approaches involve the swelling properties 

of hydrogels, which triggers the release of perfume smell. This technology had replaced the 

classic salt-based (sodium dodecylbenzene sulphonate) tablets with novel, fancier house care 

solutions. 
[61]

 

2) Pharmaceuticals: 

Controlled drug delivery is one of the major concerns for effective therapy, which needs 

administration of therapeutic substances at the site of action at controlled rates for specific 

periods that can overcome the limitations of traditional drug delivery systems of frequent drug 

formulation intake and high dosage due to non-specific site delivery. The excellent properties of 

hydrogels make them potential choice for drug delivery applications of both hydrophobic as 

well as hydrophilic drugs. The release of loaded drugs is dependent on the permeability of the 

matrix. In addition to this, hydrogels also store and prevent the drugs from hostile environments 

and release them with the desired kinetics profile. With the generation of novel smart 

biomaterials, stimuli-responsive drug delivery systems were developed, in which drug release 

can be activated by the local changes such as pH, temperature, or presence of specific enzymes 

or by some remote stimuli. 
[51, 62, 63] 
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Figure 1.4 Applications of hydrogel in different fields (individual images adapted from Wikipedia) 

3) Biomedical Applications: 

Tissue engineering: Hydrogels are widely used materials for tissue engineering as it is capable 

of providing three dimensional microenvironments for cells to adhere, proliferate and migrate. 

Furthermore, the bioactive motifs incorporated within the matrix dictate the biological activities 

and functions of the cells. The ideal scaffold design and selection of material for any particular 

application depend on different variables including physical properties, biological properties 

and mass transport properties and the surrounding environment where the scaffold is to be 

placed. The materials used for scaffold design in tissue engineering can be derived from 

materials of synthetic or natural origin. A very huge list of tissues for which the hydrogel 

application is augmented is available in the literature including blood vessels, muscle, kidney, 

skin, cardiac, adipose, retina etc. However, we describe the state of art and versatility of 

hydrogel based tissue engineering in few areas such as bone, cartilage, intervertebral disc and 

neural tissues. 
[64]
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Bone regeneration: Calcium phosphate based ceramics and their derivatives are the most 

exploited molecules in bone tissue engineering. Hydroxyapatite containing hydrogels also been 

reported for excellent bone remodeling. 
[65]

 Bone regeneration and neo-bone formation using 

hMSCs have been reported in a hyaluronic acid based hydrogel with BMP-2 as a carrier vehicle. 

BMP-2 is a prolific morphogenic factor that promotes adhesion properties of hyaluronic acid. 

Moreover, these polymeric gels grafted with the peptide motif RGDSK and showed excellent 

osteoblast adhesion. 
[66]

 

Cartilage repair: Damaged cartilage in joints causes swelling, pain and impaired mobility. If 

some tissue-like articular cartilage is damaged, they lose its regeneration capacity due to 

avascularity and low proliferation rates of the remaining chondrocytes. 
[67]

 
[68]

 Polysaccharides 

such as chitosan, dextran and hyaluronic acid are often used for the preparation of hydrogels for 

cartilage engineering because the cartilage ECM contains an abundant amount of 

polysaccharides. 
[69-72] 

A photo polymerized composite hydrogel of gelatin and methacrylamide 

for encapsulating growth factors (e.g. TGF-b1) and cells. 
[73]

 Another approach includes the 

modification of polymeric scaffolds with signal molecules such as RGD (integrin based), matrix 

metalloproteinase 7 (MMP7) to encapsulate hMSCs for cartilage repair and regeneration. 
[74]

 

Neural tissue regeneration: Limited endogenous repair capacity of neural cells demands more 

attention and exogenous assistance to restore the functions of neural tissues. 
[75]

 Brain being the 

softest tissue requires mechanical properties of the scaffold similar to endogenous tissue. It was 

evidenced from the reports that alginate, agarose, chitosan, methylcellulose and dextrin blended 

gels with lower values of modulus  have the ability to interact with neural cells. 
[76]

 Self-

assembling peptide gels are elegant materials for neural tissue engineering. 
[77]

 RADA16 and 

short laminin derived motif IKVAV were successfully used to demonstrate the regeneration of 

rat brain injury model. 
[78, 79]

 

Intervertebral disc regeneration: With age, the regeneration capacity of the intervertebral disc is 

severely compromised, which pushes the requirement of developing scaffold materials for the 

treatment of disc degeneration. Hydrogels can be used as a supplement /reinforcement or 

replacement material for nucleus pulposus tissue or as a shock absorbent material placed in the 

core of IVD. 
[80]

 Many hydrogels including poly-N-acetylglucosamine were investigated in vitro 

as well as in vivo, which have mechanical properties similar to those of nucleus pulposus. The 

peptide derived hydrogels such as KLD-12,  crosslinked collagen derived biomaterials and other 

synthetic and composite biomaterials including PVA/PVP, poly (N-isopropyl acrylamide) and 
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tween/NVP/cellulose were also evaluated as replacement prostheses for nucleus pulposus. 
[83-85]

  

Wound Healing: Wound healing is a potential application of highly biocompatible and 

bioactive materials to treat damaged skin tissues. Chronic, non-healing, wounds are very painful 

and become a burden on the patients and often result in impaired mobility, tissue amputation or 

sometimes even death. The ideal wound management involves 3 main steps: (1) protection of 

wounds from external agents (bacterial infections, mechanical stress), (2) accelerates wound 

closure with proper moisture maintenance between wound and dressing and (3) minimize/ avoid 

scar formation and can be removed easily without further trauma to the wound. Naturally-

derived hyaluronic acid, gelatin, collagen, fibrin, etc are promising materials because of their 

presence in ECM of human skin. Moreover, other naturally derived materials, which are used 

for the preparation of wound healing systems include cellulose, copolymers of alginate-

chitosan, chitosan-gelatin-honey, or biphasic gelatin-silk. 
[86]

 

Contact lenses: Contact lenses are the pioneering application of hydrogels. The oxygen 

permeability of biomaterial is one of the prime factors to be considered for designing a contact 

lens, which would prevent hypoxic stress of the cornea. Moreover, hydrogels can fulfill most of 

the requirements of contact lens design and depending upon their elasticity; can be classified as 

‗Hard‘ or ‗Soft‘. Hard contact lenses are majorly based on polymers of dihydroxy methcrylates, 

methacryclic acid, or acrylamides which are long lasting but poorly accepted by the users. 

However, soft lenses are made up of hydrogels and particularly silicone hydrogels are more 

suitable for prolonged wear times and are safer against infections than conventional hydrogels. 

[51, 61]
  

4) Industrial applications: 

Biosensors: A biosensor refers to a physical and chemical sensor in combination, which can 

detect and report any change in the biophysical properties of the system. Now-a-days, 

biosensors are becoming popular as a practical tool to cover wide range of applications in the 

areas of home-based diagnostics, environmental monitoring and point-of-care testing. All 

biosensors have a biological recognition part, in common, like enzymes, antibodies, living cells 

or micro-organism, which has specificity towards one analyte and has least interference with the 

other species. 
[87-89]

 

Pollutant Removal: Dye and heavy metals are the common pollutants found in industrial 

wastewater, which has become a serious threat to public health and ecosystem. Removal of 

heavy metals from wastewater resources has gained huge practical and scientific interest. 
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Hydrogels with carboxyl, nitrogen, sulphonic, phosphonic groups are generally used as 

absorbents for removal of heavy metals and toxic compounds or recovery of dyes from 

effluents. Polyelectrolytes have binding affinities towards oppositely charged metal ions and 

such hydrogels have a significant role in removal of heavy metals. The removal of dyes and 

metal ions, using chitosan, alginate, starch and cellulose derivatives was based on chelating or 

ion exchange mechanisms, owing to their amino and hydroxyl functional groups. Furthermore, 

the polymeric materials were modified using different approaches like carbodiimide chemistry, 

glycine substitution, nanoparticle formation, etc, to improve their adsorption capacity and 

mechanical resistance. 
[90-92]

 

1.6 Self Assembly: Strategy to develop ECM mimic 

―Beyond molecular chemistry based on the covalent bond there lies the field of supramolecular 

chemistry, whose goal is to gain control over the intermolecular bond‖- Jean-Marie Lehn. 

The term supramolecular chemistry was first used by Jean-Marie Lehn to describe the well 

organized supermolecules formed from self-association of several molecular components. Later, 

in 1987, Pedersen, Cram and Lehn won the Nobel Prize for their pioneering work with crown 

ethers and Cryptands, which opened up new routes toward the development of molecular 

assemblies that are held by weak forces, e.g., hydrogen bonding and van der Waals interactions. 

[93, 94]
 This multifarious subject is concerned with the formation of physical polymers that are 

bound together by specific intermolecular interactions rather than covalent interactions. 
[95, 96]

 

The science of building supramolecular structures is completely out of the realm of molecular 

chemistry, which solely depends on making and breaking of covalent bonds. 
[96]

 Although the 

pioneering work of Jean-Marie Lehn was based on inclusion compounds and cryptand cages, 

but soon the field of supramolecular chemistry extended beyond the scope of host-guest 

interactions and covered all the organized systems originated through reversible non-covalent 

forces including gels, films, liquid crystals, nanostructures, polymers, etc. 
[98]

 Broadly speaking, 

supramolecular chemistry is the study of interactions between the molecules, rather than, within 

a molecule or in other words, it is a science of building complex structures from molecules 

instead of atoms. 

Molecular self-assembly is a ubiquitous phenomenon in chemistry, material science and 

biology. In general, self-assembly can be explained as a combination of ‗assembly‘ that means 

‗to put together‘ and the ‗self‘ that implies ‗without outside help or on its own‘. 
[99]

 In 1990‘s, 

the concept of self-assembly at nanoscale was pioneered by Professor George Whitesides, 
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which was further developed to create functional bulk materials. 
[100-102]

 Later in 2016, the Noble 

Prize was to Professor Fraser Stoddart for his excellent work in development of template 

directed protocols for the synthesis of mechanically interlocked systems such as rotaxanes and 

catenanes, using the molecular recognition and self-assembly processes. 
[103]

 Basically, self-

assembly is a driving force for the spontaneous organization of individual components to form 

ordered patterns, at all scales. Although, wide range diversity in the systems formed by self-

assembly can be observed, but originally, they all rely on the reversible supramolecular 

interactions. 
[104]

 The building blocks in supramolecular architectures are held together by non-

covalent forces like hydrogen bonding, π-π stacking, hydrophobic interactions, electrostatic 

interactions, metal-ligand interactions, dipole-dipole interactions. 
[105-108]

 The forces are 

individually weak, but the sum of multiple forces results in the formation of highly stable and 

defined assemblies at nanometer scale, which otherwise is sustainable only when long and 

medium range forces work in agreement. 
[109]

 

 

Figure 1.5 Representative diagram of molecular self-assembly driven through non-covalent 

interactions and forming fiber as a higher ordered self-assembled structure. 

1.6.1 Types of Supramolecular interactions: 

As mentioned above, the interactions involved in molecular self-assembly are weak non-

covalent interactions. The bond energies of non-covalent interactions are known to be in the 

range of 5-80kJ/mol, which implies that they are weak in comparison to covalent bonds, having 

bond energies of ~100-400kJ/mol and thus necessitate the establishment of several links 

between building blocks to support self-assembly. 
[107-110]

 Majorly, these interactions are: 
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 H-bonding interactions: It is an association between a hydrogen atom and an 

electronegative atom (like N, O, or F). These bonds are highly directional and can be 

intermolecular (between two different molecules) or intramolecular (within the 

molecule). The functional groups that provide hydrogen atom for the bond is called as 

hydrogen-bond donor and the groups which provide electronegative atom is termed as 

hydrogen-bond acceptor. Generally, the strength of H-bond is mainly dependent on the 

nature of donor/acceptor, electro-negativity of the acceptor and also the surrounding 

media. The bond energy of H-bond ranges between 10-65kJ/mol. The combination of 

several H-bonds provides strength to the assembly and also helps in their spatial 

arrangement that enhances its specificity. 
[108]

 

 Aromatic Stacking (π-π Stacking): It is referred to an attractive interaction between π-

electrons of aromatic rings when oriented face-to-face or face-to-edge. These are the 

dispersive interactions, which arise due to high polarizability of the aromatic rings and 

contribute to the stacking effects. The binding energies of π-π interaction range between 

0-50kJ/mol. These interactions are being responsible for stability of molecules by 

forming a bond within a molecule. 
[110]

 

 Hydrophobic Effects: The hydrophobic effects are prominent when non-polar 

molecules are added in aqueous environments. To minimize the exposure to 

aqueous/polar solvents, the non-polar molecules tend to aggregate. However, 

hydrophobic effect is a function of entropy and therefore, their bond energy is difficult 

to assess. 
[108]

 

 Electrostatic Interactions: These interactions are involved between the ions or 

molecules of opposite charges. Columbic interactions can be attractive or repulsive. 

Ionic self-assembly is one the most common non-covalent interactions in biological 

systems and contributes to entropically unfavoured assemblies. It has been used as 

direct and reliable method for the stable organization of different building blocks (e.g., 

polyelectrolytes, charged surfactants, peptides, and lipids). These are long range 

nonselective forces having highest energies amongst all non covalent interactions of 

~250kJ/mol. 
[104]

 

The reversible nature of non-covalent bonds makes supramolecular assemblies, a dynamic 

system. 
[108]

 As a result of their reversibility, the supramolecular systems are capable of 

undergoing dynamic rearrangements in response to environmental variations. The responsive 

nature of self-assembly process is highly advantageous because it helps to tune the properties 

of the resultant assembled material, according to the application. 
[111]

 The adaptability can be 
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rendered by simple modifications in the self-assembling monomer units, which alters the 

pattern of their interaction. The information for self-assembling systems is encoded in the 

molecular design of the building blocks synthesized via covalent interactions, which in turn, 

dictates the complementarity, cooperativity and multiplicity (number of bonding sites) of the 

system. Molecular self-assembly occurs in both natural as well synthetic systems. 
[112,113]

 

1.6.2 Self-assembly in nature: 

Self-assembly is a fundamental process in nature, which encompasses a myriad of complex 

biological and physical instances. 
[114-117]

 The self-assembly is of prime importance to living 

systems which is dependent on 4 essential components, namely, proteins nucleic acids, 

carbohydrates and lipids. 
[108]

 These are the basic building blocks of life and give functionality 

to the cells. Biological systems in nature demonstrate the best utilization of supramolecular 

chemistry in fabricating functional materials, most economically and efficiently. 
[118]

 Nature 

creates highly complex biofunctional structures at nanoscale, with high precision and 

specificity, using molecular self-assembly approach. 
[119]

 Biology is replete with examples of 

highly complex functional systems formed by self-assembly, which are the source of inspiration 

for increasing interest towards synthetic self-assembling systems for biomedical and 

biotechnological applications. Some of the examples include bilayered lipid membranes, DNA 

double helices, protein tertiary structures, virus structure, enzymes. 
[120]

 DNA is a polymerized 

nucleotide, in which two antiparallel strands of DNA are stabilized through π-π interactions and 

H-bonding between cyclic purines (A, G) and pyrimidines (T, C) bases. [121, 122]
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Figure 1.6 Examples of self-assembly in nature showing (a) DNA double helix along with the 

interactions involved in itself-assembly, (b) protein folding with different hierarchical levels of 

self-assembly, (c) organization of amphiphilic phospholipids in cell membrane and (d) 

assembled structure of tobacco mosaic virus.(individual images taken from ref. 123-126) 

Protein folding is another self-assembly driven process, which controls the major activities of 

cells. The primary structure of peptide sequence is synthesized by linear strands of covalently 

liked amino acids, which further interacts through non-covalent interactions to form secondary 

(α-helices or β-sheet), tertiary and quaternary structures. Mostly, these tertiary structures are the 

functional units of proteins that act as catalytic sites or binding sites. These complex structures 

formed, serve as scaffolds for biological systems, transporting agents, biocatalyst, hormones, 

receptors, etc, besides their structural roles. Collagen is the most abundant protein in 

mammalian body, which is composed of three polypeptide chains, exclusively assembled in a 

triple helical manner. Similarly, actin protein, is the major constituent of cytoskeleton, forms 

cross-linked bundles or networks of microfilaments, having semisolid gel like properties and 

plays major role in regulating cellular motility. These examples illustrate that emergence of 

supramolecular chemistry is inspired by natural self-assembly and such fundamentals can be 
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applied for the development of novel self-assembling materials providing better control over 

their properties. 
[126-128]

 

1.7 Peptides 

“Tiny protein building blocks called peptides will launch the age of designed materials within 

the next decade”- Shuguang Zhang 

Since evolution, proteins are known to perform various biological functions with highly 

complex and specialized structures. Proteins are the natural condensation polymers of amino 

acids. Proteins are the products of dehydration reaction between the carboxyl group (-COOH) of 

one amino acid and amine group (-NH2) of another amino acid, resulting in the formation of 

amide bonds. The short oligomeric sequences of amino acids are termed as ‗peptides‘. Although 

all amino acids have same basic structure, but each possesses different structures, 

physicochemical properties and biological functions, owing to the variable R group at the 

central carbon (Cα) position. Accordingly, these 20 naturally occurring amino acids can be 

divided into different categories such as polar, non-polar, charged (positively or negatively), 

aliphatic, aromatic, etc. 
[129,130]

 These differential functionalities make it possible to create a 

huge library of proteins and peptides having different biological functions, simply by varying 

the combination and length of amino acid sequences.  These variable groups in the side chains 

participate in the supramolecular interactions such as aromatic amino acid residues form π-π 

stacking, charged residues interact through electrostatic
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Figure 1.7 (a) Basic structure of amino acid, (b) illustration of amide bond formation between 

two amino acids, and (c) structures and classification of 20 naturally occurring amino acids. 

(adapted from ref 130) 

interactions, polar amino acids enhance H-bonding interactions to form secondary peptide 

structures. Out of 20 amino acids present in the biological systems, 19 are containing 

stereocenter (α-carbon), to which four different groups are attached including amine, carboxylic 

acid and variable side chain. The chirality of amino acids (except glycine) provides additional 

complexity to the peptides to create diverse structures. [129] The advantageous attributes such as 

easy bottom-up synthesis, diversity and stability of peptide chemistry providing sites for desired 

modifications and ability to form highly organized structures, make peptides attractive class of 
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building blocks for designing functional materials with highly ordered self-assembled 

structures.  
[130-132] 

1.8 Peptide Self-assembly: 

In 1990‘s, the pioneering work of Ghadiri and co-workers demonstrated the formation of 

peptide nanotubes, which attracted great interest in exploring peptides as building blocks for 

design of nanomaterials. 
[133, 134]

 At the same time, S. Zhang was able to identify the 

spontaneous assembly 16-residue peptide into fibrous structures, which resulted into 

macroscopic membrane like structure. 
[135, 136]

 These pioneering studies demonstrated for the 

first time the scope of mimicking natural systems for designing nanomaterials. 
[130]

 Since then, 

diverse families of nanostructures have been explored using self-assembly of peptides. These 

nanostructures include nanotubes, nanorods, nanotapes, nanofibers, nanoribbons, coiled-

coil/rod-coil nanostructures, nanoparticles, vesicles/ spherical structures, sheets, etc. 
[131]

 

 

Figure 1.8 Different types of nanostructure formed via peptide self-assembly. (reprinted with 

permission from ref 132) 

1.8.1 Classification of Peptide self-assemblies 

The nature and sequence of amino acids in the primary structure of peptides govern their next 

level organization i.e. the secondary structure of peptides. These secondary structures can be of 

different types including β-sheets, β-hairpin, β-turns, α-helix, coiled coils. Based on the 

secondary structures formed, the self-assembling peptides can be majorly classified into 

following types: 
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1.8.1a Alpha helix Peptides (α-helix):  

The α-helix is one of the main structural domains occurring in natural proteins
. [137]

 In α-helix 

conformation, the molecules are spirally arranged and the right handed-helix are stabilized by 

intramolecular hydrogen bonds in the backbone between carbonyl group and amide hydrogen of 

fourth amino acid residue further along the chain (i, i+4). 
[138]

 Each turn of α-helix is composed 

of 3.6 amino acid residues. The α-helix backbone H-bonds are slightly weaker than those found 

in β-sheets, owing to their high exposure to surrounding water molecules and easy interaction 

with them. This is the reason, why α-helix motifs are located in the hydrophobic environments, 

in a cell and are unstable upon isolation. The intrinsic thermodynamic instability of α-helix in 

aqueous environment is due to its ability to form H-bonds with the water molecules, making it 

difficult for a single α-helix molecule to exist, as a stable self-assembling biomaterial. 
[139]

 

However, the stability of α-helix provides a challenge to the researchers, because the stability of 

such peptides is also important for their active conformation and is essential for its target 

binding efficiency. Furthermore, it was identified that the intertwined structures of two or more 

α-helices formed very stable structures, which were termed as coiled coil structures. The design 

of typical coiled coil structure is based on the heptad (abcdefg) repeats of polar and 

hydrophobic amino acid residues. A heterodimer of two α-helices formed by coiled-coil 

interactions assembles into long (more than 10μm) and thick fibers (diameter of ~40-80nm). 
[140, 

141]
 

Many natural materials such as α-keratin, myosin, collagen, etc are found to be rich in helical 

structural arrangement. Likewise, several synthetic helical polypeptides have been discovered as 

self-assembling systems to create diverse functionalities and among all de novo design 

principles, the coiled coil structure based α-helices were extensively explored. 
[142, 143]

 In this 

context, Woolfson and his group had carried out pioneering work to understand the alpha-

helices and coiled-coil protein design. 
[144]

 The design based on the ―sticky-end‖ strategy was 

most common, which provides dangling ends to nucleate and facilitates further growth of the α-

helical peptides in a uniaxial direction. Using this approach, Woolfson and co-workers reported 

the design of 28-residue peptides showing coiled coil structures and explored their self-

assembling properties. 
[145, 146]

 In contrast to this, Hartgerink‘s group demonstrated the self-

assembled coiled coil nanofibrillar structures without sticky ends, using a 21 residue peptide. 

[147]
 The literature suggested that the coiled coil systems have been also explored as temperature 

and pH sensitive carriers to control the delivery of encapsulated molecules. 
[148]

 The available 

reports suggested that such sticky-ended long peptide self-assemblies have been also explored 
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to develop collagen mimetic peptides that can form hydrogels and other biomaterials. 
[149]

 

Recently, caged structures from coiled-coil peptide modules were developed from Woolfsen‘s 

laboratory, which could potentially application as delivery vehicles for bioactive molecules. 
[150]

 

So far, only long peptide sequences have been explored for designing self-assembled helical 

nanostructures to develop a range of functional materials. However, recent investigations 

revealed that ultra-short peptide sequences are also capable of assembling into diverse 

nanostructures through similar helical conformations that can have promising pharmaceutical 

and biotechnological implications. 

 

Figure 1.9 Representative images of (a) α-helix arrangement of peptide through H-bonding, (b) 

helical wheel of a parallel coiled-coil showing heptad repeat residues and hydrophobic 

interactions between a and d as indicated by arrows and electrostatic interactions between e 

and g, (c) classic example of coiled coil α-helix structure.(taken from ref 148 and 151) 

Beta-sheet peptides (β-sheet): 

β-sheets are widely occurring and most well studied protein/peptide self-assembling systems. 

Unlike α-helices, the H-bonding is formed between the residues in space rather than in the same 

peptide sequence i.e. the intermolecular H-bonding is formed. These interactions bring different 

regions of a sequence or different peptide chains close to form β-sheet structures. 
[152]

 Each 

peptide sequence is termed as β-strands. β-sheets are composed of laterally joined β- strands,  

by at least two or three backbone hydrogen bonds, which generally forms a twisted, pleated 

sheet. The pleated appearance of β-strands emerges due to tetrahedral bonding pattern at the 

C
α
 atom which reduces the distance between C

α 
i and C

α
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i + 2 to be ~6 Å , rather than the 7.6 Å that is the expected distance between two fully 

extended trans peptides. Depending upon the alignment of the strands, these β-sheets can be 

classified into two types: parallel and anti-parallel. When all the β-strands are aligned in the 

same direction, for example, N- to C- terminal, they form parallel β-sheets and when the strands 

are arranged in opposite direction, then form antiparallel β-sheets. Additionally, electrostatic 

interactions between the alternating charged residues on the two strands further stabilizes the β-

sheet structures. 
[153, 154]

 

Zhang et al. first demonstrated the self-assembly of synthetic peptides into fibrous 

nanostructures. They developed a class of oligopeptides with alternating hydrophobic and 

hydrophilic amino acid residue, which forms β-sheet rich nanofibers in aqueous solution. The 

designed peptide sequence Ac-AEAEAKAKAEAEAKAK (AEAK16) consists of 

complementary ionic residues, which have a strong tendency to interact with each other giving 

rise to β-sheets. 
[155, 156]

 The self-assembly is also stabilized by the hydrophobic effect of 

aqueous environment, which promotes the burying of hydrophobic residues between the 

hydrophobic surface of two peptide strands. 
[157]

 This class of peptides was later referred to as 

―Peptide Lego‖ by Zhang that involves the complementary interactions in the design. These β-

sheets further stack together to form peptide fibers. 
[158, 159] 

The substitution of E with D and K 

with R, resulted into RADA-16 peptides, which may have two or more repeating units. The 

peptide based hydrogels were highly biocompatible and well supported the mammalian cell 

attachment, proliferation, migration and differentiation. 
[160]

 Both, AEAK16 and RADA16 

peptides assumed to have antiparallel β-sheet arrangement, owing to repulsive electrostatic 

interactions in parallel arrangement. Among different RADA peptides, RADA16-I (with 4 

repeating units) is commercially available as ‗Puramatrix‘, an artificial substitute of natural 

ECM. 
[161, 162]
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Figure 1.10 Representative diagram of β-sheet arrangement showing (a) anti-parallel 

configuration, (b) parallel configuration and (c) β-hairpin structure with β-turn. (taken from ref 

163) 

Beta- hairpin peptides: 

β-hairpins represent another class of secondary structures of peptides, which are formed two 

when anti-parallel strands are linked by a short peptide sequence of 2-4 amino acids. The 

connecting loop between two strands is called as β-turns. The structure looks like hairpin and 

composed of β-strands that is why they are named as β-hairpins. 
[164]

 The length of these turns 

or loops can be variable and plays an important role in determining the 3D structures of protein 

or some specific function. Pochan and Schneider have extensively studied the self-assembly of 

β-hairpin forming peptides. In 2002, they first developed the MAX1 peptide (H2N-

VKVKVKVKV
D
PPTKVKVKVKV-CONH2) with repeating units of valine (V) and lysine (K) 

residues along with intermittent tetrapeptide (-V
D
PPT-), adopted to form type II-turns, where 

D
P 

is the D isomer of proline. This peptide has the tendency to form random coils, when dissolved 

in water, but folded into β-hairpin structure in the presence of salts of Dulbecco‘s modified 

Eagle‘s medium (DMEM), a cell culture medium. The addition of salts or increased pH reduces 

the electrostatic repulsion between lysine residues and enhances intermolecular hydrogen bonds 

between the two peptide arms. 
[165, 166]

 Since then, several variants of MAX1 have been reported, 

which demonstrates the effects of hydrophobic and hydrophilic residue substitution on their 

self-assembly. 
[167,168]

 One such example includes MAX8, which is formed by the replacement 

of one lysine residue with glutamate that showed faster self-assembly at lower pH than MAX1 

peptides, due to reduced repulsive positive charges. Both MAX1 and MAX8 peptides showed 

the propensity to form hydrogels in the presence of cell culture media and have potential 

applications in the field of biomedicine. 
[168]

 

Peptide amphiphiles: 

Peptide amphiphiles (PA) represents class molecules designed with balanced hydrophobic and 

hydrophilic character and have self-assembling properties. Typically, a peptide amphiphile 

contains a distinct hydrophobic and hydrophilic region, similar to lipids or surfactants structure. 

A hydrophobic region may be composed of non-polar, aromatic amino acids or alkyl, acyl, 

lipidic tails, while hydrophilic region is composed of polar amino acids. 
[169, 170]

 The self-

assembled structures formed from Pas include micelles, nanofibers, nanotubes, nanorods, and 

bilayers, which are stabilized by different non-covalent interactions such as hydrophobic, π-π 
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stacking, electrostatic or hydrogen bonding interactions. PAs assembles similar to lipid 

molecules, aligning hydrophobic tails inwards, which minimizes the exposure towards water. 

The self-assembly occurs only when the concentration of peptides increases above critical 

aggregation concentration. 
[171, 172]

 

In 1995, Tirrell et al. first proposed the design of PA which self-assembled into monolayer 

structures. These monolayers act as models for the investigation of membranes containing 

functional proteins. 
[173]

 Since then, wide variety of PA‘s has been explored to access diverse 

nanostructures for biomedical applications. 
[174]

 Stupp and Hartgerink proposed the design of 

PA, which consists of three different segments: a hydrophobic tail, a β-sheet forming peptide 

and hydrophilic peptide moiety which increases the solubility of whole molecule in water. 
[175, 

176]
 These PA organizes in the form of cylindrical micelles by the participation of hydrogen 

bonds between β-sheet peptide region and hydrophobic interactions between hydrophobic alkyl 

tails. The free peptide ends are exposed at the surface of nanofibers in high density, which can 

be easily bio-functionalized. In the similar context, Stupp et al. reported an excellent example of 

lipidated PA composed of 5 different regions. A 16-carbon alkyl chain at N-terminal acts as a 

hydrophobic part, the second segment is composed of four cysteine residues that provide 

oxidative polymerization site via disulphide bonds. 
[176, 177]

 It is further attached to flexible linker 

of three glycine residues, followed by a phosphorylated serine that aids calcium binding or 

biomineralization. At last, a cell-targeting RGD motif is attached at the C-terminal end. This is a 

classical example for designing a PA intending for specific applications.  

Although the structure of peptide amphiphiles resembles the surfactants, but their self-assembly 

mechanism greatly varies, due to the involvement of H-bonding. In general, the solubility of 

these peptide amphiphiles depends upon the number of hydrophobic amino acid residues in the 

tail group, as on increasing the number of residues result in reduced solubility and lesser 

propensity to aggregate. 
[178]

 However, the hydrophilic lipophilic balance can be adjusted by 

varying the number of polar amino acid residues in the head group leading to different 

nanostructures. 
[171]

 In a similar line, a study reported by Koutsopoulos‘ group showed the 

formation of nanovesicles using positively charged PA while, clusters of nanovesicles observed 

with negatively charged PA, which are arranged in necklace-like pattern, upon drying. The 

reason for rearrangement of nanostructures was that initially the vesicles are loosely bound in 

clustered form while, quick drying caused disassembly of clusters, and arrangement of 

nanovesicles in the form of necklace, on the negatively charged surface of mica. 
[179]

 Similarly, 

Zhang‘s group reported another series of PA composed of 1-2 residues of lysine or histidine 
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attached to A6, V6, or L6 sequences, which showed the presence of nanotubes and nanovesicles, 

dependent on the pI (isoelectric pH). These nanostructures further self assemble to form 

membranous sheet like structures. 
[180]

 In the similar line, Hamley and coworkers explored the 

self-assembly of A6R for antimicrobial activity and A6RGD as a scaffold with cell adhesion 

motif. In last two decades, a plethora of such PA and their self-assembling properties have been 

reported, intended for different applications. 
[181, 182] 

 

Figure 1.11 Representative diagram depicting the structure of (a) peptide amphiphile and (b) 

peptide bolaamphiphile with hydrophilic and hydrophobic segments. (adapted from ref 

176,183) 

Bola-amphiphiles 

Bola-amphiphiles comprises another class of peptides in which a hydrophobic tail is attached to 

two hydrophilic tails. Peptide based bola-amphiphiles are less explored than other amphiphiles. 

In 1996, Shimizu et al. reported the fabrication of nanotubular assemblies using oligopeptide 

bola-amphiphiles and further used them for encapsulating vesicles. 
[184]

 The self-assembly was 

facilitated by two oligo-glycine head groups. Later, in 2000, Matsui followed a similar strategy 

and demonstrated the pH driven self-assembly of bis (N-α-amidoglycylglycine)-1.7-heptane 

bola-amphiphile into helical ribbons. 
[185]

 Recently, Das and co-workers illustrated the solvent 

polarity dependent morphogenesis of peptide bola-amphiphile. The design incorporates the PDI 

(perylene-diimide) as hydrophobic group and diphenylalanine sequence attached to two imide 

positions of PDI supporting π-stacking. These PA molecules assemble into wide range of 

morphologies such as nanofibers, nanorings, nanocups and hollow spheres, in the presence of 

different solvents. 
[186, 187]

 

Short aromatic Peptides: 

In recent years, short aromatic peptides have attained great interest and developed as a broad 

class of self-assembling peptides. The reason for special interest in such peptide based nano-

assemblies is their short length, relatively easy and cheap synthesis, high biocompatibility and 
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accessibility to diverse nanostructures. As the name suggests, the aromatic π-π interactions are 

the major driving force for the self-assembly of aromatic peptides and in turn, affects the 

gelation properties of the peptides. 
[188, 189]

 These peptides are usually composed of aromatic 

amino acids like phenylalanine (F), tyrosine (Y), tryptophan (W) or aromatic protecting groups 

such as fluorenylmethoxycarbonyl (Fmoc), naphthyl, pyrene, etc. 
[190]

 Reches and Gazit, firstly 

identified FF (diphenylalanine) as the shortest self-assembling peptide having propensity to 

form ordered structures such as nanotubes. These nanotubes extend upto micro-scale length and 

have remarkable mechanical strength. 
[191]

 Their high biocompatibility and good chemical and 

thermal stability demonstrate the potential to be developed as biosensors. After this, the gelation 

properties were studied using Fmoc-FF, which was recognized as the smallest structural unit of 

amyloid-like peptides. These gels were then investigated for biocompatibility for their 

exploration as cell culture scaffolds. 

Since then, a lot of work has been done in the field of short aromatic peptides. Ulijn and co-

workers extensively studied the self-assembly of short aromatic peptides including Fmoc FF. In 

the last decade, several aromatic short peptide analogues were created by simple alterations in 

the sequences. 
[189,190]

 Recently, Ulijn et al. proposed dynamic peptide libraries using 

combinatorial space for the discovery of self-assembling structures. Such study could be 

possible because of the small number of amino acids present in the short peptides, which 

otherwise would be difficult to explore with long chain peptides. 
[192]

 Xu et al. have also 

explored the potential of aromatic interactions in designing variety of supramolecular materials 

to a great extent. They showed the formation of different nanostructures from same peptides. 

[193, 194]
 Bing Xu‘s group demonstrated role of aromatic-aromatic interactions in the transition of 

α-helix to β-sheet conformation, upon mixing of two pentapeptides. It was the first report, 

which showed the biomimetic approach to generate peptide nanofibers with particular 

secondary structure through conformational restriction of peptide secondary structures by the 

involvement of aromatic-aromatic interactions. 
[195]

 The self-assembly process and mechanical 

properties of peptide hydrogels can be controlled by various factors such as pH, temperature, 

solvent, etc. The tunable properties of short aromatic peptide hydrogels are highly useful to 

tailor their properties in accordance with intended applications. 
[196]
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Figure 1.12: Classical example of shortest aromatic peptide (a) Diphenylalanine with aromatic 

moiety attached N-terminal end and few examples of commonly used aromatic moieties like (b) 

Fluorenylmethoxycarbonyl (Fmoc), (c) 2- Napthoxy acetic acid (Nap), (d) 2- Pyrene butyric 

acid (Pyr) and (e) Caboxybenzyl (Cbz). (adapted from ref 190) 

Amyloid Peptides 

Amyloid fibrils are the crucial example of natural protein self-assembly resulting into nano-

fibrillar structures. The formation and accumulation of amyloid fibrils are indicative of various 

pathological conditions such as Alzheimer‘s disease, Parkinson‘s diseases, type II diabetes, and 

many others. 
[197,198]

 Amyloid fibrils are formed by polypeptides having 30-40 amino acid 

residues or longer and are characterized by β-sheet conformations. Aβ is the amyloid beta 

peptide, present as major component of the pathogenesis of Alzheimer‘s disease. 
[199-201]

 The Aβ 

typically varies in length ranging from 37-49 amino acid residues, among which sequence with 

42 amino acid residues i.e. Aβ42 is the most common isoform. The studies in the past decade 

have shown that short peptides such as tetra- to hexapeptides can form nano-fibrillar structures, 

which have biophysical and structural properties similar to that of amyloid fibrils. 
[202]

 These 

synthetic short peptides can be used as model system for studying the mechanism of biological 

self-assembly processes and generation of amyloid structures. Several functional peptide 

sequences inspired from various amyloidogenic peptides associated with pathological 

conditions, including FGAIL (from type II diabetes), KLVFF, KLVFFAE (from Alzheimer‘s 

disease), NFGSVQFV (Aortic medial amyloid), PPQGGYQQYN (Yeast prion protein), 

PHGGGWGQ (Creutzfeldt-Jakob disease) and many more have been explored. 
[203]

 To get the 

deeper insight into the mechanism of amyloid fibril formation, the minimum peptide fragments 

i.e. dipeptides were widely investigated. Although the exact mechanism of amyloid aggregation 

is unclear, the investigation of naturally formed amyloid plaques revealed that aromatic residues 

play a crucial role in the formation of amyloid fibrils. Diphenyalanine (FF) is identified as the 
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core motif of Alzheimer‘s β-amyloid peptide. 
[204] 

Therefore, FF is the basic sequence 

incorporated in the design of most of the self-assembling amyloid like-peptides. 

1.9 Strategies to control self-assembly:  

It has been known that subtle changes in the molecular structure of the gelator i.e. conventional 

route, alone are not sufficient for the formation of self-assembled structures. However, the 

choice of suitable gelation method is very crucial to trigger the nucleation and growth of self-

assembled nanostructures, which is also termed as non-conventional route. Gel formation 

occurs when soluble state transformed into insoluble organized structures entrapping water in 

their nanofibrous network. Several ways have been adopted to induce self-assembly into gelator 

molecules. Some of the commonly used methods are as follows:  

1. Temperature triggered gelation: 

Temperature tends to increase the solubility of the gelator in the solution, which 

otherwise was not easily soluble due to its hydrophobic nature. As the temperature is 

decreased, the solubility is reduced, promoting interactions between gelator molecules. 

The self-assembly is driven by the non-covalent interactions between the gelator 

molecules. Temperature-triggered gelation of Fmoc-based low molecular weight 

gelators (LMWG) was firstly reported by Vegners et al. in 1995. 
[205]

 The peptide 

(Fmoc-LD and analogues) was dissolved at high temperature (~100
0
C) and cooled to 

below 60
0
C, resulting into viscoelastic gel. Later, Das‘s group used temperature triggers 

to explore the hydrogelation property of cationic peptide amphiphiles with respect to 

their structural aspects as well as their gelation mechanism. 
[206, 207]

 The similar group 

further reported the class of antibacterial hydrogelators based on Fmoc-capped cationic 

amphiphiles, which showed gelation by heat-cool method. 
[208]

 Although, the heat-cool 

cycle process is common in literature to demonstrate the thermo-responsive behavior of 

gels, but it is less explored to induce gelation of peptide amphiphiles. However, use of 

temperature is more common in inducing gelation of polymeric materials such as 

gelatin. The temperature required gel formation and melting temperatures is also 

affected by the solvent environment. 

2. Solvent mediated gelation: 

The hydrophobic component of LMWG imparts lower aqueous solubility to the gelators 

even at low concentrations, thus hinders their self-assembly. Solubilizing the 

hydrophobic peptide gelator in suitable solvent, followed by addition of poorly soluble 
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solvent can be an effective approach to overcome the solubility issues of hydrophobic 

peptides. The change in polarity of solvent promotes gelator-gelator interactions 

through various non covalent interactions to reduce exposure to the aqueous solvent and 

triggers self-assembly resulting in nanofibrillar structures. The solvent mediated 

approach has become one of the popular methods of gelation for short aromatic 

peptides due to the ease of preparation, since it involves little or no mixing of gelator in 

solvents, as reported in many cases in literature. In this direction, Mahler et al. first time 

demonstrated the solvent mediated approach to control the self-assembly of Fmoc-FF 

peptide. They dissolved Fmoc FF in water-miscible organic solvent and further diluted 

it with water, which leads to the formation of one-dimensional fibrillar structures 

transforming peptide solution to supramolecular gels. 
[208]

 Similar solvent triggered 

gelation approach was used by Adams group to demonstrate the role of solvent 

selection on the hydrogelation process and final gel phase properties. 
[209]

 The literature 

also suggests that solvent mediated approach results in quick gelation in comparison to 

other assembly methods. 

3. pH triggered gelation:  

Perhaps the pH triggered gelation is the most widely studied method of inducing self-

assembly in LMWG. Mostly, the short aromatic peptides are covalently attached to 

hydrophobic groups at N-terminal, leaving the C-terminal free for deprotonation at 

higher pH, which results in highly soluble charged species. The solubility of these 

charged species decreases with the decrease in pH leading to self-assembly of the 

gelator. 
[210, 211]

 The pH triggered gelation is useful for the assembly of peptides 

containing charged amino acids. The solubility of charged peptides is dependent on the 

pH and imparts them inherent pH sensitivity. It has been reported by several groups that 

gelation occurs only when the pH of the solution is lowered than the pKa of the C-

termini of these molecules. At the same time, it was also found that the pKa values of 

hydrophobically modified peptides are significantly higher than the corresponding 

unmodified dipeptides. 
[212, 213]

 To this direction, a report by Adams group demonstrated 

that the pKa values are related to the overall hydrophobicity of the gelator and most 

hydrophobic molecules exhibited the highest pKa values. 
[214]

 Therefore, changing the 

amino acid or an aromatic substituent can alter the hydrophobicity of the molecule and 

thus their pKa.  

The literature suggests that most of the researchers used hydrochloric acid (HCl) as a 

trigger for the self-assembly of LMWG. In this context, Yang et al. first prepared the 
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library of naphthalene conjugated dipeptides and studied their gelation properties by 

initially dissolving them in NaOH (1N) and then adjusting the pH by adding HCl (1N) 

until a clear transparent gel was formed. The pH of the resulting gels was measured to 

be ~2. 
[215]

 Extensive studies were carried out by Ulijn et al. to understand the self-

assembly mechanism of Fmoc FF in a pH triggered system. 
[212]

 They showed the 

dramatic pKa shifts of Fmoc FF which is reflected at the macroscopic as well as 

microscopic level. It has been found that Fmoc FF has the highest pKa value of ~9.9, 

which is the highest pKa value for any gelator and it can be dissolved above that pH 

only. However, Fmoc group is base labile and is unstable at high pH, but is stable at 

physiological pH.  Therefore, gradually reducing the pH of Fmoc FF solution (by 

adding HCl) showed transformation from gel to viscous solution and further to 

precipitate, accompanied by conversion of flexible nanofibrillar structure to flat rigid 

ribbon like structures, at intermediate pH values. 

The rate of pH change is critical because hydrogelation is a kinetically favored process. 

Generally, the slower pH change is likely to result in more ordered structures due to 

sufficient time provided for equilibration. Notably, Adams and coworkers demonstrated 

an alternative for adjusting pH that results into more reproducible hydrogels. They used 

of glucono-δ-lactone (GdL) instead of HCl, to adjust the pH of library of naphthalene-

dipeptide based hydrogelators. 
[216]

 Another advantage of using this method is that it 

does not require shear force, which can often alter the gelation process and affects the 

final properties of the hydrogels. 

Moreover, the pH switch can also be a convenient way to control the morphology of the 

self-assembled structures. A report by Kaler et al. elucidated the pH induced structural 

transitions of the self-assembling mixtures of amino acid lysine and anionic surfactants. 

The fibrillar structures are transformed into worm-like micelles when the acid 

concentration exceeds the equimolar value of lysine. 
[217]

 Similarly, Hassan‘s group 

showed the formation of long worm like assemblies, which are evolved from globular 

micellar structures. The reason for such transformation was the reduction of surface 

charge of micelles at higher pH. 
[218]

 

4. Salt/Metal ion induced gelation  

The idea of using metal ions or salts to stabilize and functionalize proteins and peptides 

is evolved from nature. 
[219]

 Peptides have amino as well as carboxylic terminals which 

upon protonation or deprotonation interacts with oppositely charged metal ions or salts 

that provide structural stability and promotes self-assembly. These salts screen the 
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repulsive forces of charges and enhance cross-linking between less ordered structures to 

form highly ordered nanofibrillar networks. 
[220]

 In the series of β-hairpin peptides, 

Schneider et al. reported a 20 residue peptide having negatively charged non-natural 

amino acid which promotes metal binding affinity of the peptide. In the absence of Zn
2+ 

ion, the protein remains in unfolded soluble state and subsequently self-assembles into a 

β-sheet rich fibrillar structure in a moderately rigid viscoelastic hydrogel. The 1:1 

binding of Zn
2+ 

and peptide was confirmed by various spectroscopic analyses. 
[221] 

The 

same group reports another peptide from a β-hairpin, MBHP, which showed affinity to 

a wide range of metal ions including Pb
2+

, Pb
2+

, Cd
2+

 and Hg
2+

. 
[222]

 

A significant difference can be observed in the self-assembling properties of peptides in 

the presence of salts due to involvement of ionic bonding and alteration in ionic 

strength of the system. 
[223]

 The reports from P. K. Das‘s group showed the gelation of 

naphthalene based dipeptides in response to pH change from 11 to 4, but they showed 

gelation even at pH 11 in the presence of number of salts (Mg
2+

, Ca
2+

, Na
+
, Li

+
, K

+
 and 

NH
4+

). It was assumed that gelation was proceeded by the formation of salt-bridges 

between carboxylate groups and metal ions that promotes cross-linking of micellar 

structures into a three dimensional network. 
[224-227]

 Similarly, Lauffenburger et al. 

showed the gelation of the biomimetic sequence (KFE12) at physiological pH as well as 

in the presence of salts. MAX1 peptide is another example showing the formation of 

differential secondary structures in the influence of salts. They tend to form random coil 

structures at physiological pH (7.4) but addition of salt to the solution leads to the 

formation of β-sheet rich self-assembled structures. 
[228]

 

The metal ions were not only used to induce gelation but it was also used to alter the 

mechanical and structural properties of self-assembled structures. The metals ions help 

in strengthening the cross-linking between the nano-fibers and thus can improve the 

mechanical properties of the hydrogels. 
[229]

 Xu et al. tailored the elasticity of the 

resulting supramolecular gels by up to five orders of magnitude by the addition of Ca
2+

 

ions. The enhanced mechanical strength was the outcome of combined aromatic and 

electrostatic interactions. 
[230]

 A very recent report by our group showed the systematic 

study to highlight the importance of metal ions in controlling the supramolecular 

structures of ultra short peptides. In this study, histidine based dipeptide design was 

used to demonstrate the effect of metal binding on the mechanical properties and nano- 

architecture of the self-assembled systems, which can be often accompanied by gel-sol 

transition. 
[231] 

The studies showed that addition of salt can be a feasible method to tune 
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the mechanical properties of the soft nanomaterials for various biomedical and 

biotechnological applications. 

5. Enzymatic gelation 

In nature, the role of enzymes in self-assembly of biomolecules is the foundation of life 

and inspiration for designing synthetic self-assembling systems capable of forming 

hydrogels by the enzymatic action. 
[232,233]

 Enzymatic processes hold potential 

opportunities for performing molecular self-assembly in aqueous systems with high 

selectivity and specificity, which makes the system more biocompatible and suitable for 

biomedical applications. The enzymes can trigger the self-assembly process in two 

ways i.e. by bond making or by bond breaking. Both the ways convert precursor to 

hydrogelator, which is capable to undergo self-assembly under physiological 

conditions. 
[234]

 The Xu‘s and Ulijn‘s group presents plenty of examples of 

hydrogelators, which undergo enzyme-instructed formation of nanofibrous networks 

leading to subsequent hydrogelation. 
[235, 236]

 A dipeptide was enzymatically coupled to 

Fmoc-Phe by the catalytic action of protease (thermolysin) to develop Fmoc-tripeptide. 

[236]
 The π-πinteractions of Fluorenyl groups drive the self-assembly of Fmoc-tripeptide 

resulting in higher ordered self-assembled structures. This approach offers a facile route 

to create a library of supramolecular peptide hydrogels via thermodynamic control of 

nanofiber formation, which can be used as scaffolds for tissue engineering application. 

[237]
 Unlike thermolysin, there are some enzymes which break bond to convert precursor 

into a hydrogelator. Phosphatases are one of the commonly used enzymes, which breaks 

the P-O bond of phosphate and converts it to corresponding alcohol group. In this class, 

most of the gelators reported have an attached tyrosine phosphate residue, which is 

freely soluble in buffer solution. Xu et al. utilized the alkaline phosphatase to catalyze 

the dephosphorylation of Fmoc-tyrosine phosphate, which yield Fmoc-tyrosine 

molecule that can self assemble into insoluble nanostructures. 
[238]

 In contrast to this, 

another enzyme protein kinase phosphorylates the alcohol groups to convert them into 

soluble phosphate ligated peptide analogues. This enzyme switch phosphatase /kinase 

in combination can be used in the detection of enzyme inhibitors. 
[239]

 This enzyme pair 

was used to control the sol-gel-sol transformation of naphthalene conjugated 

pentapeptides. This sol-gel conversion approach is useful for both in vitro as well as in 

vivo applications. 

The enzymatic hydrogelation can be useful in many other ways such as the cleaved 

phosphate group entrapped in the gel matrix can be used for biomineralization. 
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Leeuwenburgh and co-workers added the calcium ions to the hydrogel, which combines 

with phosphate groups to form calcium phosphate. This additional species significantly 

enhances the mechanical stiffness and thermal stability of the hydrogel. 
[240]

 The 

enzymatic hydrogelation of LMWG peptides allows the tailoring of the functional 

properties of the hydrogels in response to specific biological conditions. The small size 

of peptides allows designing of β-peptides, which offers superior bio-stability over α-

peptide and their enzymatic hydrogelation can be triggered inside the cell. One of the 

examples of in situ hydrogelation was shown by Xu et al. where precursor was 

converted into a hydrogelator by the action of endogenous esterase, which formed 

nanofibrous network inside the cell. Such action was exploited as a mechanism to kill 

cancerous cells. 
[241]

 Similar enzymatic control was applied to achieve the antibacterial 

action from a precursor peptide designed with a cephem nucleus flanked between Nap-

FF hydrogelator and a hydrophilic group. The addition of b-lactamase opens the b-

lactam ring and released the hydrogelator to form hydrogel inside the bacterial cells. 

[242]
 

1.10 Aims and objectives: 

The ultimate aim of this thesis is to fabricate a series of bioactive functional scaffolds, 

which can be developed as efficient synthetic mimics of natural extracellular matrix 

(ECM) and can have potential implications in tissue engineering. The research work 

was carried out with following specific objectives: 

1) Design and synthesis of self-assembling short, bioactive peptide sequences 

especially based on laminin and collagen proteins of ECM. 

2) Exploring molecular self-assembly behavior of designed peptides via different 

pathways accessed by different triggers such as solvents, pH, temperature and 

presence of proteins, etc. 

3) Tuning the physical and biochemical properties of hydrogel scaffolds by 

developing multi-component systems through co-assembly or co-operative 

assembly  

4)  Characterization of physicochemical properties of the hydrogels using various 

spectroscopic, microscopic, and rheological analyses. 

5) Assessment of biological properties of designed bioactive hydrogels by 

studying biocompatibility, viability, adhesion, proliferation, and migration to 

identify their potential as scaffolds for cell culture applications. 
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This chapter describes the synthetic protocols and characterization techniques used for the 

design and development of peptide based hydrogels and assessment of their functional behavior. 

The basic principle of the peptide synthesis and their characterization will be covered in this 

chapter. In particular, this chapter is further classified into four major sections including 1) 

peptide synthesis and characterization, 2) hydrogel preparation and 3) physicochemical 

characterization of the peptide hydrogels using different spectroscopic as well as microscopic 

techniques and 4) biological assays with peptide hydrogels to evaluate their biocompatibilities 

as well as their potential applications in cell culture studies. 

2.1 Peptide synthesis and characterization: 

2.1.1 Materials: 

All the chemicals used in the research work were purchased from Sigma-Aldrich, Merck, Hi-

media with high purity (≥90%). 

All required N-terminal Fmoc-protected amino acids, N-terminal Boc-protected amino acids, C-

terminal methyl ester protected amino acids, C-terminal ter-butyl protected amino acids, 

piperazine, diisopropyl carbodiimide (DIC), N, N-Diisopropylethylamine (DIPEA), HBTU (O-

(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa-fluoro-phosphate), 1,2- Ethanedithiol 

(EDT), anisole, thioanisole were obtained from Sigma-Aldrich with > 99% purity. 

 Trifloroacetic acetic acid, Acetonitrile (HPLC and LCMS grade), Dimethyl formamide (DMF), 

Dichloromethane (DCM), Diethyl ether, Rinkamide-MBHA resin were purchased from Merck. 

All chemicals were stored at conditions as mentioned for each chemical. 

Cell culture reagents such as DMEM (Dulbecco‘s Modified Eagle‘s Medium), FBS (foetal 

bovine serum), antibiotic solution (penicillin-streptomycin), Dulbecco‘s Phosphate buffer 

saline, cell culture grade DMSO, MTT salt, Alamar blue salt, dyes for fluorescence and 

immunofluorescence studies were obtained from Hi-Media. 

2.1.2 Peptide synthesis: 

Standard synthesis protocols were used for the synthesis of peptides. 
[1, 2]

The synthesis reactions 

were carefully controlled by using N-terminal or C-terminal protected amine acids, as required. 

Peptides can be synthesized through two methods: Solid phase peptide synthesis and liquid 

phase peptide synthesis. Both methods have their own advantages over each other. Liquid 

synthesis can be used for large scale synthesis. However, the synthesis of long peptides would 

be extremely difficult and time consuming with liquid phase synthesis. In contrast to this, solid 

phase synthesis can easily produce long sequences in a short span of time, with high purities. 

However, the solid phase synthesis is more expensive and can be used for small scale synthesis 

only. Therefore, we adopted solid phase peptide synthesis to synthesize pentapeptide sequences 

based of laminin and collagen inspired peptides, studied during our work. While, the ultra short 

dipeptide sequences were synthesized using liquid phase synthesis. Standard protocols for both 

methods are described below: 

2.1.2.1 Solid Phase Peptide Synthesis (SPPS): 



Chapter 2 

 

56 
 

To synthesize our designed peptides, the amino acids were sequentially coupled one by one 

from C-terminal to N-terminal. The first Fmoc-protected amino acid is coupled to insoluble 

polymer support (resin) to protect the coupling reaction at C-terminal. After each coupling 

reaction, the Fmoc- protecting group is cleaved in the presence of basic solutions such as 

piperazine/piperidine, which allows the next amino acid to couple. The schematic representation 

of solid phase peptide synthesis is shown in figure 2.2.  

Meanwhile, the carboxylic group of the second amino acid was activated to produce 

intermediate reactive species. One cycle of synthetic reaction involves deprotection, activation 

and coupling steps, which are repeated at the joining of each amino acid. In the end, the 

insoluble polymeric support is detached from the peptide sequence by dissolving the product in 

cleavage cocktail solution. At this step, all the protecting side chain protecting groups were also 

cleaved and the target peptide with native primary structure is obtained by filtration. The filtrate 

solution was precipitated in chilled ether to obtain the crystallized peptide. The cleavage 

cocktail solution comprised of trifluoroacetic acid (90% v/v), Thioanisole (5% v/v), EDT (3% 

v/v) and anisole (2% v/v). 
[3] 

 

Solid Support: The solid support is required to provide physical stability to the synthesized 

peptides and to allow the rapid filtration of liquids. These supports are inert to the 

solvents/reagents used during SPPS and must have the capability to swell in the solvents used 

so that it can allow the penetration of the reagents for facilitating the attachment of the first 

amino acid. The choice of solid support resins for a synthesis reaction depends upon 

requirement of the type of product‘s C-terminal i.e. whether a carboxylic acid or amide C-

terminal is desired. The Wang resin was, most commonly used resin for peptides with C-

terminal carboxylic acids while Rinkamide is widely used for generating amide C-terminal. 
[4] 

 

Figure 2.1 Schematic representation of Fmoc rinkamide resin (adapted from ref 5) 

Protecting groups: During peptide synthesis, the use of N-terminal and side chain protecting 

groups is important to avoid the undesirable side reactions for eg. self-coupling of the activated 

amino acid can lead to polymerization, reducing the yield of desired peptides. Two commonly 

used protecting group schemes that are used in solid-phase peptide synthesis: Boc/Bzl and 

Fmoc/tBu approaches. The TFA-labile N-terminal Boc protection along with side chain 

protection are utilized by Boc/Bzl strategy while base-labile Fmoc N-terminal protection is used 

in Fmoc/tBu SPPS. Other protecting groups include Benzyloxy-carbonyl (carboxybenzyl), 

Alloc, etc. Apart from these protecting groups, other external hydrophobic groups can be 

attached to the peptides at N-terminal through amide coupling followed by Fmoc/Boc 
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deprotection. These groups may include aromatic hydrophobic moieties (such as Napthoxy 

acetic acid, pyrene butyric acid, indoleacetic acid, etc) or aliphatic carbon chains (decanoic acid, 

myristic acid, palmitic acid, etc) or some small groups like acetyl group. The groups are mainly 

incorporated to modulate the hydrophilic-lipophilic balance of the peptides. 

 

Figure 2.2 Schematic representation of solid phase synthesis (adapted from ref 2) 

After synthesis and cleavage, the obtained peptide is purified using preparative HPLC to obtain 

~100% pure product. The principle and working of HPLC is discussed in detail below. 

2.1.2.2 Liquid phase peptide synthesis (LPPS): 

 Liquid phase synthesis is carried out by dissolving two amino acids in DMF, the free 

carboxylic group of N-terminal protected amino acid reacts with free amine group of C-terminal 

protected amino acid. Both amino acids are reacted in the presence of coupling agents such as 

HBTU and DIPEA. The coupling agents activate the carboxylic group of N-terminal protected 
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amino acid and allow its reaction with free amino group of C-terminal protected amino acid. 

The produced peptide was separated from the DMF through precipitation and sequential steps 

of aqueous/organic phase separation. The volatile organic solvent is removed with rotary 

evaporator and dried product was obtained. The product was purified through column 

chromatography to separate the unreacted reagents from the product, after each coupling 

reaction. Further, the deprotection step was carried out, as required. It is noteworthy that the 

cleavage conditions of C- and N- terminal should be different, to avoid cleavage of both ends 

before second coupling reaction. For example, Fmoc and methyl ester group are cleaved under 

basic environment and Boc and tert-butyl esters are cleaved under acidic conditions. Since all 

the reagents are in dissolved condition that‘s why it is called liquid synthesis (figure 2.3). 
[6,7]

   

In solution phase synthesis, each coupling and deprotection step is followed by TLC (thin layer 

chromatography). 
[8]

 It is a separation technique, which uses solvents of two different polarities 

and relies on the separation of compound based on their relative affinities towards both the 

phases. The compounds spotted over the stationary moves along with the mobile phase move 

over the surface of the stationary phase. The compounds having higher affinity towards 

stationary phase move slowly while the other compounds having more affinity towards solvent 

travel faster, resulting in the separation of the mixture. At the end of the separation process, the 

individual components of mixture appear as spots/bands at respective levels on the plates. 

Suitable detection techniques can be applied to identify their character and nature. Generally, 

the stationary phase is composed of alumina, cellulose, or silica gel coated over the surface of 

aluminium, glass or plastic sheets. The mobile phase may be composed of different proportions 

(0.5-10%) of more polar (eg. methanol) and a less polar (eg. chloroform) solvent mixture, 

depending upon the polarity of compound synthesized.  The distance travelled by each system is 

measured and retention factor (Rf) is calculated: 

Rf = dist. travelled by sample / dist. travelled by solvent         ….Equation 2.1 

The Fmoc-protected dipeptides generally involve single step coupling reactions of Fmoc N- 

terminal protected amino acid with tert-butyl C-terminal protected amino acid followed by 

deprotection of tert-butyl groups in acidic media (TFA).  

However, in case of extension at N-terminal, generally, Boc N-terminal protected amino acid is 

coupled with methyl ester C-terminal protected amino acid. The Boc protecting group from N-

terminal is cleaved in the presence of acidic environment (TFA), resulting in free amino group, 

which can be further coupled with other amino acid or hydrophobic moieties having free 

carboxyl terminal. Later, C-terminal methyl ester can be cleaved in basic environment 

(THF/NaOH) to result in free carboxyl end. 
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Figure 2.3 Schematic representation of liquid phase peptide synthesis. 

2.1.2.3 Characterization of synthesized peptides: 

Both SPPS and LPPS are not 100% efficient. There are high chances that some unreacted amino 

acids might be present as impurities and sometimes due to incomplete coupling, slight batch to 

batch variation is possible, which makes it important to analyze the purity of peptides.  

Reverse phase high performance liquid chromatography (RP-HPLC):  

It is an important tool for the analysis and purification of synthesized peptides. A HPLC system 

primarily consists of two parts: a stationary phase (column) and a mobile phase (solvent). The 

injected sample is carried by the mobile phase through the column. The differential affinity of 

sample towards stationary phase and mobile phase causes the separation of components of 

sample. In case of reverse phase HPLC, the nature of stationary phase is non-polar which 

attracts hydrophobic components and shows longer retention times. While less hydrophobic 

components are eluted earlier with the polar mobile phase. This method separates the sample on 

the basis of their polarity. The separated components of the sample then pass through the 

detector where it is quantified and reported as the intensity of peak at different retention times. 

Then each eluent from the detector can be collected and dried separately. 
[9]

 

Typically, for the analysis peptides we used the C18 column with dimensions of 250 mm length 

and 4.6 mm internal diameter (id), which is packed with 5μm fused silica particles. The flow 

rate of 1ml/min is usually used with a gradient solvent system consisting of acetonitrile (0.1% 

TFA) and water (0.1% TFA). Addition of TFA is important because it controls pH (buffering), 

complexes with oppositely charged ions to enhance RP retention (ion pairing) and it suppresses 

the adverse ionic interactions of peptides and silanol groups of silica. The UV based PDA 

detector is commonly used for the detection of samples.  

HPLC is also used to separate and purify the target compounds from a solution mixture after a 

synthesis reaction or from natural extracts that are called preparative or semi-preparative HPLC. 

An HPLC preparative system differs from a normal analytical system in their capabilities to 

separate large scale compounds by using high flow rates and high pressures. The separated 

fractions at different time points are collected and dried to obtain the products. 
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Mass spectroscopy (MS): 

Mass spectroscopy was carried out as a molecular identification tool to detect the mass of the 

synthesized peptides, which can either work in harmony with the HPLC system for 

simultaneous detection of masses of each separated peak or can be used separately. In a typical 

mass spectroscopy, the sample molecules are first ionized by bombarding electrons, which may 

break the sample into fragment or produces the molecular ion without fragmentation. The 

selection of methods for ionization is important and depends upon the nature of sample. For 

liquid and solid samples, electrospray ionization or matrix-assisted laser desorption/ionization 

(MALDI) methods are commonly used. These methods are called as soft ionization techniques 

because they impart less residual energy on the sample molecules that result in little 

fragmentation of the molecule. These charged ions are then accelerated in a vacuum tube, 

supplied with electric or magnetic fields, where they are separated based on their mass-to-

charge ratio. The charged molecules are captured by the detecting element such as electron 

multiplier and the integrated signals are displayed as a function of mass/charge ratio. 
[10] 

NMR Spectroscopy 

NMR is an important technique to analyse the structure and stereochemistry of synthesized 

chemical molecules mainly organic compounds that are composed of carbon, hydrogen and 

oxygen. The NMR experiments are based on three major steps that involve placement of sample 

in a static magnetic field, excitation of the sample nuclei with a radio frequency pulse and 

frequency measurement of the emitted signals. Typically the NMR active nuclei in the sample 

resonate at different resonance frequencies which are affected by the local atomic environment. 

The electrons, protons, and neutrons spin on their axes. In spin paired atoms like 12C, lack of 

overall spin makes them inactive towards radio frequency. Therefore, the atoms that possess an 

overall spin (I) are active, such as 1H and 13C.  

In the external magnetic field, the electrons interact with the magnetic field and begin to 

circulate around the nucleus, depending on their spin. These spinning electrons generate a 

magnetic field opposite to the applied field. Due to this, the electrons shield the nucleus from 

the applied magnetic field and the difference between the two fields is termed the nuclear 

shielding, which can be measured in parts per million (ppm). The chemical shift is defined as 

the ratio of the change in magnetic field with respect to the magnetic field that is required to 

bring unshielded nuclei into resonance. The size of chemical shift is susceptible to neighbouring 

atoms. Frequencies of NMR signal are measured in Hertz (Hz –cycles per second) or Megahertz 

(MHz). All the sample frequencies are measured with respect to a reference and 

tetramethylsilane Si(CH3)4 (TMS) is the most commonly used reference for 1H NMR and its 

peak is taken as a reference of zero.  

The magnetic interaction between neighboring protons causes splitting of NMR signals like two 

protons can combine and exist in three possible magnetic states as a result of spin orientation. 

An NMR spectrum is plotted between signal frequency versus signal intensity. The frequency 

gives the qualitative information about the local atomic environment and the intensity provides 

quantitative information as the integral of the peak which is directly related to the number of 

nuclei contributing to a resultant signal at a particular frequency. 
[11, 12]
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13
C NMR 

1
H NMR follows the same principles and identifies carbons and hydrogen in organic 

molecules. TMS is also used as the reference (0 ppm), however, the chemical shift range for 
13

C 

NMR is approximately 20 times larger than that of 
1
H NMR. In this thesis, the 

1
 NMR and 

13
C 

NMR are used to analyze the dipeptides synthesized for the preparation of hydrogels. 
[13]

 

2.2 Hydrogel preparation 

Different methods of molecular self-assembly have been employed to access diverse 

nanostructures depending upon the nature of the peptide building blocks through different 

methods of hydrogels preparation. 

2.2.1 Solvent mediated gelation: In this method, the stock solution of peptide is prepared in an 

organic solvent such as ACN, DMSO, methanol etc. in which peptide shows good solubility. 

The peptide gelator remains in monomeric state in the solubilized form and exhibited higher 

gelator-solvent interactions. As soon as, the poor solvent such as water is added, the solubility 

of peptide is reduced, increasing gelator-gelator interaction, probably, due to high surface 

tension of water. Due to hydrophobic effects organic solvent eventually moves to the 

hydrophobic pockets. The enhanced gelator-gelator interactions trigger self-assembly of the 

molecules resulting in their gelation. 

However, the utilization of organic solvents creates gels, which might be less favorable for 

biological applications. Therefore, to make these gels more biocompatible, the solvent exchange 

method is employed to remove the traces of organic solvents. The pre-formed gels are 

immersed in water or other aqueous solvents, which replaces the organic solvents entrapped 

with the gel networks. The supernatant aqueous media is changed multiple times to ensure the 

complete removal of organic solvent. The removal of solvents can further be detected by 

spectroscopic techniques such as FTIR. 
[14] 

2.2.2 pH triggered gelation: It is most widely studied method to trigger self-assembly. 

Changing pH can vary the ionization state of the peptides that helps in their dissolution in 

aqueous solvent.  The N-terminal modified short peptides have free carboxylic groups at C-

terminal, which are deprotonated at high pH and get further protonated when pH is reduced to 

physiological pH. The charged C-terminal facilitates solubilization of the gelator molecules in 

water and a further decrease in pH reduces the solubility with enhanced gelator-gelator 

interactions resulting in gelation. pH control is extremely important for charged peptides, due to 

their inherent sensitivity to pH and their role in regulating electrostatic interactions. We used 

NaOH (0.1N) to dissolve the hydrophobically modified peptide amphiphiles until a clear 

solution is obtained. Further, the pH is lowered to neutral pH by adding HCl (0.1N). 

2.2.3 Temperature triggered gelation: The hydrophobic peptides tend to show less solubility in 

water at higher concentrations and room temperatures. Heat-cool cycle facilitates the dissolution 

of hydrophobic peptides at higher concentrations and cooling to lower temperature reduces 

solubility, thus driving the self-assembly of the gelator into fibrillar structures by induction of 

non-covalent interactions. A competition between intermolecular interactions and Brownian 

motion of the peptide monomer dictates its propensity to self-assemble.  In this method, the 
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peptide was dispersed in aqueous solvents such as water or PBS and allowed to heat at 

temperature ranging from 60-80
0
C until the complete peptide was dissolved. Vortexing was 

used intermittently to produce a uniform dispersion. Following complete dissolution, the 

solution was kept undisturbed at room temperature to form a self-supporting three dimensional 

hydrogels. 

2.3 Physicochemical Characterization of Hydrogels 

2.3.1 Oscillatory Rheology 

Viscoelastic materials are those which exhibit the properties of both, viscous liquids as well as 

pure solid. The basic principle of an oscillatory rheometer involves the induction of sinusoidal 

shear deformation in the sample and measuring resultant stress response. A typical rheology 

experiment requires the sample to be placed between two parallel plates as shown in figure 2.4. 

One plate remains stationary, while the other rotates to impost a time dependent strain on the 

sample. 
[15, 16]

 

The strain applied is denoted by the equation below: 

(t) sin(t)                  …Equation 2.2 

Where, strain, oscillation frequency, t=time. At the same time, the time dependent 

stress is measured by torque imposed by the sample on the stationary plate. 

Temperature control can be provided by Peltier element. 

 

Figure 2.4 Schematic representation of a typical oscillatory rheology setup with sample placed 

between the two parallel plates (adapted from ref 17). 

Initially, the amplitude sweeps are performed to find out the linear viscoelastic region (LVR) 

that determines the range of strain where the material is independent of the extent of 

deformation. Further, the LVR is used to perform the frequency sweeps. In oscillatory shear 

measurements, the shear storage modulus (G′), loss modulus (G″) and loss factor (tan δ) are 

critical parameters monitored against time, frequency, and strain. Storage modulus, G′ indicates 

the deformation energy stored during the shear process (i.e. the solid like the behavior of the 

material) while loss modulus, G″ signifies the energy dissipated during shear (i.e. the liquid-like 

or flow behavior of the material). When the G′ > G″ (tan δ < 1), the sample behaves more like 

an elastic solid while, conversely, G″ > G′ (tan δ > 1), the sample behaves more like a viscous 

liquid like. 
[18]
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In the research work carried out in this thesis, Anton Parr Rheometer MCR 302 instrument was 

used for rheological measurements and thixotropic measurements. 

2.3.1.1 Thixotropy measurement: Time-dependent shear thinning property is termed as 

thixotropy. In thixotropy, there is a decrease in the apparent viscosity under constant shear 

force, which is followed by a gradual recovery on the removal of shear. 
[19] Thixotropic 

behavior is an important quality characteristic tool for products like paints, coatings, gels, etc. 

Thixotropy testing can be performed with a viscometer or rheometer in either rotation or 

oscillation mode. The thixotropic behavior can be analyzed using step test that consists of three 

intervals and is therefore called ―3 intervals thixotropy test (3ITT)‖. It can be performed in 2 

ways: a controlled shear rate (CSR) mode and in a controlled shear stress (CSS) mode. In CSR 

mode the shear rate or rotational/oscillation speed is preset, whereas the shear stress or torque is 

preset on the rheometer in CSS mode. 
[20]

 The test is performed at two different speeds/shear 

rates. The first and last intervals are performed at a low shear rate and the second interval is 

performed at a high shear rate. The third interval of the 3ITT test is used for analyzing the 

thixotropic behavior of the sample by calculating the recovery percentage after a given time.  

2.3.2 Microscopic characterization: 

These methods mainly include atomic force microscopy (AFM) and transmission electron 

microscopy (TEM). These methods facilitate the direct imaging of peptide nanostructure 

morphology. 

2.3.2.1 Atomic Force Microscopy: AFM is a scanning probe microscopic technique, which 

scans the sample surface using a sharp tip positioned on a cantilever and provides a three 

dimensional image of a sample. The basic concept of AFM is shown in figure 2.5. The 

attractive or repulsive forces between the sample surface and tip make the positive or negative 

deflections in the cantilever. These deflections are measured by the laser beam, which falls on 

the backside of the cantilever and collected in photodiode. Cantilevers are generally made up of 

silicon (Si) or silicon nitride (Si3N4). 
[21, 22]

 

An AFM can be operated in different modes such as tapping, contact, non-contact modes, etc. 

The choice of mode for analysis depends upon the interatomic force (like van der Waals) 

between the sample and the cantilever. For contact mode, the repulsive forces must be 

predominant because the distance between tip and sample is very close (~10
-10 

m), while in non 

contact mode, inter-atomic forces must have attractive nature because of larger distance  (in the 

order of 10 -100Å) between the tip and sample. However, the intermediate fluctuating distance 

can be observed in non-tapping mode. Generally, tapping mode tips are preferred for soft 

biological samples ad hard materials are studied using contact mode. 
[23]
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Figure 2.5 Schematic diagram of working of atomic force microscope. (adapted from ref 24) 

The samples, either in the form of solution or dried film on the planar solid substrate such as 

mica or silicon can be used for imaging. Apart from morphology imaging, AFM can also be 

used to study the mechanical properties of protein structures and assemblies. In this thesis, 

Bruker Multimode 8 scanning probe microscope with a NanoScope controller and a J-scanner 

was used. Tapping mode tips were used with silicon cantilever obtained from Bruker (RTESP-

150) with force constant 5 Nm
−1

. The samples for imaging were drop-casted on a silicon wafer 

and dried before scanning.
 [25]

 

2.3.2.2 Electron Microscopy: In this thesis, transmission electron microscopy is used for 

studying the morphology of peptide nanostructures. TEM is based on principle of simple light 

microscope, but instead of light it uses high energy electron beam that can pass through the 

sample and determines the microstructure of the materials with the resolution of the atomic 

scale. The electrons emitted from the radiation source travel through the column in vacuum (as 

shown in figure 2.6). The accelerated electrons give the wavelengths in a much smaller range 

than that of light, thus facilitating a higher resolution. The resolution limit using visible light 

was proposed by Ernst Abbe‘s, which is approximately about 200nm. The resolution limit, d, is 

given as Abbe‘s equations (Equation 2.3), where λ and NA correspond to the wavelength of 

light and numerical aperture, respectively. 
[26-28]

 

𝑑 =
1.22λ

2NA
                      ….Equation 2.3 

 

So, another equation is used to achieve the resolution in nm range for a electron source. 

According to Louis de Broglie, the wavelength of electron is related to its kinetic energy, which 

is given in the below equation 2.4. 

λe
h

 2mo  E 1+
E

2m o c 2 

          
                ….Equation2.4 

 

here, h = Planck constant, m0 = electron rest mass, E= kinetic energy of electrons and c = speed 

of light. The variable resolution can be accessed by applying different accelerating voltages. 

Generally, for biological samples, lower accelerating voltages that are in the range of 80-120 kV 

are used while for other materials higher voltages can be used. 
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Figure 2.6 Schematic representation of transmission electron microscope (adapted from ref 

29.) 

The electrons are focused using electromagnetic lenses to produce a very thin beam that can 

penetrate through the specimen. However, the polymeric or biological samples are composed of 

elements, which weakly scatter the electrons and have little spatial variations in the electron 

density, resulting in poor contrast. To overcome this, the negative stain is used to stain such 

samples. These stains are composed of heavy metal ions such uranyl acetate, which are attached 

to the samples and enhance the contrast. Depending on the density of the sample, the electrons 

hitting the sample surface are scattered and lost from the beam. While the unscattered electrons 

hit a fluorescent screen below and provides a image that is the shadow of the specimen 

displaying different parts with varied contrast, as per their density. The image can be directly 

obtained on the screen. 
[26-28]

 

In this thesis, TEM has been used to study the morphology of peptide assemblies. The 

instrument used is JEOL JEM 2100 with a tungsten filament at an accelerating voltage of 

200kV. The samples were placed on the carbon coated copper grids in the form of dried films. 

Peptides are poorly scattering, therefore, uranyl acetate salt (1-2%w/v) has been used to stain 

the sample before studying under microscope. 
[30]

 

2.3.3 Spectroscopic Characterization 

2.3.3.1 Circular Dichroism: CD is one of the primary techniques to characterize the secondary 

structure of polypeptides and proteins. CD spectroscopy is a light absorption spectroscopy that 

measures the differential absorption of left and right circularly polarized light. In the UV region, 

the electronic CD is sensitive to the presence of chiral groups in organic molecules. Basically, 

the fingerprint spectra of different structural elements of peptide lie in the far UV region in the 

range of 190-250 nm. Some of the commonly occurring structures are shown in figure 2.7. The 

near UV region can provide information about aromatic residues having absorption features in 

the range of 250-310 nm. For α-helix, the characteristic minima are observed at 208 and 222 nm 

while β-sheet shows a broad minimum in the range at 218nm and a maximum in the range of 

195-200nm. The disordered structures have a broad negative band at ~195-200 nm. 
[31-32]
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Figure 2.7 Representative CD spectra showing common secondary structures of peptides. 

(adapted from ref 33) 

The CD signals are measured in terms of ellipticity that is defined as the tangent of the ratio of 

the minor to major elliptical axis. The other unit of denoting CD results is ΔE, which is the 

difference in absorbance of ER and EL by an asymmetric molecule. The molar ellipticity [θ] is 

related to the difference in extinction coefficients by [θ] = 3298ΔE having units in deg. · 

cm
2
/dmol. Ellipticity is denoted as: 

 θ =
θ

10cl
             ….Equation 2.5 

Here, [θ] is the molar ellipticity, θ is the measured CD signal amplitude in millidegrees (mdeg), 

c is the molar concentration and l is the path length of the cuvette in cm. 

Proteins contain three types of chromophores that can absorb in the UV range, the peptide bond; 

the amino acid side-chains, and any prosthetic groups (aromatic moieties). The n  π* 

transition is the lowest energy transition in the peptide chromophore observed at 210-220 nm 

with very weak intensity. A much stronger absorption band centered at 190 nm is responsible 

for the majority of the peptide bond absorbance that occurs due to p π* transition. 
[34]

 

This thesis mainly describes the secondary structures formed by the self-assembly ultrashort 

peptides mainly varying from dipeptides to pentapeptides. Jasco J-1500 CD spectrophotometer 

has been used for the measurements with 0.1mm quartz cells. The temperature was maintained 

at 20
0
C through a water circulator. The recorded data is analyzed using Spectra Manager 

software. 

2.3.3.2 Fourier Transform Infrared Spectroscopy (FTIR): FTIR is a powerful analytical 

technique for investigating protein secondary structure and local conformational changes. In 

electromagnetic spectrum, IR radiation ranges between 700 nm to 1 mm wavelength. Moreover, 

the entire range can be divided into 3 regions, near IR 12500-4000 cm
-1

 (0.8–2.5 μm), mid IR 

4000-400 cm
-1

 (2.5–25 μm) and far IR 400-10 cm
-1

 (25–1000 μm). IR spectroscopy is 

associated with the molecular vibrations. The IR radiations of specific wavelengths are 

absorbed by the molecules, which results in a change of dipole moment of the molecule. When 
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the absorbed radiation frequency matches with the vibrational frequencies a characteristic peak 

is observed the IR region. 
[35, 36]

 

 A typical protein IR spectrum often contains nine amide bands resulting from the vibrational 

contributions of both peptide bonds in protein backbone and amino acid side chains. Among 

which, Amide I and Amide II hold particular significance in elucidating the protein structure. 

The Amide I bands are associated with C=O stretching that ranges between 1600-1700 cm
-1

and 

Amide II bands due to N-H bending. Since both C=O and N—H bonds participate in the 

hydrogen bonding that takes place between different moieties of secondary structure, the 

positions of both bands (Amide I & Amide II) are sensitive to the secondary structure 

composition of the protein. 

A band typically in the range between1620-1640cm
-1

 is associated with the β-sheets. A band in 

the range of 1648-1657 cm
-1 

is expected to arise from α-helix structure while the disordered 

peptides show the characteristic bands in the range between 1642-1650cm
-1

. The narrow band 

observed at 1675-1695cm
-1

 is assigned to antiparallel arrangements of β-sheets. However, there 

is a controversy regarding this assignment and ab initio studies suggest that this band is due to 

vibration coupling of carbamate moieties. The measurements are preferred in samples prepared 

in D2O, to avoid the spectral overlap with water absorption that is also observed at ~1650cm
-1

. 
[37, 38] 

In the present thesis work, Agilent Cary 620 FTIR spectrophotometer and Bruker Vertex 70 

ATR spectrophotometer were used for sample analysis. The samples used for the analysis were 

either in the form of lyophilized gels or wet gels prepared in D2O. The spectra were collected in 

the range between 4000 to 400 cm
-1

 with a resolution of 1cm
-1

. The final spectrum was the 

averaged spectra of 64 scans. 

2.3.3.3 Fluorescence spectroscopy: Fluorescence spectroscopy is a type of luminescence 

spectroscopy that is caused by electronic excitation from ground state (S0) to excited state (S1 or 

S2), after absorbing photons. When the excited molecule returns to the ground state it emits a 

lower energy photon than the absorbed photon. The lower energy is associated with longer 

wavelengths of the emission band than that of excitation band. The transition of electrons 

between different electronic levels occurring due to absorption and emission of light is 

classically explained by the Jablonski diagram (figure 2.8). Following absorption, there are 

probabilities for several processes that can occur. 
[39, 40]

 

Fluorescence is mainly observed when emission of photon takes place from the lowest 

vibrational level of singlet excited state (S1). The intensity of emission, the wavelength of 

energy of the emitted photons and time for which the molecule remained in the excited state i.e. 

lifetime are extremely important in understanding the phenomenon of fluorescence. The average 

lifetime of fluorescence process is ~10
-8 

s. The fluorescence of the molecules is dependent on 

various factors such as temperature, pH, local polarity, aggregation, or surrounding molecules 

that can quench the energy of the molecules under observation. 

Two more non-radiative decay processes take place that competes with the fluorescence: 

internal conversion and intersystem crossing. A molecule undergo internal conversion when it 
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passes from the lowest vibrational level of the upper state (S2) to a higher vibrational level of a 

lower excited state (S1), which is having the same energy. When the molecule is passed from 

excited singlet state to triplet state, it is known as intersystem crossing, which results in the 

phosphorence phenomenon. The average lifetime of phosphorescence ranges between 10
-4

- 10
4
 

s. 

 
 

Figure 2.8 The Jablonski diagram showing possible electronic transitions giving rise to 

absorption and emission. S0, S1, S2, and T1 denote the singlet ground, first, and second and first 

triplet electronic states respectively (taken from ref 41)  

Fluorescence spectroscopy has crucial role in studying protein conformations and interactions. 

Proteins are unique biomaterials because of their inherent fluorescence owing to aromatic amino 

acids such as tryptophan, phenylalanine and tyrosine. Interestingly, intrinsic protein 

fluorescence is the highly sensitive to local environment and changes in emission spectra in 

response to conformational transitions, substrate binding, denaturation or subunit association are 

highly useful. In context with short peptide amphiphiles, fluorescence spectroscopy is an 

important tool in predicting role of aromatic interactions in molecular self-assembly. 
[42, 43]

 

In this thesis, steady state spectrofluorometer (FS5) from Edinburgh Instruments has been used 

to perform fluorescence measurements. During work, the intrinsic fluorescence of amino acids 

as well as aromatic moieties were explored to investigate their self-assembly process. In our 

work, the change in the fluorescence intensity from solution to gel state was studied, to depict 

the hydrophobic environment in the self-assembled structures. In addition to this, external 

fluorescent dyes such as thioflavin T was used to check the formation of amyloid like fibrillar 

structures rich in β-sheet conformations. 

2.3.3.3.1 Thioflavin T fluorescence assay: Thioflavin T (ThT) is an external fluorescent probe 

having benzothiazole ring, which is widely used for the identification and quantification of in 

vitro amyloid fibril formation. Free ThT exhibits weak fluorescence in an aqueous environment, 

but when it is bound to amyloid fibrils, it gives a strong fluorescence signal at ~482 nm when 

excited at 450 nm. The proposed mechanism of fluorescence enhancement of ThT upon binding 

to amyloids has been attributed to the rotational immobilization of the central C–C bond that 
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connects the benzothiazole and aniline rings. It results in high quantum yield of fluorescence 

due to preserved excited state, which otherwise is quenched upon free rotation in aqueous 

solvent. It has been reported that Th T has been used to measure the critical aggregation 

concentration (cac) of amyloid peptides. Th T fluorescence can also be used to study the 

kinetics of fibril formation by amyloid peptides and peptide amphiphiles. In addition to 

quantification of amyloid fibril formation, ThT fluorescence can also be used to visualize the 

fibrillar structures formed by self-assembly, using fluorescence microscope. 
[44-47] 

Th T can also act as a molecular rotor. The fluorescent properties of Th T are susceptible to 

change in viscosity which is often associated with formation of amyloid-like fibrils. The 

enhancement in Th T emission intensity with the progression of self assembly provides an 

insight to understand the molecular mechanism of supramolecular assembly. As the self-

assembly proceeds towards higher order, the viscosity of the peptide solution tends to increase 

to eventually form gels. The higher viscosity of peptide solutions restricts the torsional 

movement of Th T molecules in space and avoids non-radiative decay of excited state. The 

increase in fluorescence intensity depicts that the rigidity of Th T local environment has been 

increased indicating gelation. 
[48]

 

2.3.4 Powder X-ray diffraction (XRD): 

XRD is another technique employed for the analysis of supramolecular order of gelling 

peptides. When an X-ray beam falls incident on a crystalline sample, it gets diffracted into 

many specific directions. The measurement of the angles and intensities of these diffracted 

beams produces a three-dimensional picture of the density of electrons within the crystal. This 

electron density depicts the mean positions of the atoms in the crystal, their chemical bonding, 

crystallographic disorder and various other information. The amorphous peptides can form 

crystalline structures after self-assembly which can diffract the x-rays and give characteristic 

peaks. 
[49, 50]

 

The diffraction of x-rays was explained as ‗reflections‘ from different planes of crystals, firstly 

by W.L. Bragg. These reflections satisfy the following equation, known as Bragg‘s equation: 

n (λ)= 2d sin θ                ….Equation 2.6 

Here, n is a positive integer (1,2,3,...n),  λ is the wavelength, d is the distance between the 

atomic planes, and θ is the angle of incidence of the X-ray beams. The long d spacing attained 

from XRD depicts the longest repeat distance in the ordered self assembled structures, which 

may provide information about the packing of small molecules in the fibrillar structures that can 

be either in an extended or a bent conformation. 

In this thesis, Bruker D8 Advance X-ray diffractometer instrument equipped with Cu Kα 

radiation source (λ = 1.541 Å) was used under the accelerating voltage of 40 kV and 25 mA. 

The 2θ range used for recording the XRD pattern of peptide assemblies was 5
0
 to 60

0
. The 

lyophilized gel samples were used for analysis. XRD can provide the information regarding π-π 

stacking interactions and antiparallel β-sheet conformations by the characteristic peaks at ~3.8Å 

and 4.6 Å respectively. The intensity of signals can also be correlated with the extent of packing 
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i.e. the tightly packed β-sheets lead to the formation of more ordered structures having intense 

XRD signals. 
[51]

 

2.4 Biological characterization 

2.4.1 In vitro cell culture: Cell culture involves culturing of cells in artificial environment (in 

vitro), which are conducive for their survival and/or proliferation. The artificial environment 

should be composed of necessary nutrients and provide controlled conditions such as 

temperature, humidity, gases, pH, etc. The selection of appropriate culture media is very crucial 

for in vitro cultivation of cells. The growth/culture media can be liquid or gel, which can 

support mammalian cells, plant cells, or micro-organisms. The basic composition of culture 

media includes inorganic salts, glucose, amino acids, vitamins, and serum as a source of growth 

factors, hormones, and attachment factors. In addition to nutrients, the growth media helps to 

maintain the pH and osmolarity. Generally, cells were cultured in culture media containing 10% 

serum (foetal bovine serum, FBS), and 1% antibiotic solution (penicillin-streptomycin). The 

cultures were incubated in humidified chamber with 5% CO2 at 37
0
C. 

[52]
 

2.4.1.1 Trypsinization: The isolated cells are cultured in the tissue culture flasks, which are 

made up of polystyrene with treated surfaces to promote cell attachment. To remove the 

adhered cells from the culture surface, Trypisn/EDTA solution (0.025% -0.5%) is used, 

depending on the trypsin activity or potency, incubation times; and cell lines. Trypsin 

hydrolyzes the proteins that provide anchorage to the cells and detaches them from culture 

surface. Trypsin can be deactivated by serum and divalent cations such as calcium and 

magnesium, therefore serum or media containing serum is usually added to the container once 

cells have detached, which is confirmed by observation under microscope. Trypsinization is 

often performed to transfer cells to a new container, observation for experimentation, or 

reducing the degree of confluency in the flask by removing some percentage of the cells. 
[53] 

2.4.1.2 Cell counting: Prior to cell seeding for any experimentation, the cell counting was done 

using haemocytometer (contains the counting chamber). For cell counting, trypan blue stain is 

used, which can penetrate the dead cells but not the living cells. The stained cells were then 

gently expelled on to the hemocytometer under the coverslip and observed under a microscope. 

Cells were then counted within a given number of squares and total cell density of the 

suspension was calculated by using the given formula.  

𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 =
𝑡𝑜𝑡𝑎𝑙  𝑐𝑒𝑙𝑙𝑠  𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑠𝑞𝑢𝑎𝑟𝑒𝑠
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 10,000𝑐𝑒𝑙𝑙𝑠/𝑚𝑙 …Equation 2.7 

2.4.1.3 2 D cell cultures: 2D cell culture systems are meant to grow cells on flat surfaces, 

typically made of plastic. The coated surfaces provide two dimensional space for the cultured 

cells to adhere and spread. However, the 2D cultures poorly imitate the in vivo cell 

environment, but still, it is the most common method used by researchers and offers several 

advantages like simple, less expensive, easy cell observations and measurements. The 2D 

cultured cells on stiff plastic plate surfaces may lack cell-cell and cell-matrix interactions, which 

can affect other cellular processes. 
[54]

 But we believe that the 2D cultures over gel surfaces 

provides relatively flexible surface with tunable mechanical strength and distinct topography. In 
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addition to this, the functional epitopes on the nanostructures provide sites for cell-matrix 

interactions and promote cell-cell interactions. 

In 2D culture with hydrogels, the gels are placed as a layer in wells of a culture plate or over the 

coverslips. The gels were allowed to adhere on the surface of plastics. Prior to cell culture, the 

gels were checked for their stability and integrity in the presence of culture media. This also 

helps to equilibrate the solvents present in gels and exchange them with cell culture media. 

Later, the cell suspension was added on the top of gel surface and cells were allowed to adhere 

and proliferate. 

2.4.2 Metabolic activity assay: The MTT assay has been commonly used to assess cell 

viability. The principle of MTT assay is based on the cellular reduction of soluble tetrazolium 

salts to their insoluble formazan crystals. MTT is 3-[4, 5-dimethylthiazole-2-yl]-2, 5-

diphenyltetrazolium bromide that is catalyzed by mitochondrial succinate dehydrogenase and 

serves as an indicator of mitochondrial respiration. MTT assay is a colorimetric assay, as the 

reduction of MTT is associated with color change from yellow salt solution to purple colored 

formazan crystals, which are dissolved in acid/alcohol or DMSO. Further, the converted 

formazan is quantified in terms of optical density using multiwell scanning spectrophotometer 

(ELISA plate reader) at 500-600nm. The optical density of treated cells was compared with that 

of control cells and results are reported as percentage cell survival, by using the following 

formula.
 [55-57]

 

% 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑎𝑏𝑠 𝑡𝑟𝑒𝑡𝑎𝑒𝑑 −𝑎𝑏𝑠 𝑏𝑙𝑎𝑛𝑘

𝑎𝑏𝑠 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 −𝑎𝑏𝑠  𝑏𝑙𝑎𝑛𝑘
                  …. Equation 2.8 

In this thesis, 0.5mg/ml of final concentration of MTT was added to each well under 

observation and incubated for 4 hrs, at 37
0
C and 5% CO2. At the end of incubation, the solution 

from each well is removed and 100μl of DMSO was added in each well to dissolve the insoluble 

formazan crystal. Later, the absorbance was measured at 495nm. The peptides were used in 

solution phase as well as gel phase to check their effect on metabolic activities of different types 

of cells. The duration for treatment was varied from 4hrs to 24 hrs, 48 hrs and 72hrs. 

2.4.3 Cell Proliferation assay: Cell proliferation assays are meant to monitor actively dividing 

cells, which leads to an increase in number of cells. Alamar Blue based cell proliferation assay 

is a rapid, sensitive, and economical method to quantify cell proliferation. Alamar Blue is a 

resazurin salt, which is highly water-soluble, stable in the cell culture medium, and can 

penetrate through cell membranes. Unlike MTT, it is non-toxic and permits continuous 

monitoring of cells in culture. Alamar Blue is a fluorometric as well as colorimetric growth 

indicator based on detection of metabolic activity of cells. The dye behaves as an intermediate 

electron acceptor in the cellular electron transport chain, without affecting the inherent electron 

transfer. This accepted electron reduces the non-fluorescent blue color solution to fluorescent 

pink state. The reduced product is resorufin salt, which can be either detected by 

spectrophotometric method by measuring the absorbance at 570 and 600nm or fluorimetric 

method using 530-560nm and 590nm as excitation and emission wavelengths, respectively. 

In this thesis, 100ul of 10% Alamar blue solution is added to the cultured cells and incubated for 

4 hrs. At the end of incubation the supernatant solution from each well is separated in another 
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96-well plate for measuring their absorbance or fluorescence using micro plate reader (Tecan 

Infinite M Plex). To avoid any interference by peptides, the Alamar blue assay protocol was 

applied to blank gels (without cells) also and the readings were subtracted from the 

corresponding sample measurements. 
[58-60]

 

2.4.4 Live/Dead Assay: Live/dead assays are the fluorescent based method to simultaneously 

detect the live and dead cells by their differential labeling with two different dyes. In principle, 

cellular and membrane integrity is one of the important criteria that distinguish between viable 

and dead cells. It is assumed that viable cells are having intact and tight cell membranes, which 

does not allow some dyes to penetrate, whereas the dead cells are considered to have disrupted 

or broken membranes, which allows the penetration of dyes. However, some dyes like Calcein 

AM have high lipophilicity, which facilitates their permeabilization into cells and they stain the 

cytosolic region of the cells. Most of the dyes staining dead cells are nucleic acid binding dyes 

and stains the nuclear region. The differentially stained cells can later be analyzed by 

microscopy or flow cytometry. 
[61-63]

 

In our work, DiOC18 (3) and PI (propidium iodide) were used as live and dead staining dyes 

respectively. The fluorescence excitation and emission maxima of DiOC18 (3) were known to be 

484 nm and 501 nm, respectively (when measured in methanol) and no appreciable changes in 

the spectra can be observed upon association with membranes. While, PI that binds to nucleic 

acids has a fluorescence excitation and emission maxima at 536 nm and 617 nm, respectively. 

The concentration of working solution of DiOC18 (3) was 15μM and PI was 7.5 μM.  

2.4.5 Confocal microscopy: Confocal microscopy is also known as ‗confocal laser scanning 

microscopy (CLSM)‘. It is a widely used technique for not only fluorescence imaging of 

samples but also for real time imaging and 3D screening of samples. The optical sectioning of 

sample helps in creating three dimensional images by capturing multiple two-dimensional 

images at different depths in a sample. 
[64, 65]

 

The principle of confocal fluorescence laser scanning microscopy is diagrammatically 

represented in Figure 2.9. The idea besides the working of confocal microscope involves point-

by-point illumination of the sample and elimination of out-of-focus light. Coherent light emitted 

by the light source (laser system) passes through a pinhole aperture that is situated in a confocal 

plane with an objective near the specimen and another pinhole aperture placed in front of the 

photomultiplier detector. The laser reflected through a dichroic mirror falls across the sample in 

a defined focal plane that causes the emission of secondary fluorescence from points on the 

specimen (in the same focal plane). This emitted light is then passed back through the dichroic 

mirror and is focused at the detector pinhole aperture. The confocal imaging provides an 

advantage of high resolution and contrast attributed to the arrangement of spatial pinhole to 

block out-of-focus light in image formation.  However, the increased resolution by blocking of 

light at pinhole was achieved at the cost of reduced signal intensity, which necessitates long 

exposure to reduce the signal to noise ratio. 
[66- 68]

 

Confocal microscopy allows the visualization of morphological structures and cellular processes 

through five simple steps. The first two steps involve the labeling and mounting of specimens 

for imaging, followed by image optimization, collection, and analysis. In this thesis, Zeiss 
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LSM880 confocal microscope (Carl Zeiss) was used for live-dead cell imaging (using DiOC18 

(3) and PI) and assessment of cell marker expression (using β-III tubulin and DAPI). In both 

cases, a set of two different dyes was used, which were excited at different wavelengths and 

separate emission signals were recorded to create a combined image. The confocal microscopy 

for imaging 2D cell cultures over hydrogel is important because the non-uniform gel surfaces 

provide different focal planes, which makes it difficult to analyze them through a simple 

fluorescence microscope. 

 

Figure 2.9 Schematic representation of the working principle of confocal microscope. (taken 

from 67) 

2.4.6 Immunofluorescence staining: Immunofluorescence is a technique used for visualization 

of a specific protein or antigen in cells/tissue sections by the binding of a fluorescent dye 

conjugated specific antibody. Two types of immunofluorescence staining methods are majorly 

used: 1) direct immunofluorescence staining in which the primary antibody is tagged with 

fluorescence dye, and 2) indirect immunofluorescence staining in which a secondary 

antibody conjugated with fluorescent moiety and is used to recognize a primary antibody. The 

immunofluorescence staining can be done with fixed cells or tissue sections. Fluorescence 

microscope or confocal microscope was used to examine immunofluorescence stained samples. 
[69] 

The basic steps involved in the immunofluorescence staining of adherent cells are cell 

preparation, fixation, permeabilization, blocking, immunostaining, and mounting. For preparing 

samples, cells were seeded (2-5x10
4
 cells on the coverslips placed in each 35mm culture dishes) 

with 1mL of culture medium. The cells were incubated at 37°C at 5% CO2 for the required time 

(24–48 hours) post cell seeding following which the cell culture medium was removed and cells 
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were rinsed 3 times using 1mL of 1X PBS. The cells were fixed using 4% paraformaldehyde 

(pH 7.4) and washed 3 times with 1mL of 1X PBS. After this, the cells were permeabilized 

using 0.1% - 0.5% Triton X-100 in 1X PBS and incubate the cells at room temperature. After 

the removal of Triton-X-100, the cells were washed 3 times with 500 µL of 1X PBS. Further, 

the blocking was performed by adding 500 µL of 2-5% BSA in 1X PBS and the cells were 

incubated at room temperature for 60 min. Ultimately, the immunostaining was performed by 

adding primary antibody at 1:500 dilution in dilution buffer (composed of 1% BSA, 0.1 % 

Triton X-100 in 1X PBS) and incubated at 4
0
C for overnight. After the incubation, cells were 

washed thrice with the dilution buffer, and then secondary antibodies were added at 1: 1000 

dilution, incubated for 1 hr at room temperature. After removal of secondary antibodies, the 

samples were washed thrice with the dilution buffer. After the complete protocol, other stains 

such as DAPI, etc. can be added to co-localize other cell organelles. At last, the coverslips were 

mounted with the help of the mounting medium (80% glycerol) and stored under dark until 

visualized under microscope. 
[70] 

2.4.7 Flow cytometry for cell cycle analysis: Flow cytometry is an analytical tool to detect and 

measure physical and chemical characteristics of a cell or particle population. 
[71,72]

 It is widely 

used for cell counting, cell sorting, biomarker detection, determining cell characteristics, and 

diagnose the cell health. In this process, suspended cells or particles are injected into the flow 

cytometer instrument where each cell in the sample is individually focused through a laser 

beam, where the characteristic light scattering is measured. Light scattering at different angles is 

explored to distinguish differences in size and internal complexity of the samples, whereas wide 

array of cell surface and cytoplasmic antigens can be detected and analyzed by using light 

emitted from fluorescently labeled antibodies (figure 2.10). This approach makes flow 

cytometry a powerful tool for analyzing complex sample populations in detail, within a short 

span of time. 
[73, 74] 

 

Figure 2.10 Working principle of flow cytometer (taken from ref 73) 
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Cell cycle analysis by flow cytometry is based on univariate analysis of cellular DNA content 

which is determined by the staining with propidium iodide (PI) or 4′,6′-diamidino-2-

phenylindole (DAPI), followed by the deconvolution of the cellular DNA content frequency 

histograms. This approach determines the distribution of cells in three major phases of the cell 

cycle (G1 vs S vs G2/M) and also makes provides the information regarding apoptotic cells as 

indicated by their fractional DNA content. The other approaches may include bivariate analysis 

of DNA content and proliferation-associated proteins and BrdU labeling of the DNA-replicating 

cells. 
[75] 

In this thesis, PI based cell cycle analysis was performed using BD biosciences Flow 

Cytometer. The recoded results were analyzed using Flowjo v9 software. 
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3.1 Introduction 

During the last few decades, self-assembling peptides have attracted extensive attention 

owing to their integral role in many biological processes. 
[1-4]

 Peptide or protein 

misfolding and their anomalous aggregation in to cross-β amyloid fibrils play a crucial 

role in several neurodegenerative diseases, like Alzeimer’s, Parkinson’s disease etc. 
[5, 6]  

The rapidly growing interest in identifying amyloid like short peptide fragments and 

understanding their self-assembling mechanism have developed a new class of functional 

materials for various biomedical applications. 
[7, 8]

  

 One of the most studied short peptide sequence is diphenylalanine, which is the core 

recognition motif of β-amyloid peptide, Aβ-42. 
[9, 10]

 These short sequences are known to self-

assemble into diverse structures like nanotubes, nanofibers, nanowires depending up on their 

self-assembling conditions, which undergo further hierarchical organization resulting in 

supramolecular gels. 
[11-13]

 Self-assembling peptides have been extensively explored towards 

their ability to form supramolecular gels under specific environmental conditions. 
[14-18]

 

However, the investigation of the differential material properties in the final gel-phase materials 

as induced by different self-assembly pathways have attracted attention of the researchers only 

in recent years. 
[19- 24]

 In this context, it would be extremely interesting to note that the different 

gelation methods those were reported for Fmoc FF, the most explored member of the amyloid 

like short-peptide family, clearly resulting into diverse gels showing significant differences in 

their material properties. 
[25-28]

  

In this framework, one of the key regulators is solvent, which may play a crucial role in 

controlling the supramolecular gelation and material properties. 
[29]

 To this direction, Mahler et 

al. first time demonstrated the preparation of Fmoc FF gels by dissolving Fmoc FF in water-

miscible solvent and further diluting it with water, leading to formation of one-dimensional 

structures transforming to supramolecular gels. 
[30]

 Such solvent triggered approach was further 

used by Adams and coworkers to show that the mechanical properties of the gels are highly 

susceptible to the differential mixture of DMSO and water. 
[31]

 

In a similar line, Hamley and co-workers have demonstrated that the short peptide fragments, 

derived from β-amyloid peptide, AAKLVFF exhibited distinct structural differences depending 

on the solvent polarity. 
[32]

 The transformation of nanotubes to filamentous tapes was reported 

as a result of competitive hydrogen bonding in water/methanol mixture. These studies clearly 

indicated the precise role of solvents towards controlling the self-assembly behaviour of the 

peptides in terms of promoting either gelator-gelator or gelator-solvent interactions to achieve 

the controlled nanostructure with desired function. 
[32]
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To this end, laminins, the heterotrimeric glycoproteins, which are one of the major components 

of basement membrane, were found to be over-expressed in Alzeimer’s disease. 
[33, 34]

 Several 

short peptide sequences have been identified from laminin protein, including Ile-Lys-Val-Ala-

Val (IKVAV) and Tyr-Ile-Gly-Ser-Arg (YIGSR), which can mimic certain biological functions 

of the laminin protein. 
[35]

 IKVAV, present on long arm of A-chain of laminin, promotes neurite 

growth whereas YIGSR, found on B1- chain, controls neuronal cell-substrate adhesion and 

migration. 
[36, 37]

 To this direction, M. Nomizu’s group working extensively towards identifying 

the amyloidogenic sequences based on the laminin protein, experimentally showed the 

formation of amyloid like-fibrils from Ile-Lys-Val-Ala-Val (IKVAV)-containing laminin A 

chain peptides. 
[34]

 These peptide derivatives promoted cell attachment and neurite outgrowth 

which clearly indicated the scope of utilizing these laminin derived peptide sequences in 

designing bioactive scaffold. Several scientists explored these bioactive peptide sequences for 

functionalization of different polymeric hydrogels or tethered it to a longer peptide amphiphiles 

to induce self-assembly to generate amyloid β-type fibrillar network. 
[38-43]

  

In order to broaden the spectrum of these laminin peptides, the detailed understanding of the 

self-assembling behavior of these short peptide sequences at the molecular level and their 

propensity to form the aggregated structure at different self-assembling conditions will be 

highly desirable. 
[12]

 These short peptide sequences (IKVAV and YIGSR) inherently fail to form 

hierarchical structures, which prevent the formation of supramolecular gels owing to the 

insufficient interactions within these peptide building blocks. Only a very few reports available 

in the literature clearly demonstrated that the hydrophobic modifications with a long alkyl chain 

or additional hydrophobic peptide sequence can only induce supramolecular gelation within 

these laminin derived peptide amphiphiles. 
[45]

 For example, Stupp et al., showed the self-

assembly of two bioactive peptide (containing IKVAV and YIGSR ligands in a 13-mer 

sequence) amphiphile molecules into nanofibers by electrostatic attraction, over a wide pH 

range. 
[44]

 Williams et. al. reported the formation of supramolecular hydrogels by Fmoc-IKVAV 

at very high pH (~12), which was further tuned by chemical modification through incorporation 

of aspartic acid residues in IKVAV, resulting the gelation to occur at physiological pH. 
[45]

 

However, such limited exploration of laminin derived peptides as supramolecular gelators relies 

on the traditional design paradigm where the differential nanostructures and material properties 

are fully encoded in to the molecular design of the peptide building blocks while the different 

self-assembly pathways to induce differential gelation behavior remain unexplored in this 

regime. The exploration of diverse self-assembly pathways through changes in local 

environment would eliminate the synthetic challenges while designing a gelator.  
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In this study, we focused on the creation of differential nanostructures from the laminin derived 

β-amyloid peptide sequence, IKVAV and YIGSR, which are less explored as self-assembling 

peptide gelators. The differential environmental conditions to tailor their self-assembling 

properties were obtained by using solvents of different polarity. For the first time, we have 

demonstrated the effect of solvent’s nature on the differential self-assembling behavior 

among series of peptide analogues, which otherwise has been shown in single peptides, 

so far. The solvent triggered approach provides an access to more homogenous gels with lesser 

defects and higher reproducibility. Our approach relies on the solubility of the peptide building 

blocks in suitable solvents, and their exposure from a highly soluble to a poorly soluble 

environment to induce their self-assembly. Moreover, we derived a correlation between the 

solvent polarity and self-assembling properties of the peptides, which was quite general 

throughout the library and was evident through morphology, mechanical stiffness, 

thermoreversibility, thixotropy as well as through differential secondary structures. Such 

differential environment is expected to create structures, which are ‘out of equilibrium’ and 

hence the final gel phase properties can be tuned in a single gelator domain.
 

3.2 Experimental Section  

3.2.1 Materials  

All Fmoc protected amino acids, piperazine, diisopropyl carbodiimide(DIC), and cleavage 

solution reagents were purchased from Sigma-aldrich. The solid support Fmoc- Rink amide 

MBHA resin, Oxyma, Dimethylformamide (DMF) and Trifluoroacetic acid were purchased 

from Merck.  

3.2.2 Peptide synthesis  

Microwave Automated Solid Phase Peptide Synthesizer (Liberty Blue CEM, Matthews, NC, 

USA) was used to synthesize the laminin derived peptide sequences using standard fluorenyl-

methyloxycarbonyl (Fmoc)-solid phase peptide chemistry. Fmoc-protected amino acids were 

coupled on a rinkamide resin. Fmoc-Rink Amide MBHA Resin was placed in the peptide 

synthesis reactor for 30 minutes with sufficient dimethylformamide for swelling. Fmoc 

deprotection was completed using 20% piperazine in dimethylformamide containing 10% 

ethanol in microwave. Each Fmoc-amino acid coupling step was achieved by heating in 

microwave with 0.5M N, N'-Diisopropylcarbodiimide (DIC) as activator and 1M Oxyma as 

activator base. Fmoc-deprotection was done using 10% piperazine in DMF. The peptides were 

cleaved from resin by using a mixture of 90% trifluoroacetic acid, 5% thioanisole, 3% 1, 2-

ethanedithiol and 2% anisole for 3 hours. The product was recovered by precipitating the 

filterate in cold ether, followed by centrifugation and drying under vacuum. The dried product 
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was purified by preparative scale reverse phase high performance liquid chromatography 

(Waters).The mobile phase used was acetonitrile and water with 0.1% trifluorocetic acid. Pure 

peptide containing fractions were mixed and lyophilized, and stored under vacuum until use. 

The peptide identity was confirmed using mass spectrometry. Similarly, scrambled peptide 

sequence, Fmoc VVIAK was synthesized as control. However, a shorter amyloid based peptide 

was synthesized using method as solution phase synthesis. 
[46]

 The C log P values of the IKVAV 

and YIGSR backbones were calculated using Chem Draw Ultra 12.0 software.  

3.2.3 Hydrogel formation in different solvent environment  

The requisite amount of peptide was added to a screw-capped vial with an internal diameter of 

10 mm, which was then dissolved using different solvent systems  

i) ACN/water: Peptides were dissolved in half the total volume of acetonitrile followed by 

addition of equal amount of water (containing 0.1% trifluoroacetic acid) using alternate 

vortexing and sonication. The peptide solutions were left undisturbed to self-assemble and form 

gels.  

ii) DMSO/water: The peptides were dissolved in 10% v/v of DMSO followed by addition of 

90% water (containing 0.1% TFA) and allowed to self-assemble to form gel.  

iii) PBS: Gels were formed using phosphate buffer saline (pH 6). In this method, peptide was 

dissolved in PBS and heated in a Stuart digital waterbath (SWD15D) maintained at 80°C, 

having temperature range from 25 °C to 99.9 °C and temperature stability of ± 0.5 °C. The 

peptides formed gel immediately after cooling to room temperature.  

The gels were used for further characterization after the incubation of 24 hrs.  

3.2.4 Hydrophobicity measurement 

The surface hydrophobicity of the peptide nanostructures formed after self-assembly was 

estimated through contact angle using Drop shape analyser (DSA25E, Kruss). Contact angle 

was measured in two ways:  

Method1- In the absence of solvent: The gels were drop casted on the glass slide and dried to 

make a thin film. After drying, a droplet of water was placed on the surface and angle between 

the surface and water droplet was measured. 

Method 2- In the presence of solvent: The gel droplet was dropped from the needle on the clean 

glass slide surface and angle was measured.  

3.2.5 Morphological Characterization  

3.2.5.1 Atomic Force Microscopy (AFM) 

The samples were prepared by diluting the peptide gels (at MGC) to 10 times. Then, 10 μL of 

diluted gel solution was mounted on a silicon chip (4” diameter diced silicon wafer cleaned in 
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methanol/ acetone by sonication for 25 min beforehand) and the sample was air dried. The 

atomic force microscopic (AFM) images were obtained by scanning the silicon wafer surface in 

air under ambient conditions using Bruker Multimode 8 scanning probe microscope operated in 

tapping mode with Nanoscope V controller and a J-scanner.  

3.2.5.2 Transmission Electron Microscopy (TEM) 

The diluted peptide gels (at MGC) were allowed to adsorb for 3 min on the carbon coated 

copper TEM grids. Excess sample was wicked off with the filter paper. It was followed by the 

addition of 2% (w/v) uranyl nitrate with incubation of 5 minutes and wicking off the excess 

stain. Samples were then kept in the desiccator under vacuum. TEM micro-graphs were 

recorded with a JEOL JEM 2100 with a Tungsten filament at an accelerating voltage of 200 kV.  

3.2.6 Material Property Analysis  

3.2.6.1 Mechanical Properties  

To verify the mechanical properties of the resulting hydrogels, dynamic frequency sweep 

experiments were carried out on a strain-controlled rheometer (Anton Parr MCR302) using 

50mm parallel plate geometry. The samples were prepared at 40 mM concentration and 

incubated at room temperature for 24 h before measurement. The storage (G’) and loss (G”) 

moduli of the gels were recorded as a function of frequency sweeps between 0.1 and 18 Hz. To 

ensure that the measurements were made in the linear regime, an amplitude sweep was 

performed with strain ranging from 0.01-100% and optimum strain value was obtained from the 

linear viscoelastic region (the results showed no variation in elastic modulus (G′) and viscous 

modulus (G″) up to a strain of 1%). The experiments were performed using a solvent trap to 

prevent any kind of solvent loss due to evaporation, at 20
0
C and temperature was controlled 

with an integrated electrical heater. The measurements were repeated for three times to ensure 

reproducibility, with the average data shown.  

3.2.6.2 Mechanoresponsive behavior studies  

To explore self-healing behavior of the peptide gels, thixotropic studies have been performed. 

Gels prepared at 40 mM concentration were used for this study. Before performing the step - 

strain rheology, we checked the recovery properties by mechanical shaking, which transforms 

the gel material into solution (sol) and its recovery into the self-supporting gel state upon 

resting. However, the recovery varies in both peptides in different solvent environment. The 

thixotropic nature of the gels was confirmed with step-strain rheology experiments, by putting 

the strain values within linear viscoelastic (LVE) region. The stress was consecutively applied 

to the gels, due to which they lose their solid-like behavior (G′ < G″) and as soon as the stress is 

reduced, they began to transform into semi-solid gel like state. During experiment, the gel 
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samples were subjected to pre-shear stress interval with 0.1% strain (equivalent to its LVE 

range strain) at frequency of 1Hz, to obtain the initial values of modulus for 100 s. Then a high 

shear stress with a strain of 100% for 200 s was applied. This is then followed by the recovery 

of gel state from sol state by reducing the strain to 0.1%, for 800s.The frequency, is fixed to 

1Hz for both deformation and recovery process. Three consecutive cycles were applied on the 

hydrogels to compare the extent of gel strength recovery.  

The microscopic analysis of deformed gels and their recovered state was carried out using 

AFM. The samples collected at different phases of cycle were diluted and drop casted on silicon 

wafer. After 3 minutes, the excess sample was wicked off using filter paper and the silicon 

substrate was air dried. Finally each sample was visualized under AFM to capture 

morphological changes. 

3.2.6.3 Thermo-reversible property assessment  

To assess the thermoreversible property, the gels were prepared at concentration of 30 mM 

using ACN/water mixture with 0.1% TFA and PBS. After 24 hrs, the mechanical stiffness of the 

gels prepared in both solvent systems was measured using oscillatory rheology. The gel melting 

temperature (Tm) of all the gels was determined by heating the hydrogels in Stuart digital 

waterbath (SWD15D) having temperature range from 25 °C to 99.9 °C and temperature stability 

of ± 0.5 °C. The temperature was increased from 25 °C to 95 °C in steps of 2 °C and hydrogels 

were stabilized for 10 minutes at each temperature. The temperature at which gel transforms to 

sol is recorded as its gel melting temperature. In ACN/water, Tm of Fmoc IKVAV was ~95°C, 

myristyl IKVAV was ~ 90°C and acetyl IKVAV was~75°C and in PBS, ~80°C for all the three 

peptides. Similarly, for Fmoc YIGSR and myristyl YIGSR, Tm was found to be around ~80°C 

in ACN/water for both and ~85°C for both, in PBS, respectively.  

Depending upon the gel melting temperatures, the gels were subjected to heating in a water bath 

maintained at specific temperature, until the gels get melted. During melting, the vials were 

tightly sealed capped to avoid any solvent loss by evaporation. The melted gels were allowed to 

recover by keeping them at room temperature. After 3 hours, the mechanical strength of 

reformed gels was measured. The strain used for both the measurements was obtained from the 

linear viscoelastic region of amplitude sweep graph and was found to be 0.1%. The storage (G’) 

and loss (G”) moduli of the gels were recorded as a function of frequency sweeps between 0.1 

and 100Hz.  

3.2.7 Spectroscopic characterization  

3.2.7.1 Circular dichroism 
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CD measurements of all peptides (30 mM) were performed using Jasco J-1500 CD 

spectrophotometer. Spectra for all peptides were obtained between a wavelength of 195-320 nm 

with 1 s integrations with a step size of 1 nm and a single acquisition with a slit width of 1 nm. 

A 0.1 mm quartz cuvette was used in which three repeat scans were compiled to generate the 

average spectra. The results were analyzed using the Jasco Spectra Manager.  

The CD melting studies was performed by recording the temperature scans in the range of 25
0
C 

to 80
0
C with temperature increasing at the rate of 2.5

0
C per minute. The gels at 30 mM 

concentration were used. The CD was recorded, in the range of 195-320 nm, at rise of every 

5
0
C.  

3.2.7.2 FTIR spectroscopy 

FT-IR spectra were recorded on an Agilent Cary 620 FTIR spectrophotometer. The spectra were 

taken in the region between 400 and 4000 cm
-1

 with a resolution of 1 cm
-1

 and averaged over 25 

scans. Spectra were background subtracted to correct for atmospheric interference. Samples 

were analyzed by mixing about 10% of lyophilized gels (30 mM) with KBr powder to form 

pellets. The background was collected using blank KBr pellet.  

3.2.7.3 Fluorescence Spectroscopy  

Fluorescence experiments were undertaken using an Edinburgh Instruments spectrofluorometer 

(FS5). Excitation and emission wavelength were set as 280 and 320 nm respectively. Emission 

spectra (excitation at 290 nm for Fmoc-group) were acquired at 25
0
C in the 300–550 nm range 

using FLUORACLE software. Gels prepared at a concentration of 30 mM, which were 

transferred to quartz cuvette after preparation with a path length of 1cm and analyzed for the 

initial emission intensity, then kept overnight for further analysis.  

3.2.7.4 Thioflavin T assay for β-sheet determination  

The fluorescence spectroscopy was performed on the Edinburgh spectrofluorometer (FS5) in a 

1.0cm quartz cuvette. ThT stock solution (8mg in 10 ml PBS pH7.4 buffer) was freshly 

prepared and filtered through 0.2 mm syringe filters. The working solution was prepared by 

diluting stock solution (1ml to 50ml) with PBS pH 7.4. The fluorescence intensity was 

measured for 1ml of working solution by excitation at 440 nm (slitwidth 1 nm) and emission at 

482 nm (slitwidth 1nm) with an average intensity of 8 accumulations. For measuring the 

fluorescence intensity of peptide hydrogels (30 mM), 1ml of working solution was titrated with 

20μl of peptide hydrogels/solutions. For each sample the spectra was recorded from 450 to 600 

nm, at room temperature. The final intensity for each sample was plotted after subtracting the 

ThT spectrum in PBS.  

3.2.8 Fluorescence Microscopic Imaging 
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The diluted peptide gels were mixed with Th T working solution (as prepared for Th T 

fluorescence spectroscopy) in 2:1 ratio and allowed to incubate for 5 min. 50μl of mixture was 

added on a glass slide and covered with coverslip. The image was observed by the Olympus 

BX53 fluorescence microscope and captured using Q-Capture Pro 7 software. The 20X lens was 

used to capture bright field images and the fluorescence images with the help of FITC emission 

filters (an excitation wavelength of 490 nm).  

The self-assembly mechanism was studied by adding the Th T (10ul of working solution) to the 

peptide solution (at 2 mM), immediately after dissolution. Then 10ul mixture of peptide and Th 

T solution was drop casted on slide and fixed by coverslip. The images were recorded at 

different time points starting from initial, 0 min, 10 min, 20 min, 60 min and 90 min. No further 

change in the structures was observed after 90 min, due to drying, at further time points.  

3.2.9 XRD analysis  

The Fmoc IKVAV and Fmoc YIGSR gels were prepared at a concentration of 30 mM in 

different solvents as described in hydrogels preparation method. The gels were air dried to form 

powder. The powdered sample was placed on glass holder. The spectra was recorded in the 2θ 

range of 5
0
 to 60

0 
using Bruker D8 Advance X-ray diffractometer instrument equipped with Cu 

Kα radiation source (λ = 1.541 Å) under the accelerating voltage of 40 kV and 25 mA. 

3.2.10 Generality of solvent mediated approach in controlling peptide self-assembly 

To generalize the concept, self-assembly of control peptides was studied in different solvent 

conditions. A classical amyloid dipeptide Fmoc FF was used as a positive control and a 

scrambled laminin peptide, Fmoc VVIAK was utilized as a negative control. Synthesis of Fmoc 

FF was done by liquid phase peptide synthesis. 
[46]

 While Fmoc VVIAK was synthesized by 

solid phase synthesis as reported above. Further, both the peptides were dissolved in 50% 

ACN/water (0.1% TFA), 10% DMSO in water (0.1% TFA) and PBS (pH 6) and allowed to 

self-assemble at concentrations ranging from 5 mM to 20 mM. For rheology measurement, 

Fmoc FF gels were prepared at 10 mM concentration and Fmoc VVIAK gels at 20 mM in all 

three solvent systems. For each gel, the frequency sweep was performed in the linear regime of 

viscoelastic region with 0.1-0.5% strain for Fmoc FF and 0.05% strain for Fmoc VVIAK 

peptides, using 50 mm parallel plate. To study the morphological changes, AFM was performed 

for gels prepared in different solvents, diluted upto 20 times in water. 

3.2.11 Solvent Exchange 

Fmoc IKVAV gels prepared at 5mM concentration in ACN/water and DMSO/water. After 24 

hrs of gelation, 1ml of milli-Q water was added at the top of the gel and allowed to perfuse for 2 

hrs. After 2 hrs the supernatant water is replaced by fresh water. Similar procedure was repeated 
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upto 4 cycles. After this the DMSO gel was lyophilized to carry out FTIR analysis. Similarly, 

the media was added in place of water and mechanical strength was checked using rheometer. 

[31]
 

3.3 Results and Discussion  

3.3.1 Design and synthesis of peptides 

The library of structurally related penta-peptides derived from laminin was designed to 

demonstrate the differential self-assembly behavior in different solvent systems (Figure 3.1). To 

understand the trend of gelation behavior in different solvents, both hydrophobic as well as 

hydrophilic analogues were designed. The design of the peptides was based on the two 

functional sequences of laminin protein identified as IKVAV and YIGSR. The C log P values of 

IKVAV and YIGSR were calculated to be as 0.42 and -3.218, respectively, which also indicates 

the more hydrophobic character of IKVAV in comparison to YIGSR. However, both the 

sequences lack the ability to self-assemble in to three dimensional supramolecular gels. 

Therefore, the sequences were further capped with different hydrophobic modifications at N-

terminal ranging from aromatic Fmoc (N-(fluorenyl-9-methoxycarbonyl); C-14 aliphatic chain, 

myristyl; and a small aliphatic group, like acetyl (figure 3.1).  

 

Figure 3.1 Molecular design of the library of hydrophobically modified self-assembling laminin 

derived peptides based on pentapeptide sequences IKVAV and YIGSR along with the 

hydrophobic cappings such as Fmoc, Myristyl and Acetyl. 

These simple modifications are expected to induce balanced intermolecular interactions in the 

form of π-π interactions, hydrophobic interactions and H-bonding interactions in peptide 

backbone of these short peptide sequences, which would likely to result in gelation. 
[47- 49]

 

However, these modifications do not always results into formation of gels. In this context, 

Orbach et al., demonstrated a library of Fmoc based di-, tri- and tetra- peptides which self-

assembles to form distinct morphologies and physical properties, but only a few peptides forms 
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gel while others failed to undergo gelation. 
[50]

 Therefore, a proper hydrophobic-hydrophillic 

balance within a peptide molecule is critical while designing a new peptide gelator, in the 

absence of which highly hydrophobic modifications fail to induce gelation. The designed 

peptides were synthesized using standard solid phase synthesis protocol. The purity of peptides 

was assessed using LC-MS (shown in Table 3.1). 

Table 3.1. m/z of different laminin derived peptides from Chemdraw (Ultra 12.0) and LCMS. 

 

3.3.2 Solvent induced self-assembly of designed peptides  

It is likely that solvent environment has remarkable effect on the self-assembly behavior of the 

peptides and getting an insight of solvent gelator interaction would be highly beneficial. The 

differential assembling behavior of peptides in particular solvent can be determined by using 

Hansen solubility parameter. 
[16, 51, 52] 

The solvents can be categorized as good solvents which 

have the capability to dissolve the gelator while bad solvent has poor solubility for the gelator. 

For inducing gelation, a balanced solubility and insolubility is required. 
[53]

 It is quite obvious 

that the hydrophobic peptides require a organic solvent (good solvents), which aid to dissolve 

the peptide monomer, while charged peptide sequences dissolve easily in acidic/basic 

environment, depending on the pH required for protonation or deprotonation. So, considering 

our design of hydrophobic, basic nature peptide sequences, we have chosen the solvents of 

different polarity varying from highly polar phosphate buffer saline (pH 6) to 10% 

DMSO/water (0.1% TFA) and comparatively weakly polar 50% ACN/ water (0.1% TFA). 
[52, 54, 

55]
 The final pH of the aqueous-organic mixture gels was found to be nearly 2, due to presence 

of 0.1% TFA, while for PBS gels, pH was nearly 5. The acidic pH of the solvents plays an 

important role in ionization and dissolution of peptides containing basic amino acid (Lys- and 
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Arg-). In addition to this, the acidic pH also promotes the aggregation of β-amyloid peptides. 
[52]

 

To confirm the role of TFA in self assembly, the gelation of peptides was tried with solvents 

without TFA which resulted the pH of medium~7. Interestingly, no gelation was observed in 

solvents without TFA, but self-assembly occurred which was evident from the microscopy of 

corresponding peptide solutions (figure 3.2 a and b). It was also crucial to know critical 

concentration of TFA required in inducing self-assembly and gelation within the peptides. To 

this direction, we used 0.01% & 0.05% TFA, resulting into peptide solution with pH ~6 and ~4 

respectively. It was observed that no gelation resulted with 0.01% TFA, whereas weak gel has 

been obtained in presence of 0.05% TFA (figure 3.2 c and d).  

 

Figure 3.2 AFM mages of Fmoc IKVAV (5mM) in (a) ACN/water and (b) DMSO/water without 

any TFA in solvent (inset showing the optical images of peptide solution), (c and d) Optical 

images of Fmoc IKVAV in ACN/water with 0.01% TFA and ACN/water with 0.05% TFA. 

The effect of solvent parameters is clearly reflected in minimum gelation concentration (MGC) 

of peptides. As shown in table 3.2 and figure 3.3, the minimum gelation concentration (MGC) 

of Fmoc IKVAV in ACN/water was 5 mM which increases to 15 mM in PBS, the polar counter 

part, whereas, Ac IKVAV was found to gelate at 30 mM concentration in ACN/water which 

decreases to 25 mM in PBS. This indicates that in order to reduce contact with polar 

environment, the hydrophobic peptide molecules interact with each other through strong π-π or 

hydrophobic interactions, at lower MGC. 
[56, 57]

 While, the peptides having smallest hydrophobic 

modification can be easily dissolved in aqueous solvent and the self-assembly induced by 

hydrophobic effects resulted in their gelation (figure 3.4). 
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Table 3.2 Minimum gelation concentrations (MGC) of laminin peptides in different solvents as 

measured by inverted vial method.  

 

On the contrary, lesser hydrophobic YIGSR analogues, Fmoc YIGSR and myristyl YIGSR, the 

MGC observed was 20 mM and 15 mM respectively, in both ACN/water and DMSO/water 

which decreases to 10 mM in PBS for both the peptides (table 3.2 and figure 3.3). It was 

observed that in aqueous-organic mixture, the Fmoc and myristyl analogues of YIGSR showed 

higher MGC in comparison to corresponding IKVAV analogues due to lower solubility of 

hydrophillic YIGSR derivatives in organic solvents leading to weaker hydrophobic interactions. 

This also results in increased exposure of gelator molecules towards solvent. Addition of ACN 

(є~ 37) and DMSO (є~ 47) to water (є~80) reduces the dielectric constant of water, which 

induces self-assembly due to hydrophobic effects. 
[49, 58]

 Moreover, the molecules having 

aromatic or hydrophobic interactions, shows faster self-assembly kinetics. 
[58]

 In the similar 

context, the least hydrophobic Ac-YIGSR fail to gelate in any of the solvent because of 

improper hydrophobic-hydrophilic balance. 
[59]

 As discussed, unmodified peptides IKVAV and 

YIGSR failed to form gels in both aqueous and non-aqueous solvent mixtures owing to the 

weak intermolecular association of the peptide building blocks. Our results corroborates with 

the previous studies stating that organic solvent (ACN) interferes with the gelator-water H-

bonding, thus promoting gelator-gelator interactions. 
[58]

 Such differential behaviour of the 

laminin derived peptides in different solvent systems would be highly interesting for molecular 

level understanding of the mode of self-assembly and thus tune their physical properties leading 

to different nanostructures for further biotechnological applications.  



Chapter 3 

 

95 
 

 

Figure 3.3 Minimum gelation concentrations of gelator peptides in different solvents. 

Further, the gelation studies revealed that aqueous-organic mixtures are more favourable for 

inducing hierarchial self-assembly in more hydrophobic peptide derivatives by promoting 

hydrophobic and aromatic interactions between gelator moieties, which otherwise could not be 

possible in aqueous solvent due to their poor solubility (figure 3.4 a and b). 
[59]

 While, the 

aqueous solvents favours the self-assembly of less hydrophobic analogues by promoting 

gelator-gelator interaction. However, it is extremely difficult to find the major determinant for 

controlling self-assembly, among various solvent parameters like, polarity, hydrogen bond 

acceptor or donor ability, surface tension, dielectric constant. 
[60]

 According to Meijer’s report, 

the organic solvent (ACN) behaves as a good solvent and peptides tend to remain in monomeric 

dissolved state, avoiding the polymerization. In the presence of ACN and DMSO, the gelator-

solvent interaction dominates, avoiding self-assembly. 
[58]

 As soon as, the poor solvent i.e. water 

is added, the gelator-gelator interaction is enhanced, probably, due to high surface tension of 

water, eventually moving organic solvent to the hydrophobic pockets. 
[59, 60]

 The Hansen 

solubility parameters also favour the similar explanation that hydrophobic IKVAV derivatives 

requires solvents with low solubility parameters i.e   δp and δh (δp for polarity parameter and δh 

for hydrogen bonding parameter), while, the YIGSR derivatives having more polar groups (-OH 

groups of tyrosine and serine and –NH2 group of aginine) requires high δp and δh. The gelation 

was triggered by the addition of water to the solublized peptides, which promotes the 

intermolecular amide-amide H-bonding in the gelator molecules, in addition to hydrophobic and 

aromatic π interactions. On the other hand, YIGSR derivatives showed preferred gelation in 

water which suggested that binding strength of gelator-gelator hydrogen bonding (amide-amide 

and hydroxyl) is higher than the solvent-gelator H-bonding interactions and thus supports 
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gelation of hydrophilic derivatives. 
[61, 62]

 The self-assemblies were further strengthened by 

aromatic π-π interactions and hydrophobic interactions (aromatic moieties or aliphatic carbon 

chain) by the hydrophobic effect of aqueous solvents. 

 

Figure 3.4 (a) Schematic representation of the differential self-assembling behaviour of 

peptides in aqueous and aqueous-organic mixture of solvents. Modification of peptide backbone 

with larger hydrophobic groups forms sheet like structures in aqueous solvent and nanofibrous 

network in aqueous-organic mixture. In contrast, smaller group favours entangled fibrous 
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network in aqueous solvent and coexisting spherical aggregates and short fibers like 

morphologies in aqueous-organic mixture. (b) Highlighting the aqueous and aqueous-organic 

solvent interactions with Fmoc modified hydrophobic IKVAV and hydrophilic YIGSR peptides. 

For IKVAV, higher solubility of gelator leading to greater gelator-gelator interactions in 

aqueous-organic mixture while poor solubility in aqueous solvent leads to weaker gelator-

gelator interactions forming less ordered structures. On the other hand hydrophilic YIGSR 

exhibits prominent intermolecular gelator-gelator H-bonding in aqueous solvent due to higher 

solubility while gelator-solvent H-bonding may dominate due to poor solubility of hydrophilic 

peptides in aqueous-organic solvent. 

3.3.3 Surface hydrophobicity 

It was noteworthy that different polarity of solvents would lead to differential arrangement of 

the peptides, which could result in different surface hydrophobicity. Investigation of surface 

hydrophobicity would give deeper insight into the solvent effects on the molecular packing 

within the nanostructures. 
[63, 64]

 To check the surface hydrophobicity of these self-assembled 

nanostructures, contact angle measurements were performed. 
[65]

 Contact angle measurement is 

one of the commonly used methods to determine the surface hydrophobicity of the materials. If 

contact angle between the surface and the droplet is greater than 90
0
, it is considered as 

hydrophobic. However, in contrast to this, in case of hydrogels, water being the major 

component, the contact angle observed was below 90
0
, indicating their hydrophilic nature. 

 

Figure 3.5 Contact angle measurement by dropping water droplet on the dried film of Fmoc 

IKVAV gels (method 1) prepared in (a) ACN/water, (b) DMSO/water, (c) PBS and contact 
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angle of gel droplet prepared in (d) ACN/water, (e) DMSO/water and (f) PBS with that of glass 

slide surface (method 2). 

We have measured the contact angle in two different ways: one of the methods focuses on the 

investigation in absence of solvent which includes preparation of the dried film of gels on the 

surface of glass slide and measuring its contact with water droplet. While other method 

demonstrated the contact of peptide gel droplet with glass surface i.e. presence of solvents 

(figure 3.5). In both the methods, the Fmoc IKVAV gels prepared in 10% DMSO/water showed 

the higher contact angle of ~40.45
0
 with method 1 and 50.6

0
 with method 2. However, gels 

prepared in ACN/water and PBS showed much lower contact angles 19.8
0
 (method1) and 31.55

0
 

(method 2) in ACN/water and 12.75
0
 (method 1) and 24.6

0
 (method 2) in PBS, indicating their 

hydrophilic nature (table 3.3). Also the literature suggests that the relative polarity of 

acetonitrile is more i.e. ~0.46 than DMSO i.e. ~0.44, which might be the reason for more 

hydrophilic nature of ACN/water gels. 
[66]

 

Table 3.3 Contact angle measurement of the laminin derived peptide hydrogels prepared in 

different solvents by using two different ways. 

 

*Method 1: dropping a water droplet over the dried hydrogel film and measuring the contact 

angle between the two. 

**Method 2: placing the hydrogel as a droplet and measuring its contact angle with glass 

surface. 

3.3.4 Morphological investigations of self-assemblies  

Accessing diverse nanostructures from single gelator, depending upon their dissolution 

memory, reduces the synthetic challenges of creating huge peptide libraries. We expected that 

differential solubility of peptides in variable solvents, triggers different self-assembly pathway 

leading to the differential molecular packing, which can be microscopically observed as diverse 

nanostructures. The structural variations with respect to solvent polarity was investigated using 

atomic force microscopy (AFM) which showed a clear correlation between the solvent polarity 

and the peptide hydrophobicity at the nanoscale. The more hydrophobic IKVAV analogues 

were found to be more susceptible to solvent variation and showed prominent structural 
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differences. In aqueous-organic mixture, Fmoc IKVAV showed more homogenous fibrillar 

structures of ~32±10 nm which changes to shorter heterogenous thicker fibers of diameter 

~82±12 nm in PBS (figure 3.6 a-c and 3.10 c). More prominent structural variations could be 

observed with myristyl IKVAV, which showed a clear transformation of long network of 

nanofibers in ACN/water to short length fibers in DMSO/water and finally sheet like structures 

in PBS (figure 3.6 d-f). 
[67- 69]

 In corroboration to comparatively higher MGC values, the least 

hydrophobic analogue in the series i.e. Ac IKVAV followed different pattern from its more 

hydrophobic analogues. It showed coexistence of spherical aggregates and short fibers in ACN 

/water, which transforms to well-defined fibrillar network in PBS. The diameters of the fibers 

were also reduced from 84±11 nm in ACN/water to 53±11 nm in PBS with improved 

hierarchical order of the nanostructures.  

Figure 3.6 AFM images of IKVAV derived peptide gels with (a-c) Fmoc IKVAV, (d-f) Myristyl 

IKVAV and (g-i) Acetyl IKVAV at MGC in ACN/water, DMSO/water and PBS, respectively. 

Scale bar is 500nm for each image 

The solvent effect was less pronounced in YIGSR derived supramolecular structures in 

comparison to more hydrophobic IKVAV sequences. However, the Fmoc and myristyl YIGSR 

showed more homogenous and dense network in PBS along with aggregation of fibers at some 

places (figure 3.7 a- i). The diameter of Fmoc YIGSR and myristyl YIGSR in ACN/water was 

found to be 60±12 nm and 49±11 nm, which was reduced to 20±2 nm and 25±5 nm in PBS, 

respectively (figure 3.10 d). The involvement of H-bonding between gelator-gelator molecules 
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might be the plausible reason of exhibiting lesser fiber diameter in aqueous solvent. 

Interestingly, the least hydrophobic peptide analogue of our library i.e Ac YIGSR, which did 

not form gel irrespective of the solvent, showed a significant variation from aggregates to 

highly ordered fibrillar network when solvent polarity has been increased from ACN/water to 

PBS (figure 3.7 g-i). This suggests the intriguing effect of solvent environment is still persistent 

even at sub-gelation state. It also clearly indicates that although greater extent of gelator-gelator 

interactions in aqueous solvent exist which tends to induce self-assembly in Ac YIGSR, 

however the absence of sufficient hydrophobic interaction as well as π-π stacking makes it fail 

to gelate. As expected, the unmodified IKVAV and YIGSR being a non-gelator showed the 

formation of the spherical aggregates owing to the absence of sufficient intermolecular 

interactions, irrespective of the solvent (figure 3.8). The morphological analysis results 

suggested that less polar solvents are favorable for inducing complex hierarchical assembly in 

hydrophobic peptides, whereas the vice versa holds true for hydrophilic peptides. 

  

Figure 3.7 AFM images of YIGSR derived peptide gels with (a-c) Fmoc YIGSR, (d-f) Myristyl 

YIGSR and (g-i) Acetyl YIGSR at MGC in ACN/water, DMSO/water and PBS, respectively. 

Scale bar is 500 nm for each image. 
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Figure 3.8 AFM images of unmodified laminin peptides (a-c) IKVAV and (d-f) YIGSR in 

ACN/Water, DMSO/Water with 0.1%TFA and PBS, respectively. 

The nanoscale morphologies of the structure underpinning the formation of the gels were 

further assessed by Transmission Electron Microscopy (TEM). 
[70]

 TEM of peptide gels 

prepared with ACN/water also demonstrated nanofibrous morphology for these peptide gels and 

showed close resemblance with AFM (figure 3.9).Thus, using this unique solvent mediated 

approach for controlling variable supramolecular nanoarchitechtures could be an effective way 

to design dynamic assembly of gel-phase soft materials. 
[71] 

 

Figure 3.9 TEM images of different laminin peptide gels/solutions (a) Fmoc-IKVAV, (b) 

Myristyl -IKVAV, (c) Ac-IKVAV, (d) IKVAV, (e) Fmoc-YIGSR, (f) Myristyl-YIGSR, (g) Ac-

YIGSR and (h) YIGSR after 24 hr of incubation in ACN/water with 0.1% TFA as a solvent 

system. 
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3.3.5 Viscoelastic measurements of self-assembled gels  

The mechanical properties of these gels with respect to different solvents were then probed by 

oscillatory rheology (Figure. 3.10 a & b). The differential solubility of peptides in different 

solvents leads to the formation of different structural network, owing to variable interactions. 

For all gels (at 40 mM concentration), the storage modulus (G’) was found to be an order of 

magnitude higher than the loss modulus (G’’) indicating their viscoelastic nature. The 

mechanical strength of these gels was found to be significantly affected by the solvent 

Figure 3.10 Mechanical strength investigation of laminin peptide (a) IKVAV based and (b) 

YIGSR based gels in different solvents (ACN/water, DMSO/water, PBS) and (c & d) 

comparison of fiber dimensions of IKVAV and YIGSR gels, respectively, obtained from AFM. 
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environment (Figure 3.10 a and b). 
[72]

 The close observation clearly depicted that the 

hydrophobic derivatives of IKVAV like Fmoc, myristyl showed higher mechanical strength of 

gels prepared in aqueous-organic mixture in comparison to those prepared in aqueous PBS. As 

evident from the results, Fmoc-IKVAV has stiffness in the similar range with storage modulus 

of 13.8±0.56 KPa and 14.7±0.51KPa in ACN/water and DMSO/water, respectively. However, 

the gel stiffness significantly decreased in aqueous PBS buffer, 2±0.21 KPa, which is in 

corroboration with higher MGC of Fmoc IKVAV peptides in aqueous solvent (figure 3.10 a). 

Fmoc capping was found to induce extensive intermolecular interactions which were more 

favored in aqueous-organic mixture and trigger the formation of highly ordered supramolecular 

structures resulting in the formation of the strongest gels. 
[73]

 Moreover, myristyl IKVAV, 

showed less rigid network than Fmoc IKVAV which might be due to lack of π-π interactions, 

thus inducing formation of relatively weaker gels than Fmoc IKVAV. The hydrophobic 

interactions of myristyl-IKVAV showed significant variation in the presence of different 

solvent leading to the gels of variable storage modulus, ranging from 9.2±0.7 KPa in 

ACN/water to 0.5±0.04 KPa in DMSO/water and 0.06±0.004 KPa in PBS. The solvent 

dependent reduction in gel strength was possibly due to lower solubility of myristyl IKVAV in 

aqueous solvent, which hinders gelator-gelator interactions. 
[21]

 Interestingly, Ac-IKVAV gels 

showed reversed physical behavior in PBS, as it exhibits highest strength in aqueous solvent in 

comparison to aqueous-organic solvent mixture. The results clearly depicts an order of 

mangnitude difference in storage moduli of Ac-IKVAV in PBS than in the other two solvents, 

which was found to be 0.4±0.05 KPa in ACN/water, 0.2±0.03 KPa in DMSO/water and the 

highest strength was observed in PBS i.e. 5±0.3 KPa. This change is attributed to increased H-

bonding between gelator-gelator molecules leading to stronger gel. 
[74]

  

3.3.6 Mechanoresponsive behavior of gels   

Interestingly, these gels were found to be thixotropic. The mechanoresponsive property was 

found to be highly susceptible to the solvent memory where it has been dissolved. The gels (40 

mM) were subjected to high shear strain of 100% for 200 s due to which they lose their solid-

like behaviour followed by subsequent reduction of strain to 0.1% (equivalent to LVE range 

strain value) for 800s resulting in recovery of gel state from sol state (figure 3.11 ). 
[46, 75]

 

However the extent of recovery is different for Fmoc IKVAV and Fmoc YIGSR in aqueous and 

aqueous- organic solvent environments (Fig. 3.11 a-b). The step-strain rheology curves for 

Fmoc IKVAV showed a significant difference in the gel recovery in different solvents varying 

from 90±8%, 45±5% and 3±1.6% structure recovery, in ACN/water, DMSO/water and PBS, 

respectively, within 60s. Whereas, the Fmoc YIGSR showed comparatively higher recovery in 
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all three solvents with recovery percentage varying from 72±5% in ACN/water, 87±8% in 

DMSO/water and 99±4% within 60s. 
[24]

 The probable reason for this differential recovery 

might be that the less polar solvents are expected to promote hydrophobic as well as π- π 

interactions in hydrophobic IKVAV derivatives, thereby inducing a faster recovery through 

Figure 3.11 Thixotropic studies of (a) Fmoc IKVAV and (b) Fmoc YIGSR peptides in 

different solvent system showing different percentages of recovery after stress followed 

by AFM images at different stages of pre-deformation, after deformation and after 

recovery of (c) Fmoc IKVAV and (d) Fmoc YIGSR. Inset shows the macroscopic 

thixotropic transition with optical images of gel and sol.  
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facilitating gelator-gelator interactions, which is clearly indicated by our thixotropic results. 
[76]

 

The weak gelator, YIGSR showed a better recovery profiles compared to strong gelator 

IKVAV. 
[77]

 However, the reverse pattern can be observed in Fmoc YIGSR, where the structure 

recovery ratio is higher in PBS (~100%) than in ACN/water (72±5%). This thixotropic 

behaviour was further visualized under AFM, which clearly showed the nanofibers were broken 

to give rise to the shorter fibers under stress, however on resting, the shorter fibers rejoined and 

formed the fibers of same dimension (Fig. 3.11 c and d). This change in nanostructure is 

responsible for gel-sol-gel transition observed macroscopically. Thus, solvent environment has 

a significant role in regulating the intermolecular interactions during self-assembly of peptide 

building blocks into supramolecular gels. 

3.3.7 Thermoreversible property  

Another interesting property shown by these gelators was the thermoreversible behavior, which 

extends their potential in several fields. 
[78]

 The thermoreversibility of all the gels (30 mM) were 

checked in least polar (ACN/water) and most polar (PBS) solvent systems (figure 3.12). The 

results revealed that all the gels were able to recover their gel strength after melting (table 3.4). 

Initially during gel melting studies, the temperature at which macroscopic appearance of gel 

melting for all gels was observed to be higher than 80
0
C, which was higher than boiling point of 

ACN (82
0
C), except for Ac IKVAV (~75

0
C). The results showed that all IKVAV and YIGSR 

peptide gels exhibited higher mechanical strengths in ACN/water after recovery. The probable 

reason for this increment in mechanical strength was due to the exclusion of condensed solvent 

after recovery. The storage modulus of Fmoc IKVAV, myristyl IKVAV and acetyl IKVAV 

were 7.2±1.2 KPa, 3.2±1.6 KPa and 0.31±0.05 KPa initially, interestingly upon resting at room 

temperature, gel recovery took place and it regained its strength (Table 3.4). However, an 

enhancement was observed in the gels strength values which are 1.03±0.45 KPa, 2.5±0.76 KPa 

and 0.28±0.031 KPa, respectively, in ACN/water. Also, it was observed that IKVAV analogues 

showed enhanced strength in PBS, after recovery. The mechanical stiffness of Fmoc IKVAV, 

myristyl IKVAV and acetyl IKVAV in PBS becomes 5.73±1.6 KPa, 0.8±0.3 KPa and 6.4±0.9 

KPa from 3.7±0.86 KPa, 0.17±0.02 KPa and 3.4±0.2 KPa, respectively, after recovery. The 

probable reason for increment in strength after heating was that, the more ordered structures 

were formed due to heating during melting studies, which were otherwise formed as kinetically 

trapped structures. 
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Figure 3.12 Thermoreversibility studies comparing the storage modulus of (a) Fmoc IKVAV, 

(b) Myristyl IKVAV, (c) Ac IKVAV, (d)  Fmoc YIGSR, and (e) Myristyl YIGSR gels before 

melting of the gels and gels after recovery from melting (recovery time=3 hrs), prepared in 

ACN/water with 0.1% TFA and PBS solvents. The peptide concentration was used as 30mM. 

As known from rheological studies, the YIGSR gels were relatively weak in comparison to 

IKVAV gels. The Fmoc YIGSR and myristyl YIGSR also observed a small increment in 

mechanical strength after recovery in ACN/water, while the strengths remained in the similar 

range in PBS.As observed, the G’ of Fmoc YIGSR becomes 0.20±0.02 KPa from 0.13±0.01 

KPa in ACN/water and 0.36±0.03 KPa from 0.24±0.14 KPa for myristyl YIGSR (figure 3.12 d 

& e). In PBS, the G’ values for Fmoc YIGSR and myristyl YIGSR remained in the range of 

1.18±0.43 KPa and 0.18±0.04 KPa before melting and 1.21±0.5 KPa and 0.5±0.03 KPa after 

recovery, respectively (table 3.4). This also suggested that different method of gelation, select 

differential self-assembly pathways to form diverse structures, but they regain similar structures 

after thermal and mechanical deformations, as evident by gel strength recovery, which indicated 

that possibly thermodynamic structures are formed for such systems. 
[68]

 Such differential 

mechanoresponsive and thermoreversible behaviour clearly indicated that the initial dissolution 

of the peptide followed by dilution with water basically interplay with intermolecular 

interactions, resulting in diverse gels accessible based on the single gelator domain. This 

reduces the synthetic challenges and showed the promise of overcoming non-reproducibility 

problem in the gel based systems and resulting in defect free structures with variable functions.  
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Table 3.4 Thermoreversible studies: Comparison of storage modulus (G’) of different IKVAV 

and YIGSR derived peptides in ACN/water and PBS  before and after melting. 

 

3.3.8 Molecular level investigations of laminin peptide self-assemblies  

The secondary structure of the self-assembled peptide gels arising from the well-ordered and 

highly aligned hydrogen-bonded network were assessed using circular dichroism (CD), FT-IR 

spectroscopy and fluorescence spectroscopy. 

3.3.8.1 CD spectroscopy: The supramolecular ordering of the nanofibers has been previously 

shown to give pronounced CD signal owing to the supramolecular organization of the peptide 

monomers rather than their inherent molecular chirality. 
[70]

 The effect of solvent on extent of 

secondary structure formation can be clearly assessed by CD spectra which can be directly 

correlated to the suitability of particular solvent for peptide self-assembly (figure 3.13). The 

amide region (195-230 nm) of the self-assembled peptides showed transition typically 

indicating the presence of β-sheet structure, which is further evident from the FT-IR spectra. 

The peak at 196-200 nm is associated with π-π* transition while that at 218-222 nm denotes an 

n- π* transition. 
[79]

 The IKVAV analogues majorly showed the signature of the β-sheet 

structures in highly ordered peptide assemblies while non-gelator peptides showed formation of 

random coils (figure 3.13a). On comparing the self-assembled structures of Fmoc and myristyl 

IKVAV in different solvents, the reduction in relative intensity of the CD signals has been 

observed with increasing polarity of the solvent (figure 3.13a). This also supports the 

morphological observations which show disruption of fibrillar structures along with reduction in 

β-sheet structures on enhanced solvent polarity. The probable reason for such transformations in 

secondary structures in different solvents is their altered molecular configuration and 

intermolecular interactions. 
[80]

 In corroboration to morphological and mechanical properties, 
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Ac-IKVAV showed relatively enhanced CD signal in PBS as compared to aqueous-organic 

mixture. In both the gelator YIGSR derivatives (Fmoc and myristyl) the characteristic CD 

signal corresponding to β-sheet was observed (figure 3.13 b). CD spectra of the Fmoc-capped 

peptides in both IKVAV and YIGSR series of peptides showed a transition in the region 230-

280 nm, arising from the supramolecular ordering between the fibrils in a lateral alignment. 
[75]

 

Further supramolecular organization of the fluorenyl groups in the Fmoc-peptides exhibited an 

additional peak at 303 nm owing to the induced supramolecular chirality of the Fmoc- groups 

associated with the fluorenyl absorption. 
[68]

 The non-assembling peptides, such as, IKVAV, 

YIGSR and Ac YIGSR gives a weak CD signal with IKVAV showing a minimum at 196 nm 

indicative of random coil structure, suggesting insufficient intermolecular interactions that can 

support β-sheet assembly. 

 

Figure 3.13 Secondary structure investigation through CD spectra of (a) IKVAV and (b) YIGSR 

derived peptides in different solvents (ACN/water, DMSO/water and PBS). 

3.3.8.2 FTIR spectroscopy: FT-IR spectra of hydrophobically modified IKVAV gelators (30 

mM) in aqueous-organic mixture showed a peak at 1627 cm
-1

, which is typically assigned to β-

sheet conformation (figure 3.14 a). 
[81] 

In contrast to IKVAV, for YIGSR derived peptides (30 

mM) in ACN/water, the spectra looks quite different, the Fmoc and myristyl YIGSR showed a 

very weak peak at ~1630 cm
-1

 along with a broad maxima around 1640-1650cm
-1

 assigned 

primarily to the formation of the random coil structure (figure 3.14 b). 
[82]

 In corroboration to 

above discussed results, it also suggested that aqueous-organic solvent mixture favours the self-

assembly of hydrophobic peptides as indicated by major peaks at ~1627cm
-1

 while less 
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hydrophobic YIGSR derived peptides majorly showed the presence of random coils in aqueous-

organic solvent. Additionally, a dominant peak was observed at around 1670-1680 cm
-1

 for 

IKVAV derived peptides, which can be attributed to the presence of TFA. The FTIR and CD 

confirmed the presence of β-sheet structures in the hydrophobic self-assembling peptides, while 

random coil structures for relatively less hydrophobic derivatives. 

 

Figure 3.14 Secondary structure investigation of (a) IKVAV and (b) YIGSR derived peptides 

using FTIR spectroscopy in ACN/water. 

3.3.8.3 Thioflavin T fluorescence assay: Formation of the β-sheet structure of the self-

assembled nanofibrous network of synthetic laminin peptide derivatives, which closely 

resembles the amyloid like fibrils were further investigated through the binding of these 

nanofibers with Thioflavin T (Th T). Th T is a positively charged dye, which is widely used to 

monitor and detect the formation of amyloid like fibrils. Th T shows enhanced fluorescence 

signals at 480 nm when bound to amyloid like fibrils. A very weak emission of Th T was 

observed at 486 nm in phosphate buffer up on excitation at 440 nm. 
[83, 84]

 A significant 

enhancement in the fluorescence intensity was observed when Th T is added to the laminin 

peptides capped with Fmoc and myristyl group at the N-terminal end (Figure 3.15 a and c). 

Such remarkable effect of enhanced fluorescence strongly indicates the binding of Th T with 

amyloid like fibrillar network formed by the Fmoc and myristyl derivative of IKVAV and 

YIGSR. However, the extent of enhancement in the fluorescence intensity was found to be 

comparatively higher in IKVAV than YIGSR derivatives in ACN/water mixture indicating 

stronger intermolecular interactions in hydrophobic analogues. In contrast, the soluble 

pentapeptides or the weak gelator with acetyl capping or unmodified peptide derivative showed 

weak fluorescence intensity (figure 3.15 b and d). The bright-field microscopic images were 

used to visualize the fibrillar structures (figure 3.15 e and g) The fluorescence microscopic 

images of Fmoc IKVAV and Fmoc YIGSR with ACN/water gels after Th T binding clearly 

demonstrated the enhancement in fluorescence intensity, indicating the presence of β-sheet 
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structures (figure 3.15 f and h). However, the relative intensity in the microscopic images of 

Fmoc IKVAV was found to be higher than Fmoc YIGSR (figure 3.15 f and h) indicating the 

higher extent of β-sheet structure as evident from CD analysis. 
[85]

 

 Figure 3.15 Fluorescence spectra of Thioflavin T and its interaction with different (a) IKVAV 

and (c) YIGSR peptides along with magnified spectra of (b) IKVAV and (d) YIGSR derived weak 

gelators and bright-field microscopic images and fluorescence microscopic images of (e &f) 

Fmoc IKVAV and (g & h) Fmoc YIGSR after binding with Thioflavin T in ACN/water. 

3.3.8.4 Fluorescence spectroscopy: In order to acquire deeper insights at the molecular level, in 

presence of different solvents, the Fmoc-capped peptide gels were further analysed through 

fluorescence spectroscopy as Fmoc moiety has intrinsic fluorescence. The principal molecular 

interactions driving the self-assembly of these Fmoc-IKVAV and Fmoc-YIGSR peptides at are 

weak hydrophobic forces leading to π-π stacking between the fluorenyl chromophore along with 

the hydrogen-bonding between the peptide backbones. 
[86] 

A report by Wilson’s group states that 

decrease in emission intensity of fluorescence indicates the π-stacking between the closely 

located molecules. 
[87]

 Fluorescence emission spectroscopy principally monitors the emission of 

the Fmoc-groups, which displayed the characteristic monomeric peak at 320 nm in the solution 

state irrespective of the solvent systems. The relative intensity of the monomeric emission was 

found to be significantly dependent on the peptide building blocks as well as solvent 

environment of the Fmoc-groups in the gel state. The intensity of the monomeric emission was 

found to be quenched in the gel state for Fmoc-IKVAV (30 mM) in both aqueous as well as 

aqueous-organic solvent mixture (figure 3.16). This was accompanied by a significant red shift 

of the emission maxima for Fmoc IKVAV in aqueous-organic mixture, indicating an extremely 

hydrophobic environment created by favourable π-π interactions. In contrast, less hydrophobic 

sequence Fmoc-YIGSR (30 mM) showed extensive quenching of monomeric emission only in 
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aqueous PBS buffer indicating more ordered supramolecular structures owing to the 

intermolecular association while less extent of quenching of emission intensity was observed in 

presence of ACN/water, however showing a slight red shift in emission maxima resulting from 

gelation which indicates the involvement of intermolecular interactions. The analysis of 

fluorescence emission spectra provided clear evidence of formation of extended π-π stacking 

interactions between the fluorenyl moieties, which is more pronounced for hydrophobic peptide 

sequence inducing more ordered π-β structures. Interestingly, such interactions were found to be 

significantly promoted in aqueous environment for even hydrophilic peptide sequence, like, 

Fmoc-YIGSR. 

 

Figure 3.16 Fluorescence emission spectra of (a) Fmoc-IKVAV and (b) Fmoc-YIGSR in 

ACN/water and PBS solvent systems. 

3.3.8.5 X-ray diffraction: X-ray diffraction pattern was obtained for laminin derived peptide 

gels (30 mM) in different solvents to understand the supramolecular packing of gelator 

molecules. The XRD spectrum of representative Fmoc IKVAV and Fmoc YIGSR were 

recorded in the 2 theta angle range of 5
0
 to 60

0
 using air dried gels (figure 3.17). The report by 

A. Banerjee and group suggested that the wet and dried gels showed similar β-sheet 

arrangement. 
[88]

 The peptide gels with Fmoc IKVAV in ACN/water and PBS showed distinct 

peaks 2θ= ~19
0
 with d-spacing= 4.6Å which corresponds to β-sheet arrangement. However, the 

peak at 2θ= ~23
0
 with d-spacing of 3.8 Å corresponding to π -π stacking between aromatic 

residues is more prominent in ACN/water in comparison to broad hump like signal in PBS. On 

the other hand, Fmoc YIGSR showed distinct peak at 2θ= ~19
0
 with d-spacing= 4.6Å in PBS 

and a weak broad signal in ACN/water, while a sharp π -π stacking signal (2θ= ~23
0
 with d-

spacing of 3.8 Å) can be observed in ACN/water in contrast to PBS. 
[89]

 The XRD results 

suggested that organic-aqueous mixture of solvents favour π -π stacking in both hydrophobic 
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peptide IKVAV and hydrophilic peptides, YIGSR, but the more ordered structures are favored 

in aqueous solvents for hydrophilic peptides, due to higher solubility. The XRD results also 

provide the evidences for preferred molecular interactions, as hypothesized in figure 3.3.  

 

Figure 3.17 XRD analysis of laminin derived peptide gels in different solvent systems (a) Fmoc 

IKVAV in ACN/water, (b) Fmoc IKVAV in PBS, (c) Fmoc YIGSR in ACN/water, (d) Fmoc 

YIGSR in PBS. 

3.3.9 Thermodynamic stability of self-assembled structures  

The different morphological and spectroscopic studies clearly depicted that utilization of 

different solvents for gelation leads to nanostructures with variable thermodynamic stability via 

different self-assembly routes. It is known from the literature, that the supramolecular 

assemblies are based on non-covalent interactions, they offer lesser energy barrier for the inter-

conversion. Such non-significant energy difference led the thermodynamic equilibrium of the 

supramolecular systems can be easily influenced by the assembly pathways.  Such phenomenon 

further leads to the formation of kinetically trapped structures. Several factors like pH, 

temperature, ionic strength, salt concentration, solvent polarity etc are responsible to control the 

kinetics of molecular self assembly. This also suggests that the thermodynamic equilibrium 

states generally reside in the global minima of the free energy landscape while kinetically 

trapped structures are confined to the local minima. However, the kinetic factors induces 

competitive interactions between different non-covalent interactions leading to variable self-
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assembly pathways. These different pathways results in the formation of distinct morphology 

and functions of the self-assembled structures. 
[19, 90] 

In order to assess the stability of structures formed using different solvent mediated routes, 

thermal melting studies using CD was performed in the temperature range of 25
0
C to 80

0
C. 

[91, 

92]
 The complete CD spectra were collected in the range of 195 nm to 320 nm. The characteristic 

supramolecular chirality signal of Fmoc at 303 nm was chosen to mark the disassembly of self-

assembled structures. The melting temperatures (Tm) of Fmoc IKVAV gels prepared in 

ACN/water and DMSO/water were found to be at ~65
0
C and ~60

0
C respectively (figure 3.18 a 

and b). However, due to low solubility of Fmoc IKVAV in PBS, the thermodynamic stability 

behaviour showed deviation in the trend owing to its routes of self-assembly which differ from 

aqueous-organic mixture. The initial heating of the peptide solution in PBS leads to the 

formation of more ordered self-assembled structures as shown by the rise in curve in figure 

3.18c, which upon further heating, melts at ~75
0
C. Such differential route of self-assembly 

created the exception in the trend. This can be explained as the difference in kinetically trapped 

structures and thermodynamically stable structures is not very high and the supply of small 

amount of energy favours the switching between two energy states. However, the differential 

trend is persistent in hydrophilic Fmoc YIGSR, which tends to form highly organized structures 

in PBS, showing Tm at ~65
0
C and with increasing non-polar nature of the solvent the Tm tends 

to decrease to 60
0
C and 50

0
C in DMSO/water and ACN/water, respectively, owing to the 

formation of less stable structures in aqueous-organic mixtures (figure 3.18 d -f). We believe 

that higher temperature is required to melt more stable structures and the correlation of Tm with 

respect to different solvents for each peptide is in close association with the results obtained 

with other spectroscopic and microscopic techniques. This confirms that solvent switch can lead 

to the formation of diverse nanostructures from same peptide with different thermodynamic 

minima. 
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Figure 3.18 CD melting studies of (a-c) Fmoc IKVAV and (d-f) Fmoc YIGSR gels prepared in 

different solvents with first derivative of normalized CD signal at 303 nm plotted against 

temperature. 

Figure 3.19 ThT fluorescence microscopic images of Fmoc IKVAV showing progress of self 

assembly process at different time intervals of (A) 0 min, (B) 10 min, (C) 20 min, (D)60min 

and (E) 90 min in different solvent (I) ACN/water, (II) DMSO/water, (III) PBS. 
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3.3.10 Solvent dependence of self-assembly kinetics 

The molecular self-assembly initiates through nucleation followed by growth of the 

nanostructures. It is obvious that solvent environment will affect the nucleation and growth 

events during self-assembly. We explored Th T fluorescence to elucidate the self-assembly 

mechanism of peptides in solvents of different polarity. The growth of fibers from spherical 

aggregates was demonstrated in Fmoc IKVAV (2 mM) and Fmoc YIGSR (2 mM) peptides, 

through their binding ability with Th T, at different time points in different solvents (figure 3.19 

and 3.20). The concentrations lower than MGC was used to visualize the process closely and 

avoid overcrowding of structures. The results also revealed the mechanism of Th T binding with 

the β-sheet rich regions. Initially, at 0 min time point, as the self-assembly proceeds, these 

spherical aggregates, which acts as nucleating point for further growth, combine to form fibrous 

structures and as a result, the intensity of Th T emission was enhanced. In Fmoc IKVAV, quick 

domains of ordered structures appears in aqueous organic mixture, within 10 min only, which 

transforms into more compact and uniform diameter fibers within 1.5 hrs. However, the 

fluorescence of final fibrous structures might diminish due to drying of sample, within duration 

of 1.5 hrs and which also prevents to extend the studies for further duration. In corroboration to 

above studies, Fmoc YIGSR showed delayed initiation of self-assembly in aqueous-organic 

mixture, in comparison to PBS, where it showed fluorescent assembled structure within 20 min. 

The enhanced intensity of Th T provides the evidences for the formation of ordered self-

assembled structures. 
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Figure 3.20 ThT fluorescence microscopic images of Fmoc YIGSR showing progress of self 

assembly process at different time intervals of (A) 0 min, (B) 10 min, (C) 20 min, (D)60min and 

(E) 90 min in different solvent (I) ACN/water, (II) DMSO/water, (III) PBS. 

To support the above observations, we have also checked the growth mechanism of Fmoc 

IKVAV (20mM) in ACN/water and PBS through AFM (figure 3.21). The AFM images of 

Fmoc IKVAV in ACN/water revealed that very short fibrillar structures along with some longer 

fibers arises at 1 min interval only while in PBS the spherical aggregates dominates along with a 

few short fibrous structures after 1 min. 
[93]

 The images clearly showed the progressive increase 

in the length of the fibers with time. After 30 min, negligible change in lengths of fibers was 

observed. At similar concentration, the fiber length and density was lesser in PBS than 

ACN/water at all time points. Also, spherical aggregates can also be seen in PBS along with 

fibers, after 30min (figure 3.21 a and b). The morphology of structures obtained after 30 min 

were consistent with morphological studies of Fmoc IKVAV in ACN/water, which reports 

dense fibrous network with thinner fiber diameters in comparison to that in PBS. The AFM and 

Th T fluorescence microscopic images clearly revealed the effect of solvent on nucleation and 

growth processes of the individual peptide. 

 

Figure 3.21 Time dependent morphological analysis of Fmoc IKVAV using AFM images in (a-

e) ACN/water and (f-j) PBS after 1 min, 5 min, 10 min, 20 min and 30 min, showing nucleation 

and growth of peptide structures during molecular self-assembly. 

3.3.11 Generality of Approach  

To demonstrate the widespread applicability of solvent mediated approach in controlling self-

assembly pathways, we analysed control peptides for their self-assembly in different solvents. 

To provide the evidence that the solvent dependent properties are not sequence specific, we 

applied similar approach with a classical amyloid based dipeptide, Fmoc FF, and a scrambled 

laminin peptide, Fmoc VVIAK. 
[94]

 The Fmoc FF was synthesized by liquid phase synthesis. 

The gelation of Fmoc FF was tried in three different solvent systems: 50% ACN/water (with 
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0.1% TFA), 10% DMSO/water (with 0.1% TFA) and PBS at 10 mM peptide concentration. It 

was observed that Fmoc FF in ACN/water failed to form gel upto the concentration of 30mM 

and results in clear transparent solution (table 3.5). However, Fmoc FF in DMSO/water and 

PBS results into gel formation at 10 mM concentration. These gels were further characterized 

for their morphology and mechanical stiffness. The rheology of DMSO/water and PBS gels was 

measured in the frequency range of 0.1 to 100 Hz with strain of 0.1% and 0.5% (as obtained by 

amplitude sweep) for DMSO/water and PBS gels, respectively (figure 3.21 b). For both the gels 

storage modulus (G’) was magnitude higher than loss modulus (G”) indicating stable gel 

structure (figure 3.22a). The storage modulus of PBS gels (1.1±0.078 kPa) was comparatively 

higher that than DMSO/water gels (0.86±0.081 kPa). The AFM analysis of Fmoc FF supports 

rheology results (figure 3.22 b-e). The Fmoc FF solution in ACN/water revealed the sheet like 

morphologies, which suggested that sheets were unable to entrap water to form three 

dimensional networks. Similarly, DMSO/water gels showed network like structures formed by 

the entanglement of short fibers and fibrillar structures were observed with PBS, which supports 

the stable gels. The probable reason for failure of gelation of Fmoc FF in ACN/water could be 

the higher solubility of peptide in ACN which competes with gelator-gelator interactions. 

However, Fmoc FF formed strong gel with 10% ACN/water having mechanical stiffness in 

range of 10.3±1.2 kPa showing thin fibrous morphology (figure 3.22 a and d). 

 

Table 3.5: Gelation studies of Fmoc FF in different solvent system. 
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Figure 3.22 Gelation studies of β-amyloid peptide, Fmoc FF in different solvents at 10mM 

concentration with (a) Rheology studies of Fmoc FF gels in 10% DMSO/water PBS (pH 6) 

and10% ACN/water, and AFM images of Fmoc FF solution/gel in (b) 50% ACN/water, (c) 10% 

DMSO/water and (d) PBS and (e)10% ACN/water. 

For negative control, Fmoc VVIAK peptide was synthesized using solid phase synthesis. The 

purity of synthesized peptide was confirmed by LC-MS (figure 3.23 a and b). The C log P value 

of scrambled IKVAV i.e. VVIAK was found to be same as IKVAV i.e. 0.42. The gelation 

studies of the scrambled IKVAV peptide were performed in all three different types of solvents. 

Although, the C log P was same, but MGC of Fmoc VVIAK was found to be significantly 

higher. In comparison to 5 mM Fmoc IKVAV in ACN/water and DMSO/water, it increased to 

15 mM, while in PBS it remained same i.e. 15 mM (table 3.6). The differential solvent effect 

was also observed on the mechanical strength and morphology of the scrambled peptides (figure 

3.23 c-f). 
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Table 3.6 Gelation studies of Fmoc VVIAK peptide in different solvent systems 

 

 Figure 3.23 Scrambled IKVAV peptide synthesis, gelation and characterization: (a and b) 

HPLC chromatogram along with the molecular structure and LCMS spectra of Fmoc VVIAK 

peptide, (c) Storage modulus of Fmoc VVIAK peptide gels at concentration of 20mM in different 

solvents, measured at 0.1% strain (LVE range) in the frequency range of 0.1 to 100Hz and (d-f) 

AFM images showing different morphologies of Fmoc VVIAK formed in 50% ACN/water, 10% 

DMSO/water and PBS respectively. 

The gel strength has shown a reversal of behavior compared to that of Fmoc IKVAV in 

differential solvent environment and showed the higher strength (~0.22±0.03 kPa) in PBS in 

comparison to that in ACN/water (~0.070±0.008 kPa). The reason for lower mechanical 

strength of Fmoc VVIAK in ACN/water can be correlated to its sheet like morphology. 

However, in DMSO/water it showed short fibrillar structures and in PBS dense fibrillar network 

can be observed. The probable reason for the increased MGC and lower strength in organic-

aqueous mixture might be the altered hydrophobic interactions because of the presence of 
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charged lysine residue at the C-terminal, which might also be responsible for the improved 

solubility of the peptide in aqueous solvent. The control studies suggested that, nature of solvent 

could affect the self-assembling properties of a peptide, irrespective of the peptide sequence and 

its length (dipeptide or pentapeptide). And it entirely depends on the overall hydrophobicity of 

the peptide and also the surface functionality exposed to a particular solvent. This can, in turn, 

control the gelator-gelator or solvent-gelator interactions. The choice of solvent can be an 

effective means to modulate self-assembly pathways and achieve diverse nanostructures. 

3.3.12 Implications in biological applications 

The presence of solvents and lower pH of the solvent can be detrimental towards some 

biological applications like cell culture and drug delivery, etc. However, the tunability achieved 

using solvent switch is highly appreciable. Therefore, to eliminate the deleterious effects of 

solvents and pH, we considered solvent exchange method post-gelation, which was earlier 

shown by Dave Adams and co-workers. 
[31]

 The Fmoc IKVAV gels (5mM) were initially 

prepared in ACN/water and DMSO/water according to the procedure described. Post-gelation, 

1ml of milli-Q water was added gently at the top of the gel and allowed to exchange with the 

solvent entrapped in gel network for 2 hrs. The supernatant aqueous layer was removed without 

disturbing the gel. Subsequently, the similar exchange was done three more times, until the pH 

increases to ~6. The gels remain intact after the four cycles of solvent exchange. Similarly, the 

exchange with culture media was also performed and after 4 cycles the media colour remained 

red which means the gels were no more acidic. We also confirmed the removal of DMSO 

through FTIR. After exchange, the sulfoxide peak ~1020 cm
-1

 got diminished, indicating the 

reduction in quantities of DMSO in the gels (figure 3.24 a). 
[31]

 It was important to evaluate the 

effect of solvent exchange on the mechanical strength of the gels, so we carried out rheology of 

Fmoc IKVAV gels in ACN/water and DMSO/water with and without solvent exchange (figure 

3.24 b and c). An order of mangnitude difference in the gel strength was observed for both the 

ACN/water and DMSO/water gels, but the integrity of gels was maintained. However, the loss 

of mechanical properties is expected to be reduced by increasing the concentration of gels, as 

this study was done at MGC only. Since, we propose the utility of these biofunctional laminin 

based gels in cell culture applications, the assessment of the mechanical strength after exchange 

with media is important (figure 3.24 d). The media was perfused through the gels in the similar 

manner, as done with water. After media exchange, the mechanical strength was decreased to 

1.5 ± 0.3 kPa from 4.7± 0.9 kPa. Hence, the desirable mechanical properties can be achieved by 

altering the concentration of peptides with purely aqueous media. This could be highly 

beneficial approach for developing bio-applications suited gels from peptides which require 
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organic solvent for their solubilisation. This would inevitably improve the bicompatability of 

the materials as a next generation scaffold for bio-medical applications. 
[31]

 

 

Figure 3.24 FTIR spectra of Fmoc IKVAV gels before and after solvent exchange in (a) 

ACN/D2O and (b) DMSO/D2O showing the reduced peak of nitrile (CN) at 2250cm
-1

 and 

diminished peak of sulfoxide at 1020cm
-1

 after exchange. Rheology measurements of Fmoc 

IKVAV gels in (c) ACN/water and (d) DMSO/water before and after solvent exchange at 

concentration of 5mM and (e) Fmoc IKVAV gel in ACN/water before and after media exchange. 

3.4 Conclusions  

In summary, we have successfully demonstrated a versatile and facile approach of using both 

aqueous and aqueous-organic solvent mixture to induce differential supramolecular gelation in a 

single gelator domain. To find out that the effect is general, a library of laminin derived peptide 

amphiphiles were employed. The diverse nanostructures were accessed using solvent switch 

throughout the library of hydrophobically modified short laminin peptides, which otherwise are 

forming a single type of nanostructures depending upon their molecular architecture, which 

corresponds to lowest energy structure and represents thermodynamic minima. The solvent 

mediated approach of controlling self-assembling pathways can find applicability with wide 

range of gelator molecules ranging from amyloid based dipeptides to oligopeptide amphiphiles. 

We showed that solvent environment greatly affects the intermolecular interactions of gelator 

molecules and thus leading to the formation of various non-equilibrium nanostructures 

corresponding to local minima in the free energy landscape. The hydrophobic peptide 
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derivatives face difficulty in dissolution with aqueous solvents. Therefore, incorporation of 

organic solvent facilitated dissolution which proceeds towards self-assembly after dilution with 

aqueous solvent. We report that choice of solvent affects significantly the minimum gelation 

concentration of the modified peptides which is translated in to the differential mechanical and 

morphological properties of the final gel phase materials. We have also demonstrated the 

differential mode of self-assembly through various spectroscopic techniques. Thus, selection of 

solvent plays a crucial role in determining the final gel phase material properties and expanding 

their potential utility in various fields. We envisage that the solvent triggered access of diverse 

nanostructures corresponding to the differential energy level of the free energy landscape could 

represent a simple and elegant method of bottom up nanofabrication which could overcome the 

synthetic challenges. 

Note:  

 The permission has been granted by authors and corresponding author of the published 

paper prior to its adoption in the present thesis. The publication associated with this 

work is:  

 

Rashmi Jain, Sangita Roy, Tuning the gelation behavior of short laminin derived 

peptides via solvent mediated self-assembly, Mater. Sci. Eng. C, 108 (2020) 110483 

doi.org/10.1016/j.msec.2019.110483. 
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4.1 Introduction 

As discussed in Chapter 1 and 3, supramolecular self-assembly is an attractive route of 

fabricating biomimetic materials with controlled physical and chemical properties. 
[1, 2]

 The 

synthetic biomimetic materials offer several advantages but, at the same time, present 

significant challenges in terms of their real applications in biology. 
[3]

 These challenges can be 

considered as crucial parameters for their biocompatibility and biodegradability and provides an 

inspiration to explore nature’s toolbox for fabricating biomimetic materials. 
[4]

 Peptides have 

gained huge interest as a building block for biomimetic materials due to their chemical diversity 

and biological functionality. 
[5, 6]

 Self-assembling peptides have the capability to generate 

various types of nanostructures like fibers, tubes, vesicles, micelles etc, but fibrous structures, in 

particular, have received great interest due to their close similarity with the nano-architecture of 

natural extracellular matrix. 
[7-9]

 Apart from structural similarity, the biologically relevant 

peptide design has the potential to regulate cell growth and regeneration, by providing 

biochemical and mechanical cues. 
[10, 11]

  

Recently, the research interest is being shifting towards simulation of native cellular milieu, 

which can facilitate the regulation of cellular processes in vitro and in developing in depth 

understanding of cell response towards physical and biological cues in vivo. 
[12, 13]

 So far in the 

literature, several functional peptide sequences derived from ECM proteins are known, which 

includes fibronectins (RGD), Collagen (GXY), Laminin (IKVAV & YIGSR), Elastin like 

peptides (VPG) etc, which have significant impact on cellular processes like adhesion, 

differentiation, proliferation and migration. 
[14-20]

 A recent report mentioned that in last few 

decades, majority of studies reported on cell-adhesive peptides used RGD based sequences 

(~89%), while laminin was the other commonly used peptide to impart cell-adhesiveness 

(~10%) and remaining sequences comprise < 1% of the literature. 
[14, 15-26]

 In most of the 

instances, the functional short peptide derivatives lack the self-assembling capability and are 

used with other self-assembling polymers or peptide amphiphiles. 
[21, 22, 27]

 However, bio-

functionalization of self-assembling peptides or polymers proposes synthetic challenges like 

uncontrolled epitope density, disruption of mechanical stiffness of self-assembling peptide 

amphiphiles and reproducibility issues. 
[28]

 Therefore, it is highly desirable to incorporate 

functional peptide sequences within our rational design of bioactive peptides, which can 

inherently self-assemble to form nanofibrous scaffolds. 
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As already mentioned in chapter 3, a bioactive peptide, laminin holds an important status owing 

to its diverse biological roles. 
[29]

 Laminin is a heterotrimeric protein, present in abundance in 

the basement membrane of native ECM. Two short functional laminin derivatives i.e. IKVAV 

and YIGSR are widely known in the literature. IKVAV is located on long arm of A-chain of 

laminin and promotes neurite growth whereas YIGSR, present on B1- chain, controls neuronal 

cell-substrate adhesion and migration. 
[30, 31]

 However, these short peptide sequences (IKVAV 

and YIGSR) lack sufficient interaction to support hierarchical assembly and fail to form 

supramolecular gels. In this context, full length laminin protein and its derivatives (IKVAV and 

YIGSR) are widely incorporated for developing biomimetic hydrogels with cell interactive 

properties. 
[32-37] 

A report by Arulmoli’s group demonstrated the improved neurite outgrowth in 

neural stem cell with interpenetrating hyaluronic acid (HA) and fibrin network decorated with 

full laminin. In this work, thiol modified HA  was used to readily combine with laminin. 
[38]

 In 

context with short laminin derivatives, L. Zhang’s group reported CSIKVAV conjugated-

chitoan hydrogels for skin regeneration and successfully demonstrated the wound healing in 

vivo through angiogenesis, re-epithelialisation, and collagen deposition. 
[39]

 The peptide 

conjugation with chitosan involved maleimide covalent chemistry. In the similar line, Luder et 

al, demonstrated the decoration of self-assembling N-acetylated β-tripeptides with cell adhesion 

molecule, IKVAV and RGD, which exhibited improved cellular responses. 
[5]

 The authors used 

solid phase synthesis approach to functionalize β-peptide monomers. The above examples 

clearly showed that covalent approaches were more common in the previous reports, which may 

offer synthetic challenges. 
 

So far, very few reports are available in the literature which described the design of self-

assembling laminin derived peptides. 
[24, 40-42]

 These self-assembly in the laminin derived 

peptides can be induced through hydrophobic modifications with a long alkyl chain, aromatic 

groups or additional hydrophobic peptide sequences, that makes them capable of forming 

supramolecular gels. In this context, a report by K. L. Niece and group demonstrated self-

assembly of the C-16 alkyl chain modified IKVAV and YIGSR sequences with 13- mer 

amphiphile. 
[24]

 In this communication, gelation was induced by the addition of oppositely 

charged peptide amphiphiles. Similarly, Rodriguez et al. suggested a minimalist peptide design 

using Fmoc aromatic group, which forms hydrogels at very high pH (~12). This was further 

tuned by chemical modification through the  incorporation of aspartic acid residues in IKVAV, 

resulting the gelation to occur at physiological pH. 
[40] 

In our previous work, we have developed 

a library of hydrophobically modified laminin derivatives. 
[41]

 The differential gelation behavior 
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of these peptides were found to be highly susceptible to the surrounding solvent environment. 

The design incorporates only the pentapeptide backbone (IKVAV and YIGSR) with simple 

hydrophobic ligands, without using any polymeric network or large self-assembling peptidic 

backbone. The above examples suggested that attempts were made to develop short laminin 

peptide based hydrogels, but these sequences were further not been assessed for their biological 

activities. However, this limited exploration of bioactivities of IKVAV and YIGSR peptides 

with minimalist modifications suggest the way to explore new class of self-assembling laminin 

derived peptides.  

Moreover, the regulation of cell proliferation and differentiation is an extremely sophisticated 

process that involves multiple ligand-receptor interactions. A scaffold with single type of 

peptide epitope may have limited ability to control complex biological functions of the cells. 

Incorporation of more than one inherent bioactive motifs of a native protein in single scaffold 

can create a closer biomimetic scaffold, which is expected to broaden the functional spectrum of 

such scaffolds.  In addition to this, the diverse nanostructures created by self-assembling peptide 

motifs provide unprecedented opportunities to recapitulate the natural niche for the cells. In case 

of laminin protein, IKVAV and YIGSR are the intrinsic peptide motifs and both together 

regulate the functional activity of basement membrane protein. A versatile strategy to expand 

the boundaries of scaffold design beyond the conventional single component bioactive scaffold 

still remains a challenge. At this point, simple mixing approach of two or more functional 

peptide sequences can be an effective strategy to create multicomponent microenvironment for 

controlling cell behavior. Through such co-assembly, we expect that multiple bioactive domains 

can be presented for controlling cell adhesion, proliferation and migration, mediated through 

interaction with different types of receptors. The integrin binding IKVAV peptides and YIGSR 

peptides binding with laminin receptors mediate the intracellular functions in response to 

extracellular biochemical and mechanical cues. 
[42, 43]

 To the best of our knowledge, this is the 

first attempt to demonstrate the co-assembly approach for combining the inherent laminin 

bioactive motifs for improved physiochemical and biological properties of the supramolecular 

hydrogels without relying on the covalent attachment in a polymeric network or additional 

peptide segment. 
[3]

 

In this study, we have illustrated the formation of composite network of self-assembling laminin 

derived peptides, which were designed in our previous work (chapter 3). 
[41]

 The idea behind the 

design of composite synthetic scaffold was to embed both functional motifs of native laminin 

protein in the same matrix. The two pentapeptides IKVAV and YIGSR, appended with Fmoc 
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modification, vary greatly in their hydrophobicity and provide an excellent control over the 

modularity of the system, in combined gels. Majorly, this work elucidates the physiochemical 

properties of modified self-assembling IKVAV and YIGSR peptides in combination. We have 

explored these laminin derived scaffolds towards controlling neuronal cell behavior using C6 

glial cells and SHSY5Y neuroblastoma cells. In this work, we tried to mimic the biological 

roles of native laminin protein, using its shortest possible functional derivatives. The designer 

scaffolds were found to induce significant proliferation rates and supporting cell adhesion upto 

5 days indicating the characteristics of a potent scaffold.  Their properties of promoting cellular 

functions were marked by neurite extension, neuronal marker (βIII-tubulin) expression and 

normal cell cycle behavior. The results clearly revealed that the designed laminin peptide 

scaffolds were highly biocompatible and promote normal cellular responses, which were better 

in comparison to control TCPS (tissue culture polystyrene). This work enables us to compare 

the role of each peptide scaffold individually towards regulating neuronal cell behavior and how 

the cell-matrix interactions would be affected when the two peptides were used in combination 

as a gel scaffold. Moreover, the simple co-assembly approach provides a facile route for 

developing multifunctional scaffolds.  Based on our observations, we hypothesize that such 

bioactive scaffolds can be promising materials for emerging biotechnological applications like 

tissue engineering and drug delivery. 

4.2 Experimental Section 

4.2.1 Materials and methods 

All Fmoc protected amino acid, coupling reagents, like, Piperazine, Diisopropyl carbodiimide 

(DIC),  and cleavage cocktail reagents like Anisole, EDT (1,2-ethanedithiol), Thioanisole, TFA 

(Trifluoroacetic acid ), Myristic acid were purchased from Sigma-Aldrich. The solid support 

Fmoc- Rink amide MBHA resin,2-napthoxy acetic acid, Oxyma, Dimethylformamide (DMF) 

and Diethyl ether were purchased from Merck. 

4.2.2 Synthesis of Peptides 

Fmoc IKVAV and Fmoc YIGSR were synthesized using standard Fmoc-chemistry through 

solid phase synthesis. 
[41, 44]

 Microwave assisted automated Solid Phase Peptide synthesizer 

(Liberty Blue CEM, Matthews, NC, USA) was used for the synthesis at a scale of 0.1mM. For 

both the peptides, Fmoc-rinkamide resin was allowed to swell for 30 minutes in DMF, followed 

by Fmoc-amino acids coupling in the presence of DIC (0.5M) as activator and oxyma (1M) as 
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activator base. Fmoc deprotection, before each coupling was completed using 10% piperazine in 

dimethylformamide containing 10% ethanol, with no Fmoc-deprotection after final coupling. 

The peptides were cleaved from resin by using a mixture of 90% trifluoroacetic acid, 5% 

thioanisole, 3% 1, 2-ethanedithiol and 2% anisole for 3 hours. The product was recovered by 

precipitating the filtrate in cold ether, followed by centrifugation and drying under vacuum. The 

dried product was purified by preparative scale reverse phase high performance liquid 

chromatography (Waters). The mobile phase used was acetonitrile and water with 0.1% 

trifluorocetic acid. Pure peptide containing fractions were mixed and lyophilized and stored 

under vacuum until use. The peptide identity was confirmed using mass spectrometry. 

Similarly, Myristyl IKVAV and Nap IKVAV were synthesized by attaching myristyl and 

napthoxy group at N-terminal, in place of Fmoc group. 

4.2.3 Solubility Measurement 

To determine the solubility of peptides, initially, the calibration curve of Fmoc IKVAV and 

Fmoc YIGSR were prepared. The peptide stock of 1mg/ml was prepared in water using 50μl of 

methanol as a solubilizing aid, followed by dilution to different concentrations ranging from 

0.01mg/ml to 0.2 mg/ml in water. The absorbance of each peptide dilution was measured at 

260nm. The absorbance of each peptide dilution was plotted against concentration. The data 

points were fitted linearly and the intercept and slope of the plot was calculated. Then to 

determine the solubility of peptide in PBS and water, an excess (10mg) peptide was dissolved in 

1ml of solvent. Then the supernatant with dissolved peptide was measured and its absorbance at 

300 nm was recorded. The concentration corresponding to that absorbance was calculated by 

extrapolating the standard calibration curve. 

4.2.4 Gel Formation 

The heat-cool method was employed to form gels using the designed peptides. The prerequisite 

amount, equivalent to 20 mM of peptide (in case of individual peptide gels) was added in to 

PBS (100mM, pH 6). While for composite hydrogels, Fmoc IKVAV and Fmoc YIGSR were 

mixed in 1:1 ratio i.e. 10mM of each peptide, keeping the total concentration of peptides fixed 

at 20mM. The peptide suspension was kept in a water bath, which was maintained at 90
0
C, until 

the peptides were dissolved completely. The time for dissolution of peptides may vary from ~30 

min for Fmoc YIGSR to ~2 hrs for Fmoc IKVAV. After complete dissolution, the peptide 

solutions were allowed to self-assemble, at room temperature and form self-supporting 

hydrogels. 
(41) 

Similarly, gelation of Myristyl IKVAV and Nap IKVAV was carried out.  
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4.2.5 Morphological assessment of the hydrogel network 

4.2.5.1 Atomic Force Microscopy: Gels were prepared at 20mM concentration and diluted upto 

10 times before drop casting over the silicon wafer. The sample was allowed to adsorb on the 

surface of wafer and excess solution was removed by the wicking action of filter paper. The 

samples were air dried and scanned under ambient conditions using Bruker Multimode 8 

scanning probe microscope operated in tapping mode with Nanoscope V controller and a J-

scanner. The AFM probe used was RTESPA-300 with the resonating frequency of 300 kHz. 

4.2.5.2 Transmission Electron Microscopy: The peptide gels prepared at concentration of 

20mM were diluted and drop casted over the carbon coated copper grids. The samples were 

allowed to adsorb for 3 min and the excess sample was removed. Freshly prepared and filtered 

uranyl acetate solution (2% w/v, 5μl) was added on the grid and allowed to stain the gel samples 

for 5min. The samples were vacuum dried before imaging. TEM micro-graphs were recorded at 

an accelerating voltage of 200 kV using JEOL JEM 2100 with a Tungsten filament. 

4.2.6 Mechanical Strength Evaluation 

Oscillatory rheology was performed to measure the viscoelastic properties of the nanofibrous 

laminin derived peptide hydrogels. The measurements were done using 50mm parallel plate 

geometry (Anton Parr MCR302). The hydrogel samples (1ml) of 20mM concentrations were 

prepared and incubated for 24 hrs before measurements. Amplitude sweep was performed to 

obtain the optimum strain values in the linear viscoelastic region. Further, the frequency sweep 

was performed in the range of 0.1 to 100 Hz to record storage (G’) and loss modulus (G”). 

Solvent trap was used to prevent any drying affect, and temperature was maintained at 20
0
C 

with an integrated electrical heater. The measurements were repeated 3 times to ensure 

reproducibility, with the average data shown. To study the effect of concentration of peptides on 

the mechanical properties of the hydrogels, gels were prepared at 30mM and 40mM 

concentrations and evaluated for the rheological properties.  

4.2.7 Thixotropic Studies  

Step-strain rheology was performed to study the mechano-responsive behavior of the laminin 

derived hydrogels. Initially, thixotropic behavior was checked through inversion vial method, in 

which gels (20mM) were subjected to mechanical shaking, which transforms the gel material 

into solution (sol) and it recovers into the self-supporting gel state upon resting. However, the 

time of reformation may vary depending up on the nature of the network of the monomer as 
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well as the composite monomers.. The initial strain values were fixed within linear viscoelastic 

(LVE) region as 0.1 %, followed by deformation strain of ~50 %, which transforms it to sol, as 

indicated by G′ < G″. The gel like character is restored on the removal of stress (strain 0.1%). 

The frequency was fixed at 1Hz, during, both, deformation and recovery cycles. Each cycle 

having 200s deformation phase and 800s recovery phase. The measurements were repeated 

three times. 

4.2.8 Secondary Structure Investigation  

4.2.8.1 Circular Dichroism (CD): A Jasco J-1500 CD spectrophotometer with 0.1 mm quartz 

cuvette was used for the measurement of CD spectra of laminin peptide hydrogels. Spectra were 

recorded between a wavelength range of 195-320 nm with signal integrations of 1 s and a step 

size and slit width of 1 nm, respectively. Three repeated scans were compiled to generate the 

average spectra. Jasco Spectra Manager software was used to analyze the spectra. Baseline 

correction was done by subtracting the spectrum in PBS, without peptides. Composite gels were 

prepared at different ratios of Fmoc IKVAV and Fmoc YIGSR and studied for characteristic 

resultant CD signals. 

4.2.8.2 Fourier Transform Infrared Spectroscopy (FTIR): Bruker Vertex 70 ATR 

spectrophotometer was used to record FT-IR spectra. The spectra were recorded in the range of 

400 and 4000 cm
-1

 with a resolution of 1 cm
-1

 and averaged for 64 scans. Spectra were 

background subtracted using each solvent system to correct for atmospheric interference. 

Samples were analyzed in gel state by keeping the 20μl of gels (20mM) on the top of diamond 

crystal.  

4.2.9 In vitro Cell Culture Experiments  

Cell culture experiments were performed with C6 glioma cells and SHSY5Y neuroblastoma 

cells. DMEM media with 10% foetal bovine serum (FBS), and 1% penicillin-streptomycin 

antibiotic solution was used to culture the cells. Cultured cells were incubated at humidified 

chamber with 5% CO2 at 37
0
C.  

4.2.10 2D culture  

Prior to 2D cultures, the peptide gels were washed and perfused with media, which helps to 

determine the stability of gels in culture media for longer durations. The gels were prepared at 

20 mM concentrations and placed on coverslips which were sterilized under UV. Media was 
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perfused through the gels to exchange PBS and provide uniform environment to the cells. The 

sub-confluent monolayer of cells were trypsinized using trypsinase (0.25%)–EDTA (0.02%) 

solution and re-suspended in complete media. The cell density was counted using 

haemocytometer. Then 1ml of cell suspension, having 50,000 cells/ml was added in each well 

of 6 well-plate. The cells were maintained at 37 
0
C with 5% CO2 and allowed to adhere.  

4.2.11 Metabolic activity assay 

MTT assay was carried out to assess the initial contact cytotoxicity of laminin derived short 

peptides and quantify cell survival in the presence of peptides. Each well of 96well plate was 

seeded with 5000 cells and allowed to adhere for 24 hrs. Peptide stock solutions of 5mg/ml 

concentration in PBS (100mM, pH 6) were prepared using heat cool method of gelation and 

were sterilized before treatment. Diluted peptide stocks (100μg/ml, 500μg/ml and 1000μg/ml 

with DMEM media) were added to the adhered cells. For each peptide, experiments were done 

in triplicates. The control cells were treated with same volumes of PBS (pH 6) in DMEM 

media. MTT salt (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) dissolved in 

PBS (10μl of 5mg/ml stock in each well) was added to the cells after 4 hrs of peptide treatment, 

with 100μl of fresh media. MTT is a colorimetric assay reagent which converts into purple 

colored insoluble formazan upon activity with metabolically active cells and gives the relative 

number of viable cells. Supernatant media was removed, after 4 hrs of MTT addition. Formazan 

crystals were dissolved in DMSO (100μl). Absorbance was recorded at 495nm wavelength 

using plate reader. The percentage viability of treated cells was calculated with respect to 

control cells. Similarly, MTT assay was carried after 24 and 72 hrs, to assess the long term 

cytotoxicity of the peptide hydrogels. For this study, the MTT assay was performed on 2D 

cultured cells. The gels (75ul) were placed in 96 well plate and perfused with culture media. 

Further, the cell suspension was added on the top of gels in each well. The cells were allowed to 

adhere and grow on the gel surface for 24 hrs and 48 hrs, before adding MTT. After 4 hrs of 

MTT addition, the insoluble formazan crystals were dissolved in DMSO. To eliminate any 

interruption with peptide gels in absorbance measurement, blank peptide gels were incubated 

with same concentration of MTT and DMSO and their absorbance were subtracted from the 

samples. 

4.2.12 Live/Dead Staining  

Live dead staining studies were performed after 2 and 5 days of cell culture over hydrogels 

using standard protocol for Live/Dead cell mediated cytotoxicity kit (Invitrogen). 4μl of DiOC18 



Chapter 4 

 

141 
 

(3) was diluted with 1ml of complete media (1:250 dilution) while 2μl of PI (propidium iodide) 

was diluted with 1ml of PBS buffer and filtered using 0.2μ filters. The cells were incubated with 

DiOC18 (3) for 45 min in dark and then washed three times with PBS. Further, PI solution was 

added to wells and left for 20 min. At last, three washes with PBS were performed and plates 

were visualized under the confocal microscope under the green (480nm) and red (530nm) 

channels.  

4.2.13 Cell Proliferation Assay  

Proliferation of C6 cells and SHSY5Y cells were assessed by Alamar blue assay after 2 days 

and 5 days of treatment. Laminin gels were prepared at 20mM concentration and 100ul gel was 

placed in each well (100ul). The plates with gels were UV sterilized and allowed to stabilize 

overnight, after which media was perfused to exchange PBS. The cells were seeded with cell 

density of 3X10
3
 in each well of a 96 well plate over the gels. The plates were incubated at 

37
0
C, with 5% CO2, in 95% humidified incubator, for different time durations. Each sample was 

incubated in triplicate. The cells cultured on tissue culture plastic surface were used as positive 

control. After 2 days and 5 days, fresh media (100μl) was added to each well with 10% Alamar 

blue reagent. After 4 hr of incubation, the 96-well plate was read by using micro plate reader 

(Tecan Infinite M Plex). The fluorescence intensity of alamar blue was determined by 

excitation/emission of 530nm/600nm. The peptide gels (without cells) were incubated with 

alamar blue and used as negative controls and their fluorescence intensity values were 

subtracted from the corresponding cell embedded peptides. 

4.2.14 Neurite Extension Study: 

The C6 cells were cultured on the top of the gels in a 6 well plate with the concentration of 

1X10
4 

cells/ well. The cells were allowed to adhere for 24 hrs. Further the morphology of the 

cells were studied using bright field microscope (EVOS XL, Life Technologies) at 

magnification of 40X, after 24 and 48hrs. The length of longest neurite i.e. axons were 

measured using Image J software, as reported in previously available reports. The average axon 

length was calculated by taking an average of 30 cells, for each gels and control that are grown 

on plastic surface.  

4.2.15 Immunofluorescence staining: 

To carry out this study, the hydrogels were uniformly spread over the surface of coverslips 

placed in 35mm culture dishes. Cell suspension containing 10
4 

cells/ml were added to each 
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culture dish and allowed to adhere. After 5 days, the cells were fixed using 4% 

paraformaldehyde for 20 min at room temperature and washed three times with PBS. Then the 

cells were permeabilized with 0.5% Triton X100 in PBS. The samples were incubated with 

bovine serum albumin (5%) for 1 hr at room temperature, to avoid any non-specific binding. 

The primary antibodies (monoclonal rabbit anti-βIII Tubulin, CST) at dilution of 1:500 in 

dilution buffer (composed of 1% BSA, 0.1 % TritonX-100 in 1X PBS) was added to the 

samples and incubated for overnight at 4
0
C. After incubation, the cells were washed thrice with 

the dilution buffer, following which the secondary antibodies (anti-rabbit IgG Alexa Fluor 555 

conjugate, CST) were added at 1: 1000 dilution for 1 hr at room temperature. After the removal 

of secondary antibodies, the samples were washed thrice with the dilution buffer. DAPI 

(1μg/ml) solution was added for 5 min to stain the nuclei and excess stain was washed 2 times 

using dilution buffer. The samples were then fixed using 80% glycerol on the glass slides and 

used for imaging under confocal microscope (Zeiss LSM880 confocal microscope, Carl Zeiss) 

at 63X magnification. 
[45]

 

4.2.16 Cell Cycle study:  

Cell cycle analysis was done by quantifying the DNA content of the cells using Flow cytometry. 

The cells were cultured over the surface of hydrogels. Prior to fixation and staining, the cell 

growth was synchronised by keeping the adhered cells (~1X 10
6 
cells) in culture media with 2% 

FBS for 24 hrs. Further, cells were harvested and fixed using 70% chilled ethanol at 4
0
C for 30 

min. The samples were washed with PBS, twice, at 850g by centrifugation. The cells were then 

treated with ribonuclease (50μl of 10μg/ml RNasestock) to ensure selective staining of DNA 

only, and not RNA. At last the cells were suspended in 200 μl of propidium iodide (50μg/ml 

stock solution). The samples were analysed using flow cytometer (BD Biosciences). 
[46]

 

4.3 Results and discussion 

4.3.1 Peptide design and gelation 

The strategy for design of peptides for generating a biomimetic scaffolds usually involve the 

incorporation of biochemical cues, in terms of designer sequence, which are inspired from 

inherent component of ECM protein. The design should incorporate the functional sequence 

that can induce cell adhesion as well as proliferation. The design of peptides was based on 

minimalist modification to the identified functional sequence of laminin protein i.e. IKVAV and 

YIGSR, as illustrated in our previous report. 
[41]

 The N-terminal modification with an aromatic 
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Fmoc-moiety is expected to transform non-assembling peptide sequences into self-assembling 

functional peptides (figure 4.1 a, b). 
[41]

 The molecular structure of peptide sequence suggests 

that IKVAV is more hydrophobic than YIGSR, which was further confirmed by their C log P 

values, calculated as 0.42 and -3.218, using Chem Draw software. The peptides were 

synthesized using solid phase peptide synthesis and HPLC and ESI-MS was employed to 

confirm of purity of peptides that was found to be of high purity followed by purification 

through preparative HPLC (figure 4.1 c-f). 
[47] 

Owing to different C log P values, it was expected that these peptides would have different 

solubility in particular solvent. In order to select a suitable gelation method, we determined the 

solubilities of both peptides in water and PBS. Prior to solubility determination, calibration 

curve of both the peptides were developed, which was further used for the calculation of 

solubility of each peptide in different solvents (figure 4.2). 
[48]

 Due to hydrophilic nature of 

Fmoc YIGSR, it showed high solubility in PBS (21.5mg/ml) and water (6.6mg/ml). However, it 

resulted into gel formation in water as well as PBS, at an excess concentration of 10mg/ml, 

which makes it difficult to assess the accurate solubility of Fmoc YIGSR.
 

 

Figure 4.1 Molecular structure of Laminin peptides (a) Fmoc IKVAV and (b)Fmoc YIGSR and 

corresponding HPLC chromatograms and mass spectra of (c, e) Fmoc IKVAV and (d, f) Fmoc 

YIGSR. 
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Whereas, the higher hydrophobicity of Fmoc IKVAV makes it poorly soluble in aqueous 

solvent at room temperature (25
0
C). Fmoc IKVAV showed solubility of ~0.02mg/ml in water 

and ~1.5mg/ml in PBS (pH 6). Therefore, heating method was chosen to enhance the solubility 

of Fmoc IKVAV in PBS to attain peptide concentration that could lead to gelation. 

 

Figure 4.2 Calibration curves of (a) Fmoc IKVAV and (b) Fmoc YIGSR. 

However, in previous chapter, we showed differential gelation behavior of these peptides in 

wide range of solvents, presence of organic solvents might limit their direct use in biomedical 

applications. Our previous work highlighted that the hydrophilic derivative, YIGSR showed 

more propensity to form highly entangled fibrous network in aqueous media, owing to enhanced 

gelator-gelator interactions compared to its hydrophobic counterpart, IKVAV. Furthermore, it is 

expected that aqueous solvent based gels would be more suitable for demonstrating cell-matrix 

interactions. Hence, the peptides were dissolved in PBS (100mM, pH 6) and subjected to heat-

cool method to form hydrogels. 
[49]

 However, differential hydrophobicities of the peptides 

provide variable self-assembling behavior in aqueous solution (figure 4.3). The similar has been 

reflected in their minimum gelation concentration as well. The hydrophobic Fmoc IKVAV 

showed MGC at 15mM while relatively hydrophilic Fmoc YIGSR formed gel at 10mM 

concentration. The probable reason for differential MGC could be explained by the favored 

solubilization of Fmoc YIGSR in aqueous media than hydrophobic Fmoc IKVAV.  The faster 

dissolution of hydrophilic peptide increases the local peptide concentration with enhanced 

solute-solute interactions, resulting in formation of primary self-assembled structures that 

further grow to form higher order network structures. However, for further studies, the gels at 

concentration above MGC i.e. 20mM were used for both the individual peptides, to yield stable 

gels for cell culture work. In case of composite hydrogel, 1:1 molar ratio of Fmoc IKVAV and 

Fmoc YIGSR result in a stable self-supporting gel, on simple mixing. Interestingly, composite 

gel was found to be stable at 10mM concentration of each of the peptides, thus enhancing the 
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propensity of these peptides to form composite network through enhanced intermolecular 

interactions. Upon mixing, Fmoc YIGSR immediately starts self-assembling at 10mM 

concentration which acts as a nucleating site for Fmoc IKVAV, thus facilitating the self-

assembly of Fmoc IKVAV, at concentration below MGC. 

 

Figure 4.3 Schematic representation of molecular self-assembly of laminin derived peptides 

showing differential fibrous morphology, while their composite gels showing coexistence of self-

sorted fibrous morphology of both the peptides. The driving forces for self-assembly of IKVAV 

peptide is probably hydrophobic and aromatic π interactions and for YIGSR, H-bonding and 

aromatic π interactions are dominant in aqueous solvent environment. 

Another interesting way to control the self-assembly of short peptides is to vary the 

hydrophobicity of N-terminal ligand. The variable hydrophobicities of the ligands will dictate 

the differential self-assembly of non-gelator bioactive peptides such as IKVAV and YIGSR. In 

this context, we also tried to study the effect of hydrophobicities on the self-assembling 

behavior of IKVAV peptide. The IKVAV backbone was modified with another aromatic group, 

napthoxy and an aliphatic chain, myristyl. The comparison of log P values of these hydrophobic 

moieties suggests that Myristyl group having log P value of ~6.28 was the more hydrophobic 

than Fmoc (log P ~3.2) while napthoxy is less hydrophobic with log P values of ~2.02. The 

IKVAV sequence modified with these groups showed differential hydrophobicities, depending 

upon the hydrophobicities of these groups. These differences were confirmed by studying their 

gelation in aqueous solvent. The most hydrophobic Myristyl IKVAV showed the highest MGC 

in PBS of ~25mM in the series, which was also reported in our previous work. 
[41]

 While, the 
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least hydrophobic Nap showed lowest MGC of ~10mM, which was lesser than that of Fmoc 

IKVAV i.e. 15mM. This difference is probably due to their differential solubilities of these 

peptides in aqueous solvent. The effect of hydrophobicities on self-assembly of peptides in 

aqueous solvent was reflected in their mechanical stiffness as well. In comparison to storage 

modulus of Fmoc IKVAV i.e. ~1±0.17 kPa, Nap IKVAV showed storage modulus of ~1.7 ± 

0.27 kPa and myristyl IKVAV in the range of ~0.008 ± 0.001 kPa (figure 4.4). The reason for 

higher mechanical stiffness of nap IKVAV  can be correlated with higher strengths of Fmoc 

YIGSR  in aqueous solvent which is probably due to their relatively higher solubilities in 

aqueous solvents leading to enhanced gelator-gelator interactions. 

 

Figure 4.4 Rheological measurements of IKVAV peptide with different N-terminal 

modifications with Fmoc, Nap, and Myristyl (a) showing change in storage modulus with 

respect to frequency for the hydrophobically modified IKVAV peptides and (b) comparing the 

average storage and loss modulus of each peptide. 

4.3.2 Morphology Assessment  

The differential hydrophobicities of both the peptides i.e. Fmoc IKVAV and Fmoc YIGSR  in 

aqueous solvent are expected to lead to differential molecular packing of the peptide building 

blocks, which may result in diverse nanostructures, which were studied using atomic force 

microscopy (AFM). 
[50]

 In corroboration to previous work, Fmoc IKVAV showed the presence 

of short helical fibers with lesser entanglement in comparison to dense, thinner fibrous network 

of Fmoc YIGSR (figure 4.5). 
[51]

 The diameter of Fmoc IKVAV was found to be in the range of 

~30 ± 5nm, whereas, Fmoc YIGSR showed the fiber diameter in the range of 20 ± 6nm (table 

4.1). Interestingly, the composite hydrogels showed self-sorted nanofibrous network, which was 

visible in figure 4.5c. The distinct intertwined network of two different fibers with wider fibers 

having diameter of ~85±14nm and thinner fibers having diameter ~ 32± 6.5nm can be clearly 
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observed. 
[52]

 It was assumed that the wider fibers represent the Fmoc IKVAV self-assembly 

while, the thinner ones indicate the self-assembly of Fmoc YIGSR, which can be correlated 

with that individual self-assembled peptide morphology at nanoscale. The probable reason for 

such self-sorting behavior could be the differential solubility of both peptides in aqueous 

environment. During gelation, the hydrophilic Fmoc YIGSR dissolves quickly on heating and 

starts early self-assembly in comparison to delayed self-assembly of Fmoc IKVAV, which takes 

1-2 hrs to dissolve completely. 

  

Figure 4.5 Morphology analysis of (a) Fmoc IKVAV, (b) Fmoc YIGSR showing fibrous network 

and (c) Fmoc IKVAV+ Fmoc YIGSR peptides self-assembling to give rise to a mixed fibrous 

network structure, using AFM. 

The morphology attained due to self-sorting behavior of laminin derived peptides were further 

confirmed by TEM (figure 4.6). 
[53]

 The images clearly revealed the short nanofibrous 

morphology of Fmoc IKVAV which has diameter ~15±2.2nm (figure 4.6a). These fibers 

bundled together to form helical twisted fibers, which have wide diameters in the range of 

~28±3.5nm. However, the Fmoc YIGSR hydrogels showed dense network of long nanofibers 

(figure 4.6b). The fibers have more uniform diameters in the range of 11.5±1.2nm. In 

corroboration to AFM results, the combined gels showed self-sorted network of two different 

diameters. The thinner, long fibers of diameter ~9.5±1.5nm appear in the background, which is 

overlaid by the wider fibers of diameter ranging ~28.3±2.5nm. The diameter of wider fibers was 

found to be nearly double of the individual Fmoc IKVAV fibers. The probable reason for this 

difference was adsorption of Fmoc IKVAV aggregates formed at concentration below MGC 

and Fmoc YIGSR fibers helps in the nucleation and growth of these aggregates, in composite 

gels. This was clearly evident from the magnified TEM image of composite gel (figure 4.6 d). 

The closely associated results of AFM and TEM revealed the differential morphology of 

different laminin derived peptides coexisting in the gel composite. 
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Figure 4.6 TEM images of laminin derived peptides showing differential fibrous morphology 

formed by (a) Fmoc IKVAV, (b) Fmoc YIGSR, (c) combined self-sorted network of Fmoc IKVAV 

+ Fmoc YIGSR and (d) magnified TEM image of composite gel. 

Table 4.1 Fiber diameters of different laminin derived peptide hydrogels measured through 

AFM and TEM analysis through Image J software. 

Hydrogel composition Diameter by AFM (nm) Diameter by TEM (nm) 

Fmoc IKVAV 30±5 15±2.2 

Fmoc YIGSR 20±6 11.5±1.2 

Fmoc IKVAV+Fmoc YIGSR 85±14 and 32±6.5 28.3±2.5nm and 9.5±1.9 

 

4.3.3 Mixing Behaviour of Peptides in Composite Hydrogels 

It is important to understand the mixing behavior of two components of composite gels, 

especially when they have different nature (hydrophobicities). Their mixing pattern will 

determine the resultant properties of the composite gels. To study the mixing behavior of Fmoc 

IKVAV and Fmoc YIGSR, time dependent microscopic studies were done using AFM (figure 

4.7). The variable hydrophobicities of the two peptides lead to differential solubility. The Fmoc 

YIGSR being highly soluble in aqueous solvent showed quick self-assembly resulting into 

formation of dense fibrillar network within 5 min (figure 4.7 a). While Fmoc IKVAV, a poorly 

soluble peptide showed aggregate like structures in 5 min, which appear as patches on the 

preformed fibers of Fmoc YIGSR. It is expected that Fmoc YIGSR provides the nucleation sites 

for the Fmoc IKVAV aggregates. After 10 min, the density of these aggregates is increased and 

gradually extended over the length of the fiber, after 15 min (figure 4.7 b & c). Eventually, after 

30 min and 1 hr, the network of two separate fiber diameters can be observed (figure 4.7 d & e). 

We believe that self-assembly of Fmoc IKVAV into aggregate like morphologies is due to their 

sub-gelation concentration in composite gels, which further grows into full length fiber, having 

Fmoc YIGSR fibers as their base. The adsorption of Fmoc IKVAV over the length of thin Fmoc 
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YIGSR fibers was also visible in the magnified TEM image of composite gel (figure 4.6 d). 

Therefore, this study reveals the mixing behavior of both peptides in composite gels, which 

predominantly depends upon their solubility in aqueous solvents. 

 

Figure 4.7 AFM images of composite gels showing self-assembling behavior of individual 

peptides in mixture at different time points (a) 5 min, (b) 10 min, (c) 15 min, (d) 30 min and (e) 

60 min. 

4.3.4 Mechanical Strength Evaluation 

The differential morphologies will lead to variable strength of the resulting hydrogels. The 

mechanical strength of the hydrogels was measured by using oscillatory rheology. The storage 

modulus (G’) was higher than loss modulus (G”) for all the gels, which indicates the 

viscoelastic nature of the hydrogels. 
[54]

 Interestingly, the composite hydrogels exhibited highest 

strength of ~ 937±124 Pa in comparison to ~267± 47 Pa and ~674± 100 Pa of Fmoc IKVAV 

and Fmoc YIGSR, respectively (figure 4.8a & b). The difference between storage and loss 

modulus also indicates the stiffness of the gels, as more difference indicates higher mechanical 

stiffness. 
[28]

 This fact also confirms that the composite gels are relatively stronger, as their 

storage modulus was an order magnitude higher than its loss modulus (figure 4.8 b). The 

hydrophobic Fmoc IKVAV exhibited weaker hydrophobic interactions due to poor solubility in 

aqueous solvent, which lead to the formation of weaker hydrogels. Due to higher solubility of 

Fmoc YIGSR, it tends to form more entangled fibrous network, thus giving rise to stronger gel 

compared to Fmoc IKVAV. Further enhancement in the gel strength was observed in composite 

hydrogels, due to intertwined entangled fibrous network. It is expected that the self-assembly of 

laminin derived peptides involve hydrophobic interactions along with additional hydrogen 
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bonding interactions, which might be responsible for the higher strength of composite gels. 
[55]

 

However, the intertwined entangled fibrous network imparts improved mechanical stiffness to 

the composite hydrogels. Interestingly, the mechanical stiffness of the designed gel matrices 

was found to be similar to that of native neural tissue ECM, which ranges from 0.1 to 1 kPa and 

is suitable to support neuronal cells. 
[28]

 These results suggested that the simple mixing of 

hydrophobic and hydrophilic peptides can be an effective means to tune the bulk properties of 

the resulting gel phase material, without changing the chemistry of the molecule. 
[56]

 At the 

same time, we anticipate that the composite hydrogel of these short laminin mimetic peptides 

would be a superior surrogate of native ECM protein since it incorporates essential functional 

sequences of the large basement membrane protein in the minimalist design of this single 

scaffold. 

Moreover, peptide hydrogels offer the great advantage of high tunability. Their mechanical 

stiffness can be easily tuned by varying the gelator concentration. 
[57]

 The correlation between 

gel strength and peptide concentration would help to tune the mechanical stiffness of the 

scaffold in the required range. For both Fmoc IKVAV and Fmoc YIGSR, the increased 

elasticity of the hydrogels was observed with an increasing concentration of individual peptides 

(figure 4.8 c & d). For Fmoc IKVAV, the storage modulus was found to increase from 

~0.3±0.05 kPa at 20mM, to ~1±0.07 kPa at 30mM and 2.2±0.3 kPa at 40mM concentration. 

Similarly, for Fmoc YIGSR, the storage modulus increases from ~0.6±0.03 kPa at 20mM to 

~0.8±0.07 kPa at 30mM and ~1.5±0.2 kPa at 40mM. The reason for enhanced elasticity at 

higher concentration is the more number of intermolecular interactions that results in more rigid 

gels. It was interesting to note that varying the ratios of individual peptide components in 

composite gels, we can create diverse gels with variable mechanical properties. Keeping the 

total concentration of composite gels fixed (20mm), increasing the concentration of Fmoc 

IKVAV towards its MGC, significantly enhances the mechanical strength of composite gels. 

The storage modulus of 3:2 composite Fmoc IKVAV and Fmoc YIGSR gels showed stiffness 

of ~3.2 ± 0.3 kPa, while the peptides in 2:3 ratios resulted in gel strength of 1.4 ± 0.15 kPa 

(figure 4.8 e). The results suggested that simple mixing of different peptides in different ratios 

offers great flexibility of tuning the physical properties of the resulting gel-phase material. 
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Figure 4.8 Rheological studies showing (a) frequency sweep measurements, (b) comparison of 

storage modulus (G’) and loss (G”) modulus of individual laminin peptide as well as composite 

gels, (c and d) shows concentration dependent rheology of Fmc IKVAV and Fmoc YIGSR, 

respectively and (e) composite gels with variable ratios of Fmoc IKVAV and Fmoc YIGSR. 

4.3.5 Thixotropic Behaviour 

To further explore the potential of these laminin mimetic peptides in biology, we were curious 

to find out an interesting property of these hydrogels, which is known as thixotropic nature of 

the gels. Thixotropic study involves the reversible gel-sol transformation upon application of 

mechanical stress and restoration of the gel phase upon resting. Initially, the thixotropic 

behavior was observed by the vial inversion method. 
[58, 59]

 All the hydrogels were converted to 

sol by vortexing for 2 min, which was allowed to stand undisturbed, to regain their gel state. It 

is to be noted that, during thixotropic recovery, these hydrogels do not require heating, as 

needed during gel formation. Step strain rheology was done to experimentally determine the 

thixotropic behavior of the laminin derived gels and their conjugate gel (figure 4.9). The 

peptides gels readily transformed into sol state, when strain higher than LVE range i.e. 100% 

with a frequency of 1Hz was applied, resulting in a drop of storage modulus (G’) near to the 

value of loss modulus (G”). However, when the strain values were reduced to LVE range 

(~0.1%) at similar frequency (1Hz), the G’ values started to regain its initial values, marked by 
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the transformation into semi-solid gel-like state. 
[7]

 The thixotropic behavior was studied 

consecutively for three cycles. We propose that highly soluble Fmoc YIGSR established their 

hydrophobic interactions and H-bonding interactions quickly in aqueous environment and 

showed fastest recovery of ~92% in initial 60sec. However, due to presence of hydrophobic 

Fmoc IKVAV in conjugate gels, the recovery is slightly delayed and observed ~70% recovery 

of initial strength within 60sec. The hydrophobic IKVAV, owing to its poor solubility showed 

slower recovery initially ~36% in 60sec (figure 4.9 d). The thixotropic behavior of individual 

peptides showed concentration dependence of the recovery values. It is worth mentioning that in 

our previous work, we found that the 40mM gels of Fmoc IKVAV and Fmoc YIGSR showed 

~3% and ~100% recovery, respectively, in comparison to ~36% and 92% recovery of 20mM 

gels in this work. The scenario was little different at lower peptide concentrations, although 

trend remained same. The thixotropic properties of these laminin mimetic hydrogels showed 

great potential to be used as injectable gels for regenerative medicines and drug delivery. 

 

Figure 4.9 Rheological analysis depicting thixotropic nature of laminin derived peptide 

hydrogels at a 20mM concentration of (a) Fmoc IKVAV, (b) Fmoc YIGSR and (c) Fmoc 

IKVAV+Fmoc YIGSR in 1: 1 molar ratio (10mM each) measured upto 3 consecutive cycles with 

deformation strain of 50% at frequency of 1Hz and (d)  Percentage recovery of gel strength of 

laminin after 60sec. 

Analysis of morphological changes during thixotropic measurements:  

The thixotropic behavior of these laminin derived gels was studied at microscopic level, through 

AFM (figure 4.10). A clear transformation of longer network into shorter fibrous networks can 

be observed, upon application of stress via vortexing and sonication for 5 min, which 

overcomes the intermolecular interactions leading to dissociation of the self-assembled network 

structure. Interestingly, upon resting, the reversal of broken fibers to intact fibers was observed, 

accompanied by sol-to gel transformation confirming the thixotropic behavior of gels. The 

differential recovery values of hydrophobic and hydrophilic peptides can be directly correlated 
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with morphology of recovered fibers. The morphology of recovered Fmoc IKVAV gel showed 

presence of broken fibers, along with longer length fibers, even 3 hrs after deformation (figure 

4.10 b-d). While, the denser Fmoc YIGSR network has lesser effect of deformation, as it 

showed intact entangled network, just after deformation also. However, after 3 hrs of recovery, 

the network similar to that of before deformation was restored, indicating higher recovery 

percentages. In composite gels, both the self-sorted networks retain their individual deformation 

pattern (figure 4.10e-g). The wider Fmoc IKVAV fibers undergo more deformation and showed 

distorted structures over the less distorted Fmoc YIGSR network. After  3hr recovery, the Fmoc 

YIGSR network was found to be intact, while Fmoc IKVAV aggregates on the surface of Fmoc 

YIGSR (figure 4.10 h-j). The probable reason for the failure of Fmoc IKVAV to reassemble 

into fibrous structures might be the concentration lower than MGC, at which it initially formed 

fibers due to aid of Fmoc YIGSR nucleation sites. The results suggested that both peptides 

retain their nature in composite gels and adopt different self-assembly pathways in aqueous 

solvent, owing to their different hydrophobicities. 

 

Figure 4.10 Thixotropic measurements showing gel-sol-gel transformation after applying stress 

for 5 min and recovery after 3 hr. (a) Optical images of the macroscopic gel and sol 

transformations. AFM images of (b-d) Fmoc IKVAV, (e-g) Fmoc YIGSR and (h-j) Fmoc IKVAV 
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+Fmoc YIGSR gels (20mM concentration) at different stages of thixotropy measurement i.e. 

before deformation, after deformation and after 3hrs of recovery. 

4.3.6 Secondary Structure Analysis 

4.3.6.1 CD Analysis: The supramolecular arrangements of peptide molecules during self-

assembly were assessed by CD spectroscopy. The self-assembly of hydrophilic peptide i.e. 

Fmoc YIGSR showed the formation of β-sheet structures as evidenced by the characteristic 

positive peak at ~198nm (π-π*) and a negative peak at ~220nm (n-π*). 
[60]

 However, the 

hydrophobic IKVAV showed the characteristic signals of random coils indicated by negative 

band at ~205nm which accounts for the less ordered structures and weaker mechanical strength 

of Fmoc IKVAV hydrogels. Surprisingly, very weak characteristic signal of β-sheet can be 

observed in composite hydrogels. The reason for reduced signal intensity can be balancing out 

of the positive and negative band signals at ~220nm of Fmoc IKVAV and Fmoc YIGSR, 

respectively. 
[61]

 Also the supramolecular organization of peptide molecules imparts chiral 

molecular arrangements for Fmoc group which can be identified as characteristic CD signal at 

~303nm, associated with absorption of fluorenyl group. 
[62]

 The Fmoc IKVAV and Fmoc 

YIGSR showed opposite chirality, as evident from the  opposite handedness of  peaks at 303nm, 

as a result of which the additive signal of composite gels do not show any supramolecular 

chirality peak. 
[61]

 Further, the evolution of residual signals in composite gels was confirmed by 

sequential variation of ratios of individual components (figure 4.11). The increase in 

concentration of one component with respect to other resulted in enhanced signals 

corresponding to that peptide. The characteristic β-sheet signal increases, when we increase the 

relative concentration of Fmoc YIGSR in a composite gel, indicated by enhanced intensity of 

negative peak at ~220nm (figure 4.11 c). This was supported by enhanced intensity of 

supramolecular chirality peak of Fmoc at ~303nm. However, the positive peak at ~220nm tends 

to increase with increasing concentration of Fmoc IKVAV in composite gels (figure 4.11b). 

Due to less ordered assembly of hydrophobic peptide (Fmoc IKVAV) in aqueous solvent, the 

supramolecular chirality peak of Fmoc is not prominent except in highest concentration ratio of 

Fmoc IKVAV in composite i.e. 9:1. These results indicated that CD signals in composite gels 

are the resultant of individual peptide signals and are concentration dependent. 
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Figure 4.11 (a) CD spectroscopic analysis of secondary structures of laminin inspired peptides 

and their composite hydrogels, and concentration dependence of resultant CD signals when (b) 

Fmoc IKVAV concentration is increased with respect to Fmoc YIGSR and (c) Fmoc YIGSR 

concentration is increased with respect to Fmoc IKVAV. 

4.3.6.2 FTIR Spectroscopy: FTIR is an important technique to investigate the peptide backbone 

intermolecular interactions that mainly includes H-bonding. The analysis of amide I region 

(1600-1700 cm
-1

) of FTIR spectra revealed the characteristic peak at ~1635 cm
-1

 that indicated 

β-sheet arrangements for Fmoc YIGSR and composite hydrogel (figure 4.12). 
[63]

 Another broad 

peak extending between 1670-1690 cm
-1

, corresponds to carbamate peak of Fmoc group. 
[64]

 

However for Fmoc IKVAV, a broad weak signal extending from 1620 to 1650cm-1 was 

observed, which is indicative of random coil structures. 
[65]

 Also a sharp peak at ~1720cm
-1

 can 

be observed in Fmoc IKVAV, which corresponds to non H-bonded carbonyl carbamate of Fmoc 

group. 
[66]

 

 

Figure 4.12 FTIR spectra of individual laminin peptides as well as their composite peptide in 

1:1 ratio.  

4.3.7 Thermodynamic Stability of Secondary structures  

The differences in the morphological and spectroscopic properties of the self-assembled peptide 

nanostructures clearly indicated that different thermodynamic stable structures were formed via 
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different self-assembly pathways. 
(67)

 These different nanostructures would exhibit different 

extents of thermal stability which can be assessed by CD melting studies (figure 4.13). 
(68)

 It was 

evident from the CD melting studies that Fmoc YIGSR, having more organized self-assembled 

structures showed maximum melting temperature at ~75
0
C. Following this, the composite 

hydrogels showed melting temperatures in the range of 65-75
0
C. The broad range for composite 

hydrogels instead of specific temperature, also confirms the co-existence of differential 

structures in the composite hydrogels, where the individual peptides retain their structural 

integrity. However, in corroboration to previous results, Fmoc IKVAV showed the lower 

melting temperature ~60
0
C, indicating less ordered nanostructures like random coils. This study 

supports the other spectroscopic data and morphological analysis of laminin derived hydrogels 

and provides an insight into stability of these gels at higher temperatures. 
(69) 

 

Figure 4.13 CD melting temperature studies of individual laminin peptides as well as their 

composite peptide in 1:1 ratio.  

4.3.8 Evaluation of intact structure of hydrogels in cell culture media 

The stability and integrity of hydrogels need to be assessed before culturing cells on these gels 

because media added along with cells may cause turbulence and damage the hydrogel scaffold. 

Therefore, the gels (20mM) were prepared and placed in a 96 well plate as well as on the 

coverslip in 6 well plate. The gels were allowed to self-assemble in the wells for 24 hrs. Cell 

culture media was added on the top of the gels and allowed to perfuse for 6 hrs. Then the media 

was changed and fresh media was added. The same cycle was repeated three times, each for 6 

hrs.  This ensures the stability of gels as well as exchanged the PBS in hydrogels with media, 

making hydrogel scaffolds more suitable for cell culture. 
[70, 71] 

4.3.9 Metabolic activity assay 
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The inspiration for the design of laminin based short functional peptides were derived from the 

biological functions of native laminin protein. Before assessing different functional properties 

of the bioactive peptides, cytotoxicity studies are the pre-requisite. 
[72]

 To assess the initial 

contact cytotoxicity, metabolic activity analysis was performed after 4 hrs of treatment, using 

MTT colorimetric assay. 
[73]

 The MTT assay is a colorimetric method, which quantifies the 

metabolically active cells in control and treated groups. Due to biological implications of 

laminin in neural cell growth, the neuronal cell lines have been used to study cell-peptide matrix 

interactions. The rat glioma C6 cells and SHSY5Y human neuroblastoma cells were used 

throughout the studies to demonstrate the functional role of laminin derived peptides in 

controlling neural cell growth. Both the cell lines were seeded in 96 well plates at a 

concentration of 5X 10
3
 cells/well and allowed to adhere for 24 hrs. The self-assembled 

peptides were diluted to three different concentrations i.e. 100μg/ml, 500μg/ml and 1000ug/ml. 

The control cells were treated with similar volumes of PBS (100mM, pH 6). The results 

suggested that the peptides showed concentration dependent effect and with increasing 

concentration, reduced percentage viability of cells was observed (figure 4.14 a & b). On 

comparing the effect of different peptides, it was found that Fmoc IKVAV showed relatively 

less biocompatibility of ~85% for C6 cells and ~70 % for SHSY5Y cells. While, Fmoc YIGSR 

and composite gels were relatively more biocompatible and showed ~100% and ~90 %  

viability of C6 cells and SHSY5Y cells, respectively. The probable reason for such behavior 

could be the less organized structures of Fmoc IKVAV, which may not provide uniform 

structures and surface for the adherence of cells. 
[74]

 While, Fmoc YIGSR was found to be the 

most biocompatible peptide, among all three self-assembled systems showing percentage cell 

viability of ~100%, owing to its long entangled fibrous network, which provides sufficient 

surface for the adherence of the cells. As expected, the cytocompatibility of composite gels was 

found to be intermediate between Fmoc IKVAV and YIGSR, which revealed that IKVAV, one 

of the crucial functional sequences of laminin peptide, can be used for cellular studies, through 

simply mixing with hydrophilic functional sequence of the laminin protein. The co-existence of 

both hydrophobic and hydrophilic peptides can reduce the detrimental effect of short fibrous 

network formed by IKVAV peptide, through formation of intertwined self-sorted network to 

enhance cellular adhesion. On comparing the response of laminin derived hydrogels towards 

both cell lines, C6 cells were found to be more metabolically active than SHSY5Y cells for the 

laminin derived short peptide hydrogels. However, the soluble laminin derived peptide 

nanostructures showed good biocompatibility, which inspires us to explore cell-matrix 

interactions further, through various biological assessments. 
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Figure 4.14 Cytotoxicity studies using MTT assay with (a) C6 glial cells and (b) SHSY5Y 

neuroblastoma cells after 4 hrs of treatment, assessing initial toxicity of peptides in solution 

state. 

Following initial cytotoxicity studies, the gel phase biocompatibility was studied up to 72 hrs 

(figure 4.15). The cell viability of cells cultured over laminin derived peptide hydrogels, 

cultured for 24 hrs and 72hrs was assessed by MTT assay. For all the gels, the responses were 

similar to initial contact cytotoxicity results. Interestingly, the percentage of viable cells 

remained maintained upto 72 hrs, and in some cases increased viability was observed due to cell 

proliferation, promoted by functional hydrogel matrices. C6 cells were found to be more than 

80% viable with hydrophilic Fmoc YIGSR and composite gels and more than 70% viability was 

observed with Fmoc IKVAV gels (figure 4.15 a). However, with SHSY5Y cells ~90% viability 

with Fmoc YIGSR, ~80% with composite gels and ~65% viability with Fmoc IKVAV was 

observed after 72 hrs (figure 4.15 b). The results indicate that the hydrophobic peptides, such as, 

IKVAV forming short nanofibrous structures can induce certain extent of cytotoxicity towards 

cells. However, that can be compromised after mixing them with a hydrophilic sequence, like 

YIGSR. This indicated that a proper hydrophillic-lipophillic balance is important for optimum 

biofuctionality. 
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Figure 4.15 Cytotoxicity studies through MTT assay with (a) C6 cells and (b) SHSY5Y cells 

after 24 hrs and 72hrs of culture over laminin derived peptide hydrogels and their conjugate 

hydrogels. 

4.3.10 Live-dead Cell Assessment 

After the quantitative investigation of cytotoxicity by MTT assay, the microscopic evaluation 

was performed using live- dead staining. Live/dead staining helps out to directly visualize the 

live and dead cell population from the cells cultured over the hydrogel surface, which can be 

directly correlated to the biocompatibility, adhesion and proliferation of the cultured cells. The 

cell culture media perfused gels were seeded with cells (5X10
4
) on the surface and allowed to 

adhere. The cells cultured over coverslips without hydrogels were used as control. The adhered 

cells were then visualized for adherence and morphology after every 24 hr upto 5 days, using 

optical microscope. The density of control cells increased progressively upto 4 days, while on 

the 5th day, the cells were stripped off from the control surface due to overgrowth of cells. 

However, the cells cultured over laminin derived peptide hydrogels remain adhered to healthy 

morphology, even after 5 days. It is expected that laminin functionality provides active sites for 

cell adhesion, by interacting with cell surface receptors. In addition to biofunctionality, 

modulated topography and mechanical strength of hydrogels also facilitate adhesion and 

proliferation of the cells. Moreover, the C6 cells were found to be completely adhered to 

elongated morphology within 24 hrs after seeding, as observed with optical microscope, (figure 

4.16).  
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Figure 4.16 Microscopic images of C6 cells cultured over Control (TCPS) and laminin derived 

peptide hydrogels based on Fmoc IKVAV, Fmoc YIGSR and composite Fmoc IKVAV+ Fmoc-

YIGSR, at day 1, day 2, day 4 and day5. 

While, SHSY5Y cells were found to adhere on the hydrogel surfaces after 1 day, but remained 

in spherical shape. After 2 days, the cells have grown into cluster of cells with polyhedral cell 

morphology, which is their characteristic growth pattern. Interestingly, the cluster of cells was 

denser for the cells grown over laminin hydrogels in comparison to control cells and the density 

increased continuously, upto 5 days (figure 4.17). 
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Figure 4.17 Microscopic images of SHSY5Y cells cultured over Control (TCPS) and laminin 

derived peptide hydrogels based on Fmoc IKVAV, Fmoc YIGSR and composite Fmoc IKVAV+ 

Fmoc-YIGSR, at day 1, day 2, day 4 and day 5. 

Further, the cells were stained with two different dyes, DiOC18 (3) staining live cells with green 

fluorescence and PI staining dead cells with red fluorescence and visualized under confocal 

microscope. The live/dead staining of cultured cells was done on 2nd day and 5th day, after 

seeding. The cell numbers cultured over hydrogels were comparable with that of control cells. 

Both C6 and SHSY5Y hardly showed the presence of dead cells, upto 5 days (Figure 4.18 and 

4.19). In corroboration to biocompatibility results, Fmoc YIGSR showed the maximum growth 

of cells. It not only promoted the growth of C6 cells upto 5 days but also helped to align cells in 

particular direction. The composite gels demonstrated similar behavior with C6 cells, but 

showed relatively less alignment of cells in comparison to Fmoc YIGSR. However, in case of 

Fmoc IKVAV less stretched cell morphology was observed. The probable reason for such 

observation might be the weaker strength and less organized morphology of Fmoc IKVAV gels, 

which avoid cells to extend their appendages. 
[75]
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Figure 4.18 Live dead staining assay of C6 glial cells cultured over (a, e) Control (TCPS), (b, f) 

Fmoc IKVAV, (c, g) Fmoc YIGSR and (d, h) conjugate hydrogel (Fmoc IKVAV+ Fmoc YIGSR), 

studied using DiOC3 and PI, after 2 days (panel 1) and 5 days (panel 2). Scale bar for images 

is of 100μm. 

Although, the SHSY5Y cell density was less after 2 days, for all three hydrogels, in comparison 

to control, but no appearance of dead cells was observed. However, after 5 days, nearly same 

cell density as that of control was observed, which indicated that these laminin derived scaffolds 

promote slower proliferation of SHSY5Y cells, initially. Moreover, in corroboration to 

cytotoxicity studies, both C6 and SHSY5Y cell density was relatively less after 2 days with 

Fmoc IKVAV gels, in comparison to control cells, which indicated relatively lesser 

biocompatibility, owing to its hydrophobicity. Thus live-dead staining results indicated that the 

laminin derived peptide hydrogels were highly biocompatible for 2D cultures of neural cells and 

have the potential to promote growth and adhesion of cells. 
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Figure 4.19 Live dead staining assay of SHSY5Y neuroblastoma cells cultured over (a, e) 

Control (TCPS), (b, f) Fmoc IKVAV, (c, g) Fmoc YIGSR and (d, h) conjugate hydrogel (Fmoc 

IKVAV+ Fmoc YIGSR), studied using DiOC3 and PI, after 2 days (panel 1) and 5 days (panel 

2). Scale bar for images is of 100μm. 

4.3.11 Proliferation studies 

The live-dead staining studies clearly demonstrated the increase in cell number with time, which 

was the outcome of active proliferation of the cells. The proliferating C6 and SHSY5Y cells 

were quantified by using Alamar blue assay. Alamar blue reagent has the capability to get 

reduced into a pink colored, fluorescent resorufin product. 
[33, 76]

 The conversion of Alamar blue 

salt is directly proportional to the number of metabolically active cells. The cells cultured over 

peptide hydrogels and control cells were treated with Alamar blue salt after 2 days and 5 days. 

The salt was allowed to interact with the active cells for the duration of 4 hrs. At the end of this 

duration, the supernatant media with the converted Alamar reagent, which is pink in color, was 

collected and fluorescence intensity was measured at 600nm. 
[77]

 The results suggested that 

fluorescence intensity with hydrogel treated C6 cells was relatively less than control after 2days, 

was found to increase significantly within 5 days and reached nearly equal to the control cells, 

after 5 days (figure 4.20). Interestingly, the fluorescence intensity has been increased 

significantly in C6 cells cultured over composite gels, indicating enhanced proliferation with 

mixed functionality. Similar, results were obtained for SHSY5Y cells, but instead of composite 

gels, Fmoc YIGSR showed the highest proliferation rates, after 5 days, live-dead studies 

showed no signature of dead cells. The relatively lesser proliferation rates might be indicative of 

dominant growth phases, having more number of cells in resting phase than division phase, 

which will be further explained in detail in cell cycle studies. The results of proliferation studies 

were in close association with biocompatibility assay and live/dead 2D cell culture results. The 

results suggested that these laminin based scaffolds hold great potential to promote proliferation 

of neural cells. 



Chapter 4 

 

164 
 

 

Figure 4.20 Proliferation studies using Alamar blue assay with (a) C6 glial cells and (b) 

SHSY5Y neuroblastoma cells cultured over the surface of laminin derived peptide gels, after 2 

days and 5 days. 

4.3.12 Neurite Extension 

We further evaluated the effect of laminin peptide gel scaffolds on the growth and morphology 

of neuronal cells. The neuron structure is composed of two basic parts, cyton (cell body) and 

neurites (the extensions from cell body, including axon and dendrites). A recent report by A. de 

Campo provides the evidence for the role of IKVAV peptide motif in regulating the neurite 

outgrowth and extension in the neural progenitor cells; however the active IKVAV peptide was 

used as adhesive motif. 
[78]

 In the similar direction, we demonstrated the role both the laminin 

peptides i.e. IKVAV and YIGSR, and their combined scaffolds in promoting neurite extension 

through self-assembled supramolecular gels, made solely of these peptides. The morphology of 

the C6 cells cultured on the surface of laminin peptide hydrogels was studied and length of axon 

was compared with control cells. After 24 hrs, the length of axon for control cells was found to 

be ~33±8μm. Very interestingly, the axonal length exceeded >70 μm for cells grown on laminin 

hydrogels. In corroboration to other studies, Fmoc YIGSR and conjugate hydrogels showed the 

maximum average length of ~87±27μm and ~80±14μm, respectively. While, with Fmoc 

IKVAV, ~74±16μm average axonal length was observed. Over the period of time, a significant 

increase has been observed in the axon length, after 48 hrs. 
[79]

 These results implied that 

enhanced axon length promotes more cell-cell interactions, which is also one of the functions of 

YIGSR laminin peptides.  For SHSY5Y cells, short spiny neurites are present in control cells 

which developed after 48 hrs. However, SHSY5Y cells grown over laminin hydrogels appears 

in rounded or pyramidal morphology upto 48 hrs (figure 4.21). Also the literature suggested that 

extended neurites indicate the differentiated cells, after which the proliferation is reduced. 
[80]
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Therefore, the neurite extension parameter appears to be less important at early time durations 

of culture (24-48hrs), in case of SHSY5Y cells.   

 

Figure 4.21 Axon length measurement of C6 cells grown over (a, e) control (TCPS) and 

different laminin derived peptide (b, f) Fmoc IKVAV, (c, g) Fmoc YIGSR and (d, h) composite 

gels, after 24 hrs (row 1) and 48 hrs (row 2). Red arrows mark the ends of axons extending 

from cell bodies of the cells. (i) Schematic representation of differential extensions of neuronal 

cells in the absence and presence of laminin derived peptide hydrogels. (j)  Average lengths of 

axons measured using Image J software by measuring 30 cells from each sample, after 24 and 

48 hrs. 

4.3.13 Immunofluorescence staining for neuronal marker: 

β-tubulins are the important structural component of micro-tubular compartment of the cells and 

have major roles in regulating cellular processes (mitosis, motility, etc). 
(81)

 Among different 

isoforms of β-tubulin, β-III tubulin expression is localized in neuronal cells and is used as a 

positive marker for normal neuronal activity. 
(82)

 In particular, β-III tubulin, have specific roles 

in neurogenesis, axon guidance and maintenance. 
(83)

 In similar line, we have explored the, β-III 

tubulin expression in the cells cultured over the laminin derived hydrogel matrix (Figure 4.22 

and 4.23). 
(45)  
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Figure 4.22 Immunofluorescence staining of neuronal marker β-III tubulin expressed in C6 

cells cultured over Control (TCPS), Fmoc IKVAV hydrogels, Fmoc YIGSR hydrogels and 

compoite Fmoc IKVAV and Fmoc YIGSR hydrogels, after 5 days. The red colour indicates the 

β-III tubulin stained with Alexa Fluor 555 and blue indicates nuclei stained with DAPI. Scale 

bar=10μm. 

The confocal
 
imaging revealed nearly similar response towards β-III tubulin staining in control 

cells grown on coverslip surface and cells cultured over hydrogels, for both C6 cells and 

SHSY5Y cells. In corroboration to results, obtained from other studies, Fmoc YIGSR hydrogels 

showed a highly dense aligned population of cells, having elongated morphologies with β-III 

tubulin spread throughout the cell body and axons (figure 4.22). While less stretched, more 

number of multipolar cells were observed in control, Fmoc IKVAV and conjugate hydrogels. In 

contrast to this, SHSY5Y cells showed clustered growth in control as well as with hydrogel 

scaffolds (Figure 4.22). However, Fmoc IKVAV and Fmoc YIGSR showed more dense clusters 

of SHSY5Ycells in comparison to control cells (Figure 4.23). It was also observed that 
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SHSY5Y cells cultured over hydrogel scaffolds showed directional growth of cytoskeleton with 

nucleus centered at one end, while control cells showed nucleus positioned in the center of the 

cytoskeletal network. These results in conjugation with proliferation studies suggested that 

laminin hydrogels promote neuronal cell growth with normal cellular functioning. The studies 

also provide evidence to develop such bioactive scaffolds for neuronal differentiation of stem 

cells, which can be useful in the treatment of many nervous system disorders. 

 

Figure 4.23 Immunofluorescence staining of neuronal marker β-III tubulin expressed in 

SHSY5Y cells cultured over Control (TCPS), Fmoc IKVAV hydrogels, Fmoc YIGSR hydrogels 

and composite Fmoc IKVAV and Fmoc YIGSR hydrogels, after 5 days. The red colour indicates 

the β-III tubulin stained with Alexa Fluor 555 and blue indicates nuclei stained with DAPI. 

Scale bar=10μm. 

4.3.14 Cell Cycle analysis: 
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It is expected that cells interact with functional matrices through certain cell surface receptors 

and trigger intracellular responses. The analysis of cell cycle may give direct information about 

the cell health. 
[84]

 To assess the intracellular effect of the laminin derived peptide hydrogel 

scaffolds, cell cycle analysis was performed using flow cytometry. 
[85]

 The cell cycle analysis is 

based on the quantitation of DNA using DNA binding dyes like propidium iodide. The principle 

behind this study is that cells in S phase will have a relatively higher content of DNA and it will 

have greater fluorescence intensity than G0-G1 phase cells. While the cells in G2-M phase will 

have exactly double DNA content than G0-G1 phase cells and thus will have double 

fluorescence intensity. 
[86]

 The results indicated the normal cell cycle for both the cell types (C6 

and SHSY5Y) cultured over laminin scaffolds, having phase distributions similar to that of 

control cells (figure 4.24).  

 

Figure 4.24 Flow cytometry analysis of cell cycle in (a-d) C6 cells and (e-h) SHSY5Y cells, 

after the treatment with different laminin peptides hydrogels diluted upto the concentration of 
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1000μg/ml, after 24 hrs. The percentage of cells present in different phases of cell cycle in (i) 

C6 cells and (j) SHSY5Y cells. 

This implies that the scaffolds are highly biocompatible and do not cause cell cycle arrest in any 

of the phases. In addition to this, the proliferation results can be well correlated with the cell 

cycle analysis. The G0-G1 phase is elevated in cells cultured over Fmoc YIGSR and composite 

gels, which indicated dominant growth phase. The G2-M phase in composite gels was also 

found to be nearly equal to the control cells, which indicated active proliferation of C6 cells, 

which can be directly correlated with the higher proliferation rates with composite gels (figure 

4.20 and figure S 4.24 a-d & i). However, lower intensity of G2-M phase in cells cultured over 

Fmoc IKVAV gels can be directly associated with their lower proliferation rates. However, in 

SHSY5Y cells, all peptide scaffolds exhibited lesser intensity of G2-M phase, which is 

indicative of almost equal or lesser proliferation rates than control cells. The Fmoc-IKVAV 

showed highest intensity G0-G1 phase, which marks the dominant growth phase and lower 

proliferation rates. The results depict the differential role of laminin derived scaffolds in 

controlling cell cycle through various intracellular pathways. In future, it would be interesting to 

gain in depth knowledge of intracellular responses by studying cell cycle specific markers, 

which would enhance the understanding of cell-matrix interactions and help to design more 

suitable biofunctional ECM mimics. 

4.4 Conclusions 

In this chapter, we have demonstrated the functional roles of laminin derived short peptides in 

controlling neuronal cell growth and proliferation. To the best of our knowledge, this is the first 

report on composite supramolecular hydrogels based on biologically relevant shortest laminin 

derived IKVAV and YIGSR peptides, without any polymeric scaffold. Such composite 

hydrogels offer the advantage of performing distinct functions of both laminin peptides by 

interacting with different receptors. Interestingly, the composite matrix showed the presence of 

self-sorted network of fibers, presenting both functional peptides for cell interaction, separately 

in a single scaffold. The entanglement of both networks strengthened the scaffold for inducing 

specific mechanical cues as well. Excellent recovery properties make them suitable candidates 

for their exploration as injectable gels. The short laminin derived peptide sequences were able 

to perform similar functions as that of laminin protein. The synthetic scaffold was highly 

biocompatible, promotes cellular proliferation and adhesion. The designer scaffolds were 

formed to demonstrate the crucial functions of whole native laminin protein and one of them is 
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neurite extension, which can be achieved by the short laminin peptide derived scaffolds. The 

results also suggested that laminin derived synthetic scaffolds do not hinder the normal 

functioning of cells, which was evidenced by the β-III tubulin expression and cell cycle 

analysis. However, Fmoc YIGSR hydrogels were found to show superior properties than that of 

Fmoc IKVAV, which was evident from the high stability of the gels and improved mechanical 

properties. This was further reflected in their biological properties as well. However, to develop 

a closer structural mimic of native laminin protein, we rely on mixing both bioactive motifs. 

The simple mixing can balance the overall hydrophobicities as well as can induce formation of 

highly entangled networks which could support adhesion and proliferation of biological cues, 

without relying on the covalent functionalization. We anticipate that simple co-assembly 

strategies will gain high importance in designing complex tunable bioactive materials, rather 

than complex covalent synthetic approaches. We speculate that many opportunities reside in 

such bioactive scaffolds to be developed for 3D encapsulation of cells within these gels. In 

future, such multifunctional bioactive scaffolds hold high potential to be explored in controlling 

stem cell differentiation and tissue regeneration. 

Note: 

 The permission has been granted by authors and corresponding author of the published 

paper prior to its adoption in the present thesis. The publication associated with this 

work is:  

 

Rashmi Jain, Sangita Roy, Controlling neuronal cell growth through composite laminin 

supramolecular hydrogels, ACS Biomater. Sci. Eng. (2020), Just accepted 
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5.1 Introduction 

As discussed in previous chapters, the previous chapters provides the overview of the role of 

extracellular matrix (ECM), which is a complex extracellular environment that provides 

structural support to the cells and regulates several important functions like cell growth, cell-cell 

interactions and tissue organization. 
[1,2]

 Self-assembling hydrogels possess great potential to be 

developed as substitute for native ECM owing to its capability of providing desirable 

environment for cell survival and biodegradation. 
[3, 4]

 Hydrogels can be tailored to closely 

mimic the physical properties, stiffness, and topography matching to that of natural ECM, but 

inducing complex cell-ECM interactions still remains a challenge. 
[5, 6]

  This cell-ECM 

interaction encodes huge amount of information, which determines the cell fate. 
[7]

 

Incorporation of bioactive cues majorly in the form of proteins derived from native ECM is the 

most versatile and facile strategy to promote cell-matrix interactions. 
[8] 

In nature, bio-molecules have remarkable ability to self-assemble into highly ordered well-

defined complex structures. 
[9]

 For example, collagen, the most abundant member of ECM 

protein family, has attracted considerable attention due to its functional significance, structural 

diversity and its excellent self-assembling properties. 
[10, 11]

 But, difficulties like thermal 

instability, relatively difficult isolation and specific modifications and possibility of 

contamination of collagen obtained from natural sources or by microbial expression have made 

synthetic collagen models a popular target of biomimetic design. 
[12]

 Inspite of having wide 

variety of structural organizations, all collagens shares a common primary structure. They are 

composed of distinct repetitive units of Gly-X-Y, where X and Y are usually proline and 

hydroxyproline. 
[13, 14]

 The characteristic triple helical structure of collagen is stabilized by the 

close packing of glycine and hydrogen bond formed between the amide proton of glycine and 

carbonyl group of nearby X-residue. 
[15]

 A classical report by Ramachandran and co-workers 

explained the role of hydroxyproline residues in stabilizing the collagen triple helix via 

additional H-bonding between hydroxyl group of hydroxyproline and water molecules. 
[16]

 

Further, self-assembly of triple helices provides mechanical strength and structural integrity to 

the body. 
[15]

 

Crucial advancements have been made in replicating the multi-hierarchical self-assembly of 

collagen and towards understanding the fundamentals of design of native collagen. To this 

direction, collagen mimetic peptides (CMP) have been evolved as the potential biomaterial for 

biomedical applications, like, tissue engineering, drug delivery, diagnostics and therapy, etc. 
[17-

21]
 Many approaches have been adapted to elucidate the driving forces of self-assembly in 
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synthetic systems mimicking the similar steps as that of natural collagen, but it still remains a 

challenge. 
[11]

 To overcome such challenge, researchers explored wide range of intermolecular 

interactions like electrostatic interactions, 
[11, 22, 23]

 π-π stacking, 
[24]

 hydrophobic interactions, 
[25]

 

π-cation interactions, 
[26]

 metal-ligand interactions 
[27-31]

 and triple helical nucleation 
[32]

 and 

accessed diverse higher order structures. 
[33, 34]

 Hartgerink and co-workers designed a 36-mer 

CMP which can mimic each step of multi-hierarchical assembly of collagen. However, their 

smart design included classical intermolecular interactions like H-bonding complemented with 

salt bridges between lysine and aspartate residues. The electrostatic interactions stabilized the 

triple helix in a sticky end assembly. 
[11, 12]

  

Based on basic repeating sequence Gly-X-Y, extensive efforts have been made to overcome the 

synthetic challenge in designing a collagen inspired protein (CIP). However, only a few short 

collagen mimetic peptide amphiphiles have been developed that possess the ability to form 

supramolecular hydrogels. 
[35, 36]

 For example, the octapeptide library of collagen inspired 

supramolecular hydrogelator was developed by Z. Yang et. al., having random coil 

conformation. The gel strength was found to match that of the matrix of the fibroblast cells and 

hence they were suitable for the growth of 3T3 cells. 
[37]

 Another recent report by Teckinay’s 

group demonstrated the collagen presenting scaffold based on octapeptide amphiphile having 

Pro-Hyp-Gly (POG) functional sequence, which forms β-sheets, were further explored for the 

prevention of progressive IVD (intravertebral disc) degeneration. 
[38]

 However, both these 

reports demonstrated self-assembling octapeptide sequences, which were the smallest length 

collagen mimetic peptides, reported so far. Hence, it would be extremely interesting to design 

even shorter peptides based on the native collagen structure (GXO), which would be easy to 

synthesize and can have the potential to achieve the similar structural complexity as well as 

functions of collagen. It was evident from earlier studies that attempts were directed to modify –

X or –O positions with charged amino acids, inducing additional electrostatic interactions for 

stabilizing collagen mimetic oligopeptide sequences. 
[13]

 As mentioned in earlier reports, the cis-

trans isomerization of prolines can have destabilizing effects on collagen assembly, so 

substitution of proline residues offers a target site for CIP modification and explore sequences, 

keeping the position of glycine and hydroxyproline residues constant. 
[39]

 

Moreover, the previous reports in the literature utilized single functional peptide sequence 

(collagen mimetic) to design a bioactive scaffold. 
[10-14]

 However, the complex hierarchical 

structure and composition of native ECM provide clues to incorporate multiple signals in a 

single homogenous scaffold which would provide synergistic cellular response. 
[40-43]

 Laminin is 



Chapter 5 

 

183 
 

another important class of extracellular matrix protein. Laminin is a heterotrimeric protein, 

mainly present in the basement membrane. As discussed in chapter 2 and 3, two most popular 

short peptide sequences, like, IKVAV which is present on the A-chain and YIGSR, present on 

the B-chain of native laminin protein, are identified to mimic the biological activity of the 

laminin protein. 
[44]

 Laminin has diverse biological roles including cell adhesion, migration, 

differentiation and growth. 
[44]

 However, a very few IKVAV and YIGSR based short laminin 

peptides showing classical role in controlling cell behavior. 
[44, 45]

 A report by Nisbet et. al., 

illustrated the minimalist Fmoc self-assembling peptide design using laminin derived IKVAV 

and YIGSR, along with fibronectin based RGD peptide for delivering cortical neural progenitor 

cells in mouse brain. 
[46, 47]

 In particular, the role of laminin peptides along with collagen IV has 

been widely studied for their nerve regeneration properties. 
[48-50]

 The role of multicomponent 

gels composed of isolated collagen, laminin, fibronectin and hyaluronic acid in neurite 

extension was shown by Schmidt et. al. 
[40]

 In the similar line, H. Iwata’s group showed the 

development of hydrogels composed of collagen and laminin derived cell adhesive peptides 

isolated from microbial genetic engineering for improved survival of neural cell. 
[51]

 To the best 

of our knowledge, no synthetic co-assembled multi-component oligopeptide gels inspired by 

collagen and laminin peptides have been reported in the literature. 
[52]

 The previous studies 

clearly explained that synthetic oligopeptide sequences derived from collagen and laminin 

individually show promising biological applications, and therefore, in combination, can present 

an exclusive bioactive scaffold, which can provide a more realistic model of ECM mimetic 

biomaterials for tissue engineering. The combined matrix can provide the necessary 

biochemical and biomechanical cues to different cell types. 

In this work, we take a step further to access the next hierarchical level of synthetic ECM. We 

have illustrated the design of Collagen inspired peptide (CIP), the shortest CIP sequence, 

containing only a single -GXO unit which makes it difficult to attain α-helical structures. 

However, this CIP structural mimic can self-assemble to form spherical aggregates but fails to 

induce higher order fibrillar network to form gel like structure. Interestingly, the incorporation 

of a very less quantity of laminin mimetic peptide (10% w/w) serves dual purpose. Initially, it 

acts as a nucleation center and induces gelation to the non-gelating self-assembling CIP through 

growth of organized nanostructures, in aqueous solvent. And secondly, it provides additional 

functionality to the scaffold for cell adhesion. The nanofibrillar structure of the co-assembled 

gels exhibited homogenous morphology, which indicates that the peptides formed co-assembled 

structures showing the β-turn like secondary structures. Further investigations were made to 

study the cell-matrix interactions which revealed that supramolecular co-assembled hydrogels 
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supported the adhesion, survival and proliferation of different types of cells. We aim to achieve 

the similar complexity of natural ECM within our designer self-assembled hydrogel domain, 

though they are the shortest CIP and LMP sequences designed so far which can mimic the 

functional attributes of large proteins. We envisage that this multicomponent co-assembled 

collagen and laminin mimetic peptide hydrogels based on molecular self-assembly can be 

developed as potential biocompatible platforms for presentation of biochemical functionality at 

nanoscale. 

5.2 Experimental Section 

5.2.1 Materials  

Fmoc (9-Fluorenylmethoxycarbonyl) protected amino acids, DIC (diisopropyl carbodiimide), 

piperazine, EDT (1, 2-ethandithiol), Anisole, Thioanisole were purchased from Sigma-Aldrich. 

Fmoc-Rinkamide MBHA resin (200-400 mesh), TFA (trifluoro acetic acid), Oxyma, 2-

Napthoxy-acetic acid, DMF (Dimethyl formamide) were purchased from Merck. 

5.2.2 Peptide Synthesis 

Designed collagen and laminin mimetic peptides were synthesized using standard Fmoc solid 

phase peptide chemistry by using Microwave Automated Solid Phase Peptide Synthesizer 

(Liberty Blue CEM, Matthews, NC, USA). Fmoc- protected amino acids were coupled on solid 

support Rinkamide resin at 0.1mmol scale. 2 equivalents of Fmoc-protected amino acids were 

coupled in the presence of 5 equivalents of DIC and 10 equivalents of oxyma. 20 % w/v 

piperazine/ DMF solution was used for Fmoc-group deprotection after each subsequent 

coupling. A cocktail mixture composed of TFA: Anisole: EDT: Thioanisole in the ratio of 95: 

2:3:5 was added for 3 hrs to cleave peptides from resin. The purity of cleaved peptides was 

checked using HPLC and found to be >99% pure and molecular weights were confirmed by 

LC-MS analysis. The peptides were purified using preparative HPLC, using CAN/water 

gradients in mobile phase. 

5.2.3 Critical aggregation concentration determination 

Formation of self-assembled aggregates of CIP and LMP peptides were determined by the 

Thioflavin T (Th T) fluorescence assay. Th T stock of 2.5 mM was prepared by dissolving 8mg 

in 10ml water. 200μl of stock was further diluted upto 50 ml to produce 10 μM working 

solution of Th T. The peptide stocks were separately prepared at the concentration of 0.1mM 

and 0.5 mM, which were added in different volumes, to 100μl of Th T working solution, to 

attain different peptide concentrations for studying aggregation. Similarly, for studying co-



Chapter 5 

 

185 
 

assembly, the Nap-FFGSO concentration was fixed at 5μM, to which different volumes of LMP 

stock solutions were added. The peptides were incubated for an hour with Th T, before the 

emission scan was recorded in the range of 450-600nm, using Tecan microplate reader with an 

excitation wavelength of 440nm.  

5.2.4 Hydrogel Formation 

Peptides were weighed individually and mixed in solid form and then dissolved in 10% DMSO 

of the total volume. After the complete dissolution of solid, the final volume was made up, by 

addition of MQ water. The mixture was vortexed and sonicated intermittently to form a uniform 

solution. The peptide solution was allowed to form gel and left undisturbed for 24 hrs, to ensure 

complete gelation. Throughout the studies, the collagen inspired peptide (Nap-FFGSO) was 

used at the concentration of 30mM along with 10% (3mM) of laminin mimetic peptides i.e Nap-

IKVAV and Nap-YIGSR in biconjugate gels. The minimum gelation concentration (MGC) of 

the co-assembled gels was assessed by inverted-vial method. 

5.2.5 Morphological Analysis 

5.2.5.1 Atomic Force Microscopy (AFM): Silicon wafers were cleaned and dried. The self-

assembled peptides were diluted upto 10 times and drop casted over the silicon wafer. After 3 

min, the excess solution is removed by the wicking action of filter paper. The air dried samples 

were scanned under ambient conditions using Bruker Multimode 8 scanning probe microscope 

operated in tapping mode with Nanoscope V controller and a J-scanner.  The AFM probe used 

was RTESPA-300 with the resonating frequency of 300 kHz. 

5.2.5.2 Transmission Electron Microscopy (TEM):  The diluted peptide gels were drop casted 

over the carbon coated copper grids and allowed to adsorb for 3 min. The excess sample was 

removed by using filter paper. 2% w/v uranyl acetate solution was used to stain the peptide 

nanostructures. The samples were then vacuum dried and TEM micro-graphs were recorded 

with a JEOL JEM 2100 with a Tungsten filament at an accelerating voltage of 200 kV. 

5.2.6 Rheological Measurements 

Viscoelastic properties of the nanofibrous co-assembled hydrogels were measured using 

oscillatory rheology with 50mm parallel plate geometry (Anton Parr MCR302). The co-

assembled hydrogel samples with 30mM collagen inspired peptide and 3mM (in biconjugate 

system) and 1.5 mM (in tri-conjugate system) of each laminin mimetic peptide were prepared 

and incubated for 24 hrs before measurements. The optimum strain values were obtained in the 

linear viscoelastic region by performing the amplitude sweep.  
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Further, the storage (G’) and loss modulus (G”) was recorded as a function of frequency sweep 

in the range of 0.1 to 100 Hz. The experiments were performed using a solvent trap to prevent 

any drying effect, at 20
0
C and temperature controlled with an integrated electrical heater. The 

measurements were repeated three times to ensure reproducibility, with the average data shown. 

5.2.7 Thixotropic Studies 

To explore the mechano-responsiveness of these co-assembled hydrogels, step-strain rheology 

was done. Before performing thixotropic measurements, we checked the recovery properties by 

mechanical shaking, which transforms the gel material into solution (sol) and its recovery into 

the self-supporting gel state upon resting, however, the time of reformation may vary for 

different peptide hydrogels. The initial strain values were fixed as 0.1 % within linear 

viscoelastic (LVE) region followed by 50 % strain which deforms the gel and transforms it to 

sol, as indicated by G′ < G″.  As soon as the stress is removed (strain 0.1%), the gel like 

character is recovered. Both, during deformation and recovery cycles, the frequency was fixed 

at 1 Hz. Three consecutive cycles each having 200 s deformation phase and 800 s recovery 

phase were carried out. The temperature was maintained at 20
0
C throughout the measurement, 

through an automated temperature controller. 

5.2.8 Secondary structure investigation 

5.2.8.1 Circular Dichroism (CD): CD measurements of all peptides were performed using 

Jasco J-1500 CD spectrophotometer maintained at 20
0
C through a water circulator. Spectra for 

all peptides were obtained between a wavelength of 195-310 nm with 1s signal integrations with 

a step size of 1 nm and a single acquisition with a slit width of 1 nm. A 0.1 mm quartz cuvette 

was used in which three repeated scans were compiled to generate the average spectra. The 

results were analyzed using the Jasco Spectra Manager. A baseline spectrum for 10% DMSO in 

water was recorded and subtracted from the observed CD spectra to find the actual resultant 

spectrum for each of the co-assembled gels. 

5.2.8.2 Fourier Transform Infrared Spectroscopy (FTIR): FT-IR spectra were recorded on an 

Agilent Cary 620 FTIR spectrophotometer. The spectra were taken in the region between 400 

and 4000 cm
-1

 with a resolution of 1 cm
-1

 and averaged over 64 scans. Spectra were background 

subtracted to correct for atmospheric interference. Samples were analyzed by mixing about 10% 

of lyophilized gels with KBr powder to form pellets. The background was collected using blank 

KBr pellet.  
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5.2.8.3 Thioflavin T binding assay: The fluorescence spectroscopy was performed on the 

Edinburgh spectrofluorometer (FS5) in a 1.0cm quartz cuvette, at 25
0
C. Th T stock solution 

(8mg in 10 ml PBS pH7.4 buffer) was freshly prepared and filtered through 0.2 μm syringe 

filters. The working solution was prepared by diluting stock solution (1ml to 50ml) with PBS 

7.4 pH. The fluorescence intensity was measured for 1ml of working solution by excitation at 

440nm (slitwidth 1nm) and emission at 482nm (slitwidth 1nm) with an average intensity of 5 

accumulations. For measuring the fluorescence intensity of peptide hydrogels, 1ml of working 

solution was titrated with 50μl of peptide hydrogels. For each sample, the spectra were recorded 

from 450 to 600nm, at room temperature. The final intensity for each sample was plotted after 

subtracting the ThT spectrum in 10% DMSO/water. 

5.2.8.4 Fluorescence Microscopy of Th T binding: The diluted peptide gels were mixed with 

Th T working solution (as prepared for Th T fluorescence spectroscopy) in 2:1 ratio and 

allowed to incubate for 5 min. 50μl of mixture was added on a glass slide and covered with 

coverslip. The image was observed by the Olympus BX53 fluorescence microscope and 

captured using Q-Capture Pro 7 software. The 40X lens was used to capture bright field images 

and the fluorescence images with the help of FITC emission filters (an excitation wavelength of 

490nm). 

5.2.9 Evaluation of co-assembly  

The Nap IKVAV peptide was fluorescently tagged with FITC (Fluorescein isothiocyanate) 

using standard coupling protocol.  In the absence of free N and C terminal, the FITC was 

coupled with Lysine side chain of IKVAV, under basic conditions, in the presence of excess 

DIPEA. 
[53]

 The tagged Nap IKVAV peptide was mixed with untagged Nap-FFGSO to form co-

assembled gel. The peptide solution was drop casted on a slide a co-assembly was visualized 

using fluorescence microscope.   

5.2.10 Solvent Exchange 

CIP/LMP co-assembled gels prepared at 30mM+3mM concentration in DMSO/water. After 24 

hrs of gel formation, 1ml of milli-Q water was added at the top of the gel and allowed to perfuse 

for 2 hrs. After 2 hrs the supernatant water is replaced by fresh water. Similar procedure was 

repeated upto 3 cycles. After this, the DMSO gel was used for FTIR analysis using Vertex 70v 

FTIR spectrometer (Bruker). Similarly, the solvent exchanged gels were analyzed for 

mechanical strength using rheometer. 

5.2.11 In vitro cell culture experiments 
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Cell culture experiments were performed with C6 glioma cells and L929 fibroblast cells. Cells 

were cultured using DMEM media with 10% foetal bovine serum (FBS), and 1% penicillin-

streptomycin antibiotic solution and were incubated at humidified chamber with 5% CO2 at 

37
0
C. 

5.2.12 Metabolic activity assay 

To assess the initial contact cytotoxicity of these peptides and quantify cell survival in the 

presence of peptides, an MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

assay was performed. For biocompatibility studies, 5000 cells were seeded in each well in a 96 

well plate and allowed to adhere for 24 hrs. The peptide stock solutions were prepared of 

5mg/ml (6.5mM) concentration in 10% DMSO/water. The peptide solutions were sterilized 

before treatment. Peptide stock solution was diluted upto 100μg/ml (0.13mM) and 1000μg/ml 

(1.3mM) with DMEM media, resulting in final DMSO concentration to 0.2% and 2% 

respectively, and added to the cells. The experiments were done in triplicates. For control, the 

cells were treated with 10% DMSO/water diluted with DMEM media upto 0.2% and 2% 

DMSO. After 4 hrs of treatment, the media was changed and MTT was added to the cells to 

check the viability of cells. MTT is a colorimetric assay reagent which converts into purple 

colored insoluble formazan upon activity with metabolically active cells. After 4 hrs of MTT 

addition, the supernatant media was removed and formazan crystals were dissolved in DMSO 

(100μl). The absorbance of each well was recorded using plate reader at 495nm wavelength. 

The % viability of treated cells was calculated with respect to control cells. To check the 

toxicity after long term treatment, the MTT assay was carried out after 24hrs, 48hrs and 72hrs, 

of treatment of 1000μg/ml (1.3mM) of peptide solution to both the cell lines. 

5.2.13 2D culture 

Prior to 2D cultures, the stability of gels was assessed for media exchange and long duration 

media perfusion. The gels were placed on coverslips and UV sterilized, after which the media 

was perfused to provide cells, a uniform environment. The sub-confluent monolayer cells were 

trypsinized using trypsinase (0.25%)–EDTA (0.02%) solution and resuspended in complete 

media. The cell density was counted using a haemocytometer. Then 1ml of cell suspension, 

having 10,000 cells/ml was added in each well of 6 well-plate. The cells were maintained at 

37
0
C with 5% CO2 and allowed to adhere. 

5.2.14 Live/Dead Staining 
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The standard protocol according to Live/Dead cell mediated cytotoxicity kit (Invitrogen) was 

used for differential fluorescent staining of live and dead cells. 4μl of DiOC18(3)   was diluted 

with 1ml of complete media (1:250 dilution) while 2μl of PI (propidium iodide) was diluted 

with 1ml of PBS buffer and filtered using 0.2μ filters. The cells were incubated with DiOC18(3) 

for 45 min in dark and then washed three times with PBS. Further, PI solution was added to 

wells and left for 20 min. At last three washes with PBS were performed and plates were 

visualized under confocal microscope under the green (480nm) and red (530nm) channels. 

5.2.15 Cell Proliferation Assay 

Proliferation of C6 cells and L929 cells were assessed by Alamar blue assay after 24 hrs and 48 

hrs of treatment.  To perform this assay, both the types of cells were seeded in 96 well plates at 

the cell density of 5X10
3
.  The gels were prepared according to the described procedure and 

diluted upto the concentration of 1000μg/ml (1.3mM) with culture media. The dispersed 

nanostructures were added to each well and incubated in 95% humidified incubator maintained 

at 37
0
C, with 5% CO2, for different time durations, with triplicates for each sample. The cells 

treated with blank 2% DMSO in media were used as negative control and the cells treated with 

Matrigel was considered as positive control. The media of each well was replaced with 100μl of 

fresh media with 10% Alamar blue reagent, after different time points (24 hrs, 48 and 72 hrs). 

The Alamar blue containing plates were further incubated for 4 hrs. At the end of the 

incubation, the 96-well plate was read by using micro plate reader (Tecan Infinite M Plex). The 

fluorescence intensity of Alamar blue was determined by excitation/emission of 530nm/600nm. 

The diluted solutions of peptide gel were used as controls and their fluorescence intensity values 

were subtracted from the corresponding cell embedded peptides. The data were statistically 

analysed by using GraphPad Prism 8.0 software. Two way-ANOVA test was applied on data 

obtained in triplicates (N=3) with 95% confidence level. The data was analysed using 

Bonferroni statistical test. The data having P values >0.01 were considered as non-significant.  

5.2.16 In vitro scratch wound assay 

Induction of wound healing ability of the bio-inspired peptide conjugates was tested by scratch 

wound assay, in vitro. L929 fibroblast cells and C6 glioma cells were passaged and diluted to 

the density of 10X103 and were seeded in a 24 well plate. The cells were allowed to adhere to 

and become 60-70% confluent. After that, a scratch was made and each well is treated with 

diluted peptide gels with 1000μg/ml concentration. The plates were placed in a microscope 

incubator (37
0
C/ 5% CO2). The plates were imaged using an upright Olympus microscope at 

10X magnification, at different time points. 
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5.3 Results and Discussion 

5.3.1 Peptide design 

The scaffolds designed with combination of multiple signals offer a synergistic effect on 

cellular response. To mimic the co-existence of collagen and laminin in native extracellular 

matrix, we designed multi-component hydrogel scaffolds composed of collagen and laminin 

derived functional short peptide sequences. 
[54, 55]

 To the best of our knowledge, it is the first 

time we demonstrate the minimalist approach for co-assembly of two different bioactive short 

peptides resulting in supramolecular gels, without any polymeric network utilization. Most 

interestingly, these are the shortest peptide sequence designed, so far, attempting minimal 

modification to the functional known sequence. The design of collagen inspired peptide 

sequence i.e. Nap-FFGSO was based on incorporation of the basic collagen motif, Gly-X-O, 

with aromatic dipeptide gelator, Nap-FF (napthoxy-diphenylalanine) in figure 5.1. In our 

design, 2nd position ‘proline’ was mutated with aliphatic amino acid, serine, with an additional 

hydroxyl group, which can facilitate the extensive H-bonding interactions in the aqueous 

solvent. The aromatic dipeptide, Nap FF is an excellent gelator and its gelation properties were 

well explored in the literature. 
[56-58]

 The evidences for the presence of aromatic amino acid 

residues in the native collagen can be found in the literature, which catalyzes the formation of 

stable fibril formation. It was proposed that such type of short non-helical peptides flanked at 

the terminals of long chain triple helix confers rigidity and stability to the more flexible 

collagen fibrils. 
[59]

 Although, a few reports on short IKVAV and YIGSR based peptides 

forming gels are available in the literature, in conjugation with an aliphatic chain, or polymeric 

network or additional amino acid sequences. 
[44-47]

 However, in combination to collagen inspired 

peptide, the pentapeptide sequences i.e. IKVAV (A) and YIGSR (B), derived from native 

laminin protein, were also synthesized with 2-nathoxyacetic-acid attached at their N-terminal 

end (figure 5.1). The variable side chains in the peptide backbone give rise to the variable 

intermolecular interactions (aromatic π- π interactions, hydrophobic interactions and H-

bonding) resulting in differential co-assembly, which further led to formation of different types 

of self-assembled structures. 
[60]

 The designed peptide sequences and their representative 

assembly mechanism is shown in figure 5.1 and 5.2. The peptides were synthesized using 

standard solid phase synthesis protocols. The purity of synthesized peptides was checked 

through HPLC and LC-MS. The compound was found to be >99% pure (table 5.1 and figure 

5.1). 
[61] 
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Figure 5.1 Molecular structure of CMP (collagen inspired peptide) (A) Nap-FFGSO and LMP 

(laminin mimetic peptides) (B) Nap IKVAV and (C) Nap YIGSR and their corresponding HPLC 

chromatograms.  

 

Figure 5.2 Schematic representation of co-assembly of CIP and LMP using 10% DMSO/ water 

as a solvent switch. 
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Table 5.1 Mass analysis of synthesized peptides using LC-MS.
 

 

 

 

 

 

 

5.3.2 Gelation studies 

It is expected that variable amino acid sequences in hydrophobic IKVAV i.e. A as well as 

hydrophilic YIGSR i.e. B, will induce differential intermolecular interactions (π-π, hydrophobic 

and H-bonding) with Nap-FFGSO, leading to differential co-assembly. These peptides were 

found to be insoluble in aqueous media owing to their extensive hydrophobicities, which 

prevent them from forming an organized network structure in water. Therefore, we employed a 

unique strategy of solvent switch to induce organized network in the peptide solution. This 

strategy involves the dilution of DMSO stock of peptides with water and the solution was 

vortexed until a uniform mixture was obtained. To investigate the differential self-assembling 

properties of collagen inspired peptide individually as well as their co-assembly with LMP, their 

critical aggregation concentration (cac) was determined using thioflavin T (Th T). 
[62]

 Th T is a 

fluorescent dye that binds to hydrophobic patches of amyloid fibrils. The intensity of Th T 

fluorescence is dependent on the concentration of aggregates. As the aggregation starts, more 

hydrophobic patches are exposed to the Th T dye and emission fluorescence intensity of Th T 

tends to increase. Addition of increasing concentration of peptides to a fixed 10μM 

concentration of Th T results in drastic increase in the fluorescence intensity, after a certain 

concentration, and that can be considered as cac. For individual peptides, the cac for Nap-

FFGSO, Nap-IKVAV and Nap-YIGSR was found to be ~10μM, ~2.5μM and ~2.5μM 

respectively (figure 5.3 a-c). This indicates that LMPs have higher aggregation propensity than 

Nap-FFGSO, as LMP’s aggregates at the lower concentrations. The induction of co-assembly 

after addition of LMP was assessed by adding the varying concentrations of LMP peptide to 

sub-aggregation concentration of Nap-FFGSO i.e. 5μM. It was observed that 1 μM of Nap-

IKVAV and 1.8 μM of Nap-YIGSR was able to induce aggregation in 5 μM of Nap-FFGSO 

(figure 5.3 d & e). The cac results suggest that the addition of LMP reduces the cac of Nap-

Peptides Calculated Mass (m/z) 

(Chem Draw) 

Observed Mass (m/z) 

(LC-MS) 

Nap-FFGSO 753.32 753.61 

Nap-IKVAV 712.43 712.66 

Nap-YIGSR 778.38 778.65 
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FFGSO because multiple interaction points were introduced by adding LMP in the solution, 

which helped in nucleation and growth of the co-assembled structures. This was further 

extended to gelation studies to achieve macroscopic gelation which is expected to result from 

higher order assembly of aggregated spherical structures.  

Figure 5.3 Critical aggregation concentration determination of individual peptides(a) Nap-

FFGSO, (b) Nap-IKVAV, (c) Nap-YIGSR and co-assembled peptides (d) Nap-FFGSO+A and 

(e) Nap-FFGSO+B using Thioflavin T dye. 

Table 5.2 Summary of gelation studies of collagen and laminin inspired peptides individually 

and in different combinations. 
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To prepare co-assembled gels, the peptides in different proportions were dissolved in 

DMSO/water to induce their gelation. The results for gelation studies are summarized in table 

5.2. The role of DMSO fraction in the system was well explained in a report by Adams and his 

group. 
[63]

 The report clearly states that lower DMSO fractions result in highly turbid solutions, 

initially, which clears out over the course of time. The increased turbidity was caused due to the 

formation of dispersed spherical structures, leading to phase separation. With time, the spheres 

act as a nucleation sites for the growth of fibrillar network, which can be correlated with the 

formation of gels. On the other hand, the higher concentrations of DMSO results in higher 

solubility with clear transparent solutions, which sometimes may fail to form gel. Our 

observations were consistent with the reported phenomenon, at 2% of DMSO fraction, a lump 

of the solubilized peptide was formed which takes longer time to get miscible with water, with 

the aid of vigourous agitation. As the peptide (with DMSO) dissolution proceeds in water, the 

solution becomes more turbid and results into gelation after complete dissolution. The images of 

gels with 2% DMSO were shown in inset of figure 5.4 a. While with 10 % DMSO, the stable 

translucent gels were obtained (inset of figure 5.4 b). The microscopic evaluation of the gels 

prepared in 2% DMSO/water was consistent with the previous studies that reports the formation 

of turbid gels with lesser amount of DMSO and forms mixed structures with spherical 

aggregates and discrete fibrillar structures in both Nap-FFGSO+A and Nap-FFGSO+B (figure 

5.4 a and b). In addition to this, longer vigourous agitations and lesser organised structures 

account for the lower mechanical strength of co-assembled CIP-LMP gels in 2% DMSO/water 

(figure 5.4 c and d). Therefore, we used 10% DMSO/water as a solvent for gelation of CIP 

peptides in further studies.  

Figure 5.4 Gelation studies of collagen and laminin inspired co-assembled gels in 2% 

DMSO/water with optical images and respective AFM microscopic images of gels of  (a) Nap-

FFGSO+A and (b) Nap-FFGSO+B;  (c) Rheology studies of gels prepared in 2% DMSO/water 

at the concentration of 30mM of Nap-FFGSO and 3mM of either Nap-IKVAV (A) or Nap-

YIGSR (B) and (d) Comparison to gel strength, when the gels were prepared in 10% 

DMSO/water and 2% DMSO/water. 
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The self-assembly of Nap-FFGSO alone was checked over a wide range of concentrations (upto 

100mM), but it failed to form gel even at higher concentrations. The probable reason for non-

gelating properties of Nap-FFGSO could be the improper hydrophilic-lipophilic balance in 

aqueous solvent, which plays an extremely important role in determining the intermolecular 

interactions between the peptide molecules and thus affects the self-assembling behaviour of 

short amyloid like peptides. Probably, the additional hydroxyl group of serine participates in 

preferential H-bonding with water molecules, which disturbs the gelator-gelator interactions and 

thus interrupts in the formation of higher ordered structures. Interestingly, when 30mM 

concentration of Nap-FFGSO was mixed with 10 % of either of the LMP’s (Nap IKVAV or 

Nap YIGSR), it resulted into the formation of self-supporting translucent to opaque gels (figure 

5.5). We also observed that the combination of 5% of each LMP when mixed with 30mM of 

Nap-FFGSO, the peptides showed the hierarchical structure formation leading to 

supramolecular gels (table 5.2 and figure 5.5). In order to develop a superior surrogate of 

natural ECM, such co-assembled supramolecular gels with short bioactive peptide sequences 

will be highly beneficial, which remain unexplored, so far in the field of tissue engineering. It 

was also interesting to know that the concentration of the laminin peptides used in the co-

assembled gels was just 10%.  

 

Figure 5.5 Optical images of (a) Nap-FFGSO as a soution and (b) Nap-FFGSO+A, (c) Nap-

FFGSO+B, (d) Nap-FFGSO+A+B as co-assembled gels in 10% DMSO/water. 

Surprisingly, it would be worth mentioning that at this low concentration, both Nap IKVAV and 

Nap YIGSR individually can induce well organized network structure, though none of these two 

peptides could lead to supramolecular gelation (figure 5.6). The minimum gelation 

concentration for Nap IKVAV and Nap YIGSR peptides separately was found to be 5mM in 

10% DMSO/water system (table 5.2).   The results indicated that addition of only a small 

quantity (~10%) of LMP, at their sub-gelation concentration, was able to induce gelation with 

non-gelator CIP scaffold via co-assembly.  
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Figure 5.6 AFM images of (a) Nap-IKVAV and (b) Nap-YIGSR at 3mM concentration. (c) FTIR 

spectra of LMP’s. 

To check the gelation ability of CIP’s in the presence of LMP’s, different ratios of both the 

peptides were tried, as a control. On decreasing the CIP concentration upto 20mM and 

increasing LMP concentrations for both peptides upto 4.5mM (i.e. 15% of 30mM CIP), results 

into gelation (figure 5.7 a, b, e & f). The probable reason for gelation at lower concentration of 

CIP is that the concentration of LMP’s reached near to their gelation concentration, which is 

5mM. However, 20mM CIP added with 3mM of either LMP or 1.5 mM of both LMPs (i.e. 10% 

of 30mM), failed to form gel (figure 5.7c and g). However, the Nap-FFGSO (20mM) + A 

(2.25mM) + B (2.25mM) forms stable gel, showing the presence of fibrous network (figure 5.7d 

& h). The optical images of all the gels with 30mM of Nap-FFGSO with 3mM of LMPs are 

shown in figure 5.4.  

 

Figure 5.7 Optical images of the control hydrogels with varied concentration of CIP and LMP 

peptide and their respective AFM images (a, e) Nap-FFGSO (20mM)+A (4.5mM), (b, f) Nap-

FFGSO (20mM)+B (4.5mM), (c, g) Nap-FFGSO (20mM)+ A(1.5mM )+B (1.5mM) and (d, h) 

Nap-FFGSO (20mM)+ A(2.25mM )+B (2.25mM). 
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We hypothesize that laminin peptides act as a nucleating site for self-assembly and thus trigger 

the growth of higher ordered structures. The nucleating centers further support the association 

of the peptides through extensive aromatic π- π interactions among CIP molecules. We expect 

that in addition to aromatic π- π interactions, the stronger hydrophobic interaction induced by 

IKVAV and additional intermolecular H-bonding domain in YIGSR facilitates the growth of 

nucleated nanostructures. Thus, addition of LMPs probably improves the hydrophilic-lipophilic 

balance of the system in aqueous environment by enhancing the intermolecular interactions, 

which could trigger supramolecular gels formation. 
[32]

 

5.3.3 Morphological characterization 

It is highly crucial to know the morphology of these co-assembled gels at nanoscale, as the 

variable topology is expected to induce differential cell-matrix interactions. Atomic Force 

Microscopy (AFM) was used to investigate the morphology of the nanostructures formed due to 

co-assembly (figure 5.8 a-d). As anticipated, the non-gelator Nap-FFGSO at 30mM 

concentration showed the random aggregate like morphology. As discussed earlier, at 3mM 

concentration, which is the sub-gelation concentration, both the LMPs i.e. A and B were unable 

to form gel but showed the presence of soluble fibrous morphologies. The LMP, A showed 

short fibrous structures with an average fiber diameter of 40 ± 4.5 nm, while LMP B forms thin 

long fibers with an average diameter of 28.7 ± 4.4 nm as evident from AFM studies (figure 5.5 

and table 5.3). The induction of gel formation in Nap-FFGSO upon addition of LMP at their sub 

gelation concentration was monitored using AFM. In the presence of A and B, the spherical 

aggregates formed by Nap-FFGSO completely disappeared, and the appearance of well ordered 

fibrous network in the co-assembled gels was observed which led to the formation of 

supramolecular gels. Interestingly, the dimensions of the conjugated gels were found to be quite 

different. The CIP with hydrophobic LMP derivative, A showed the existence of short length 

twisted nanofibers of diameter ~ 62 ± 4.8nm (figure 5.8 a-d and table 5.3), whereas CIP with 

hydrophilic LMP B formed fibers of much longer length, however, the fiber appears to be thin 

with a diameter of ~17 ± 2.3 nm. In the tri-component gels with both LMP, i.e. Nap-

FFGSO+A+B, the presence of fibers of variable lengths were observed with uniform diameter 

in the range of ~26 ± 3.1 nm. The morphological investigation clearly indicated that there were 

no distinct subpopulations of fibrils in co-assembled gels that might indicate the self-sorted 

assembly of mixed LMP peptides into mutually exclusive fibrils. 
[64]

 Therefore, it was assumed 

that the triconjugate peptides co-assembled to form homogenous fibrils with similar diameter. 

However, the length of the fibers is dependent on the laminin additive, as more hydrophobic 
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IKVAV derivative induces shorter length and wider fibers while the hydrophilic YIGSR 

derivative yield thin but longer fibrous network due to involvement of H-bonding interactions in 

aqueous solvents. The control gels, at 20mM concentration of CIP and 4.5 mM of LMP showed 

the presence of uniform fibers of shorter lengths, while 20mM of CIP with 1.5mM of each LMP 

showed aggregates like structure and 2.25mM of each LMP (equivalent to 4.5 mM of total LMP 

concentration) showed the formation of entangled fibrous network. The probable reason for the 

failure of gelation in Nap-FFGSO (20mM) + A (1.5mM) + B (1.5mM) was the lack of 

sufficient interactions which could support the growth of aggregate like nanostructures into 

fibers. 

Figure 5.8 AFM and TEM images of collagen and laminin co-assembled peptide hydrogels of 

(a, e) Nap-FFGSO (30mM), (b, f) Nap-FFGSO (30mM)+A (3mM), (c, g) Nap-FFGSO 

(30mM)+B (3mM) and (d, h) Nap-FFGSO(30mM)+A (1.5mM)+B (1.5mM). 

Table 5.3 Comparison of morphologies of different nanostructures and the diameter of 

nanofibrous network of collagen-laminin co-assembled hydrogels.  

Peptide composition  Morphology  Diameter (nm) 

AFM TEM 

Na-FFGSO  Aggregates  --   

Nap-IKVAV Fibers 40 ± 4.5  35± 3.1 

Nap-YIGSR Fibers 28.7 ± 4.4 20 ± 2.3 

Na-FFGSO+ A  Short fibers  62 ± 4.8  38 ± 5.6 

Nap-FFGSO+ B  Long entangled fibers  17 ± 2.3  8 ± 2.7 

Nap-FFGSO+ A+ B  Mixed fibers (long and short)  26 ±3.1  10.5 ± 2.3 
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The presence of fibrous structures further confirmed the formation of co-assembled gels (figure 

5.6). To further confirm the morphology of the co-assembled peptides, transmission electron 

microscopy was performed (figure 5.8 e-h and table 5.3). Similar morphologies were also 

evident from TEM studies. As evident from AFM, the Nap-FFGSO formed spherical structures, 

which are incapable of entrapping water and thus cannot form gels. In corroboration, to AFM, 

Nap-FFGSO+ A showed short fibers of diameter in the range ~38 ± 5.6nm, and Nap-FFGSO+B 

forms long fibrous network with ~ 8 ± 2.7nm diameter. Also, Nap-FFGSO+A+B showed mixed 

length fiber population, but interestingly their diameter was in the similar range of ~10 ± 2.3nm. 

TEM and AFM confirmed the formation of nanofibrous structures after co-assembly which 

could potentially support the three dimensional gel network for further applications. 

5.3.4 Mechanical strength evaluation 

Matrix stiffness of the gels shows a prominent effect on cell processes such as adhesion, 

proliferation and differentiation. Hence, it is necessary to assess stiffness of hydrogel matrix to 

determine the behavior of developed biomaterials in tissue engineering applications. The 

mechanical strength of all the three co-assembled supramolecular gels was measured using 

oscillatory rheology. Higher storage modulus (G’) in comparison to its corresponding loss 

modulus (G”) for all the co-assembled systems confirmed the gelation. During amplitude 

sweep, the equilibrium storage moduli of all the gels remained in linear viscoelastic region upto 

0.1% with minimal variation upto 10% strain and decreased significantly above 10%. This 

means that the gels retained elastic properties upto 10% strain and above that loses its elastic 

nature. Mechanical strengths of co-assembled gels were further assessed using frequency sweep 

mode, keeping the strain constant as 0.1% in the linear viscoelastic region. However, no 

considerable difference in the gel strength was noted for Nap-FFGSO + A and Nap-FFGSO + 

A+ B, which showed G’ in the range of 1.3 ±0.2 kPa and 0.7±0.1 kPa respectively (figure 5.9 a 

& b). But, Nap-FFGSO + B showed relatively higher storage modulus i.e. 3.7±0.3 kPa, in 

comparison to other two systems. The probable reason for the relatively higher strength of Nap-

FFGSO + B could be the favorable H-bonding interactions between the hydroxyl groups of 

Nap-FFGSO and Nap YIGSR in aqueous system. 
[65]

 Very interestingly, the higher mechanical 

strength of the gels can be further correlated with the thinner fiber diameters of Nap-FFGSO + 

B with more entanglements leading to the strongest gels of the co-assembled CIP and LMP gel 

family. 
[66]

 It was noted that the mechanical strength of these co-assembled gels was much 

higher than the short collagen inspired hydrogels reported by Z. Yang et. al., which reports 

storage modulus in the range of <1 Pa to <50 Pa. 
[37]

 Similarly, the storage modulus of gels 
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reported in our work was also comparable or greater than short collagen peptide amphiphile gels 

reported by Teckinay and his group. They showed the storage modulus of Col-PA/E-PA in the 

range of 1 kPa while we showed the storage modulus in the range of ~1kPa to ~4 kPa for the 

CIP-LMP co-assembled gels. 
[38]

 Thus, the co-assembled systems offer an advantage to adjust 

the mechanical stiffness of the nanofibrous hydrogels by modulating the nature of the dopant 

peptide as well as the concentration of the individual peptide components. 

 

Figure 5.9 Mechanical strength measurements of co-assembled peptide hydrogels (a) 

Frequency sweep graph of Nap-FFGSO with LMP A and B (b) comparison of corresponding 

storage and loss modulus. 

5.3.5 Mechanoresponsiveness studies  

To get an insight into another important aspect, i.e. injectable behaviour of these gels, the 

hydrogels were subjected to different extent of mechanical stress, which is crucial for their 

biomedical applications. 
[67]

 The thixotropic studies were performed to study reversible gel-sol-

gel transitions by applying external mechanical stress in a cyclic manner. 
[68]

 The gels were 

deformed by applying the strain of 50% for 100s followed by decreasing the strain upto 0.1% 

(LVE range) for 200s which allows the recovery of the structure of gels. 
[69]

 We observed 

significant difference in the percentage recovery of co-assembled gels, depending upon the type 

of laminin peptide added. The weak gels formed by Nap-FFGSO+A showed the highest 

recovery of ~50%. However, under similar experimental conditions, Nap-FFGSO+B and Nap-

FFGSO+A+B showed comparatively lesser recovery ~10 % and 25 % respectively (figure 

5.10). We hypothesize that the lesser recovery of Nap-FFGSO with hydrophilic laminin peptide 

may be attributed to compromised H-bonding interactions due to loss of water during 

deformation. However, in case of Nap-FFGSO+A, the hydrophobic interactions were restored 

faster. 
[70]

 Therefore, the thixotropic studies reveal that these co-assembled systems can be 

developed as potential injectable biomaterial for cell culture and drug delivery applications. 
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Figure 5.10 Thixotropic behaviour of (a) Nap-FFGSO (30mM)+A (3mM), (b) Nap-FFGSO 

(30mM)+B (3mM) and (c) Nap-FFGSO (30mM)+A (1.5mM)+B (1.5mM) at 50% strain for 

100s followed by recovery at 0.1% strain for 200s and (d) comparison of corresponding 

percentage recovery after 100s. 

5.3.6 Secondary structure investigation 

To assess the intermolecular interactions involved in the formation of secondary structures, 

several spectroscopic techniques were employed. Circular dichroism (CD) is a powerful tool to 

elucidate the molecular arrangements of peptides and provides information regarding self-

assembled supramolecular structures in the gel phase. 
[71] 

For a non-gelator, Nap-FFGSO, no 

characteristic CD signal was observed, which also correlates with its morphological analysis 

indicating the absence of any highly ordered hierarchical organization (figure 5.11a).  The CD 

spectrum of all the three co-assembled gels showed a positive band near 195 nm, a negative 

peak in between 205-210nm, a broad positive band near 217nm with an additional negative 

peak or broad band near 230 nm (n- π* transition) indicating the existence of β-turns as the 

major secondary structures (figure 5.11a). 
[71]

 The negative cotton effect in co-assembled gels 

induces helical orientation of the naphthalene groups, as evidenced by the distinct peak maxima 

at 288nm. 
[72]

 The peak corresponds to the π- π* transition of naphthalene moiety. The single 

type of characteristic signal in Nap-FFGSO+A+B also indicates that homogenous structures 

were formed via co-assembly and there has been no sign of self-sorting of different peptide 

fibers. Such observation again correlated well the morphological analysis of the tri-component 

co-assembled gels which showed existence of single population of homogenous fibers 

throughout.  

To further investigate the H-bonding interactions in the peptide secondary structures, FTIR 

spectroscopy was employed (figure 5.11b). 
[73, 74]

 The coupling of H-bonding between carbonyl 

and NH group of peptide backbone resulted in enhancement of signals in amide I region (1600-

1700cm
-1

). For all the peptide systems in our studies, a transmittance at ~1645cm
-1

 and ~1680 

cm
-1

 were observed which is indicative of ‘β-turns’ conformation in the structures (figure 

5.11b). 
[73, 74]

 The FTIR spectra of LMP’s (Nap IKVAV and Nap YIGSR) alone showed the 



Chapter 5 

 

202 
 

presence of β-sheet structure, supporting the fibrous morphology (figure 5.6 c).  The FTIR 

results support the CD analysis, as both the techniques indicated the formation of β-turns in the 

co-assembled gels. 

Figure 5.11 Secondary structure investigation of co-assembled hydrogels prepared 30mM 

concentration of CMP and 10% LMP (3mm) using (a) CD spectroscopy and (b) FTIR 

spectroscopy and (c) Th T binding assay through fluorescence spectroscopy.    

Further, to authenticate the secondary structures within these gels, Thioflavin T (Th T) binding 

assay was carried out. Th T is a widely used tool for the detection of cross β- structures as 

formed by the amyloid fibrils. Interestingly, the Th T binding is mediated by contacts through 

aromatic residues in the hydrophobic pockets. 
[75]

 As analyzed by CD and FTIR, the β-turn 

secondary structures were formed by the co-assembly of CIPs and LMPs which also exhibits Th 

T binding (figure 5.11c). The Th T binding with the aromatic residues of these peptides is 

marked by the enhancement in fluorescence intensity of emission peak at ~480 nm. 
[75]

 The 

relative enhancement with Nap-FFGSO+A and Nap-FFGSO+A+B were found to be 

comparatively higher than Nap-FFGSO+B. The more hydrophobic nature of IKVAV in 

comparison to YIGSR might create more hydrophobic pockets and thus relatively higher 

increment in the Th T fluorescence intensity was observed (figure 5.11c). The Th T bound 

amyloid like fibrils can be examined using fluorescence microscope (figure 5.12). In all the 

three co-assembled, the fluorescent fibrous patches can be observed, which confirmed the 

amyloid like behavior of supramolecular assemblies formed from short peptide sequences 

derived from collagen and laminin. 
[76, 77]
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Figure 5.12 Fluorescence microscopic images of Thioflavin T bound with co-assembled peptide 

hydrogels (a) Nap-FFGSO + A, (b) Nap-FFGSO+B and (c) Nap-FFGSO+A+B. 

5.3.7 Evaluation of co-assembly 

To get an insight into the molecular arrangement of two different peptides during co-assembly, 

the fluorescent tagging approach was used. One of the two co-assembling peptide was tagged 

with fluorophore i.e. FITC. In the absence of free fluorophore binding site (i.e. -NH2 or -COOH 

group), Nap-FFGSO could not be fluorescently coupled and therefore Nap-IKVAV was 

selected to be coupled with FITC. Both the peptides were dissolved in 10% DMSO/water and 

co-assembled structures were observed under fluorescence microscope. Initially, non-

fluorescent aggregate like structures were observed with embedded fluorescent peptides within 

it. With time, the peptides align in the form of fibers (figure 5.13). The presence of fluorescent 

patches throughout the length of the fibers was observed. This clearly reveals that the two 

peptides are supramolecularly arranged to form a single type of fibers, thus avoiding self-sorted 

fiber formation. 
[78]

 We hypothesize that due to less hydrophobicity of LMP peptides, their 

faster gelation kinetics in aqueous solvent can be observed, leading to the formation of 

nucleation centers (short fibrous structures) for the further self-assembly of Nap-FFGSO. 

 

Figure 5.13 Images of co-assembled peptides with (a) bright field, (b) fluorescence and (c) 

merged image of bright field and fluorescence showing localization of fluorescent Nap-IKVAV 

along the non-fluorescent Nap-FFGSO peptide fiber. 
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5.3.8 Solvent Exchange  

It is expected that 10% DMSO in gels can be detrimental to biological applications like cell 

culture. A report by T. Eljezi, showed the effect of different concentrations on the proliferation 

of cells. This report suggests that DMSO concentrations above 1% can reduce the cell 

proliferation significantly. 
[79]

 However, the tunabilibity achieved using solvent switch is highly 

appreciable. Therefore, to eliminate the deleterious effects of solvents, we considered solvent 

exchange method post-gelation, which was earlier shown by Dave Adams and co-workers. 
[80]

 

The CIP-LMP gels (30+3mM) were initially prepared in 10% DMSO/water according to the 

procedure described. Post-gelation, 1ml of milli-Q water was added gently at the top of the gel 

and allowed to exchange with the solvent entrapped in gel network for 2 hrs. The supernatant 

aqueous layer was removed without disturbing the gel. Subsequently, the similar exchange was 

done three more times. The gels remain intact after the three cycles of solvent exchange. The 

removal of DMSO was confirmed by FTIR which was indicated by the diminished sulfoxide 

peak at 1020 cm
-1

, in comparison to sharp peak present in 10% DMSO as control (figure 5.14 

a). 
[80]

 It was important to evaluate the effect of solvent exchange on the mechanical strength of 

the gels, so we carried out rheology of solvent exchanged gels (figure 5.14 b). A reduction in 

mechanical strength was observed after solvent exchange, but gels retain their structural 

integrity. For Nap-FFGSO+A and Nap-FFGSO+B gels, the mechanical strength reduces to 0.8 

± 0.1 kPa from 1.3± 0.3 kPa and 2± 0.3 kPa from 3.7± 0.3 kPa, respectively. However, for Nap-

FFGSO+A+B gels do not show very significant reduction in storage modulus and showed 0.5± 

0.06 kPa after exchange in comparison to 0.7± 0.1 kPa without exchange. Interestingly, the 

mechanical strength of the gels remained higher, even after solvent exchange, in comparison to 

the previously reported short collagen mimetic peptide hydrogels. Similar exchange can be done 

with cell culture media in order to make these gels more suitable for cell culture applications. 
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Figure 5.14 Solvent exchange of gels prepared at concentration of 30mM Nap-FFGSO and 

3mM of LMP in 10% DMSO/water   (a) FTIR spectra of CIP-LMP gels after solvent exchange 

showing diminished sulfoxide peak at 1020 cm
-1

   and (b) Rheology measurement of gels without 

and after solvent exchange. The measurements were done after three consecutive cycles of 

solvent exchange with water. 

5.3.9 Metabolic activity assay 

Cytotoxicity studies are pre-requisite criteria to assess the suitability of these CIP/LMP co-

assembled peptide gels as biomaterials. 
[81]

 The short duration treatment (4hr) was performed to 

assess the initial contact cytotoxicity of peptides with the cells. 
[82]

 The colorimetric MTT assay 

was performed quantitatively to determine the number of metabolically active cells after 

treatment with respect to control cells (figure 5.16 and 5.18). The mouse fibroblast L929 cells 

and rat glioma C6 cells were seeded in 96 well plates and allowed to adhere for 24hrs. The cells 

were then treated with different concentrations i.e. 100μg/ml (~0.13mM) and 1000μg/ml 

(~1.3mM) of soluble peptides for 4 hrs to check the cytotoxicity of these peptides. 
[83]

 The 

reason for using sub-gelation concentrations for cytotoxicity studies was that the previous 

reports suggested that oligomeric lower order self-assembled structures of amyloid peptides are 

more toxic to cells than the higher ordered self-assembled fibrous network. 
[84]

 Moreover, the 

dilution of peptide stock (5mg/ml or 6.5mM) also reduces the DMSO content to 0.2% in 

100μg/ml and 2% in 1000μg/ml, which further reduces the chances of toxicity due to DMSO. 

The presence of soluble self-assembled structures in the diluted peptide solutions at 

concentration of 100μg/ml (0.13mM) and 1000μg/ml (1.3mM) was confirmed by using AFM 

(figure 5.15).  

 

Figure 5.15 AFM images of 5mg/ml (6.5mM) stock diluted to (a) 100 μg/ml (0.13mM) and (b) 

1000μg/ml (1.3mM) peptide concentration. 
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The control cells were treated with 10% DMSO containing media with similar dilution (0.2% 

and 2%). The results suggest that peptides does not affect the metabolic activity of the cells; 

however, the percentage of viable cells was relatively higher with L929 cells in comparison to 

C6 cells. With both the cell types, CIP alone (Nap-FFGSO) showed more than 100% cell 

viability, which might be due to promoted proliferation (figure 5.16). The biocompatibility of 

the co-assembled gels was found to be inversely proportional to the hydrophobic nature of the 

resulting gels. Among all the three co-assembled gel systems, the most hydrophobic sequence, 

Nap-FFGSO+ A resulted in a comparatively less cytocompatible matrix, which showed nearly 

80% viability with L929 cells and nearly 60% for C6 cells at 1000μg/ml (1.3mm) concentration 

(figure 5.16 a and b). The greater hydrophobicity of IKVAV which leads to the formation of 

shorter length fibers may not provide uniform network structure for adherence of cells, which is 

likely to affect its interaction with cells and makes it comparatively less cytocompatible. In 

contrast, the hydrophilic Nap-FFGSO+ B induces less toxicity to the cells with ~90% viability 

of C6 cells and 93% viability of L929 cells, at 1000μg/ml concentration of peptide. However, 

doping of hydrophobic A (5%) with Nap-FFGSO+B, in a triconjugate gels, metabolic activity 

of cells was found to be reduced than Nap-FFGSO+B, which becomes ~70% for C6 cells and 

~84% for L929 cells. We also checked the morphology of cells after the treatment of peptides 

and it was observed that cells retain their healthy morphology and remain unaffected by the 

treatment even at higher concentrations i.e. 1000μg/ml (1.3mM) (figure 5.17).  

 

Figure 5.16 Cytotoxicity studies of collagen inspired peptide and its co-assemblies with laminin 

mimetic peptides at the concentration of 100μg/ml (0.13mM) and 1000μg/ml (1.3mM) with (a) 

C6 cells and (b) L929 cell lines, using MTT. 
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Figure 5.17 Cytotoxicity studies: microscopic images of (a) C6 cells and (b) L929 cells as (i 

and vi) control (TCP) and after treatment with (ii and vii) Nap-FFGSO, (iii and viii) Nap-

FFGSO+A, (iv and ix) Nap-FFGSO+B and (v and x) Nap-FFGSO+A+B at 100μg/ml (0.13mM) 

and 1000μg/ml (1.3mM) concentrations, after 4 hrs of treatment. 

Further, to check the long term cytotoxicity of the peptides, the metabolic activity assay after 

the treatment of 24hr, 48hr and 72hrs was also performed with both C6 and L929 cells (figure 

5.18). The concentration used for the treatment was 1000ug/ml (1.3mM). The cell viability of 

more than 80% was observed even after 72hrs for all the peptides except for Nap-FFGSO+A, 

which showed ~70% cell viability upto 72hr. The cytotoxicity study results suggested that the 

peptides were relatively more compatible with L929 cells than C6 cells.   
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Figure 5.18 Cytotoxicity studies of CIP-LMP peptide self-assembled structures with (a) C6 

cells and (b) L929 cells when treated with peptide concentration of 1000μg/ml (1.3mM) for 24 

hrs, 48 hrs and 72hrs. 

5.3.10 2D cell culture  

Prior to assessment of these co-assembled gels as substrate for cell culture applications, we 

checked the integrity of these gels by exposing them to cell culture media. The perfusion of 

self-assembled gels with culture media also replaces the organic co-solvent (DMSO) used 

during gelation procedure. 
[85]

 The pre-formed hydrogels prepared in 10% DMSO/water were 

spreaded uniformly over a coverslip and allowed to set for 24 hrs. The cell culture media was 

added on the top of the gels and kept for perfusion for next 24 hrs, after which the media was 

replaced. After several washes with culture media, all the three co-assembled gels retained their 

integrity and remain adhered on the surface of coverslips. It was also expected that the washings 

with media would reduce the DMSO content of gels and results in better cytocompatability. 
[86]

 

The gels showed excellent stability upto 7 days which can offer a biocompatible bioactive 

scaffold for cell culture applications. 
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Figure 5.19 Microscopic evaluation of 2D cultured C6 cells (a-h) and L929 (i-p) cells over 

collagen laminin co-assembled gels after 24hrs using phase contrast microscopy and 

fluorescence microscopy.  

Further, these co-assembled hydrogels containing the functionality similar to both collagen as 

well as laminin proteins were employed for the 2D cell culture applications. 
[87]

 Mouse 

fibroblast L929 and rat glioma C6 cells were seeded onto the surface of each co-assembled gels 

(10,000 cells/ well in a 6-well plate). For control, the cells were seeded on untreated coverslip. 

After 24 hrs of seeding, cell adhesion was observed with cells adapting the polyhedral or 

spindle shapes (figure 5.19). Live/dead staining was performed after 24, 48 and 72 hrs after 

seeding (figure 5.19, 5.20 & 5.21). The cell density on the co-assembled hydrogels was found to 

be comparatively less in comparison to control cell culture surface, but the healthy morphology 
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was retained, similar to that of control. The probable reason for this difference in cell density 

may arise due to unfamiliar microenvironment, on which they are grown. Initially, cells may 

take time to adapt to their microenvironment and prolonged cell survival can be observed.  
[85]

 

Interestingly, after 24 hrs, no dead cells were found (figure 5.19). The cultured cells were 

checked for viability after 48 hrs and 72 hrs using confocal laser microscopy. All the co-

assembled gels were highly biocompatible upto 72 hrs. In corroboration with MTT results, the 

CIP in combination with hydrophilic laminin derivative, i.e. Nap-FFGSO+ B, which showed 

thin-entangled long fibrous network exhibited excellent biocompatibility, with a negligible 

number of dead cells, for both the cell lines (C6 and L929) even after 72 hrs (figure 5.20 and 

5.21), whereas Nap-FFGSO+A showed very few dead cells which might probably due to the 

hydrophobic nature or IKVAV and also shorter fiber lengths might not provide proper support 

to the growing cells. 
[88]

 For both the cell types, the Nap-FFGSO+A+B gels resulted in 

enhancement of cell density after 72 hrs along with the distinguished cell morphology. 

However, in case of Nap-FFGSO+A and Nap-FFGSO+B, the clusters of C6 cells were observed 

which indicates the dominant proliferation phase of the cells, after 72 hrs. 
[40]

  

 

Figure 5.20 Confocal laser scanning microscopic images using C6 cells showing live (green) 

and dead (red) cells cultured over (a and e) plastic (control), (band f) Nap-FFGSO+A gels (c 

and g) Nap-FFGSO+B gels and (d and h) Nap-FFGSO+A+B gels after 48 hrs and 72 hrs 

respectively. 
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In contrast to this, L929 cell density has been relatively increased after 72 hrs, in comparison to 

48 hrs, indicating growth phase. The above difference in cell growth and proliferation of 

different cell types with different peptides clearly shows the differential interaction of each co-

assembled gels with the cells. The probable reason for such differential behavior is variable 

mechanical stiffness and morphology of the hydrogels, along with its biofunctional moieties. 

We believe that the positive charge of lysine and arginine residues in IKVAV and YIGSR on 

the co-assembled peptide gels surface is likely to interact with the negative surface of cells and 

provides suitable cell-matrix interactions. 
[89, 90]

 Thus the 2D culture observations clearly 

indicated that these collagen and laminin mimetic peptide co-assembled gels promote cell 

adhesion and proliferation and might result in prolonged cell viability. 

 

Figure 5.21 Confocal laser scanning microscopic images using L929 cells showing live (green) 

and dead (red) cells cultured over (a and e) plastic (control), (band f) Nap-FFGSO+A gels (c 

and g) Nap-FFGSO+B gels and (d and h) Nap-FFGSO+A+B gels after 48 hrs and 72 hrs 

respectively. 

5.3.11 Cell Proliferation and Migration Studies  

The cell proliferation behaviour of C6 cells and L929 cells in the presence of co-assembled 

CIP/LMP peptides was quantified by using Alamar blue reduction at different time points. 
[91]

 

Alamar blue is a resazurin based colorimetric reagent, widely used for quantification of 

metabolically active cells, without interfering the viability of the cells, over the period of time. 
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[92]
 The matrigel was used as positive control to compare the bioactivity of our peptide 

hydrogels.  The results suggested that there was a slight difference in the cell viability of all the 

three co-assembled gel systems after 24hr, 48hrs, and 72hrs as indicated by nearly similar 

fluorescence intensity of reduced Alamar blue (figure 5.22 a and b). On comparing the 

proliferation of cells treated with matrigel with the CIP treated cells, it was found that Nap-

FFGSO showed higher proliferation rates than matrigel. While other CIP/LMP combined 

peptides showed relatively similar proliferation rates to that of matrigel, which indicates the 

equivalent bioactivity of our developed peptides. The results reveal that our peptide gels showed 

comparatively better bioactivity than commercial matrigel in promoting proliferation. In 

comparison to control, all the peptide treated cells showed relatively higher intensity, at all the 

three time points. It was also observed that the Nap-FFGSO+B showed statistically significant 

proliferation from 24 hr to 72 hrs, while matrigel treated cells does not show statistically 

significant difference in the proliferation rates of the cells. This difference was more prominent 

with L929 cells. This indicates that our designed peptides were non-cytotoxic and promoted 

proliferation of both types of cells owing to its dual functionality. The results were in agreement 

with live/dead assay, which indicated increased live cell density in the confocal images of 

treated cells (figure 5.20 and 5.21). 

Figure 5.22 Proliferation studies of (a) C6 cells and (b) L929 cells after treatment with positive 

control as matrigel and different co-assembled CIP - LMP gels diluted to concentration of 

1000μg/ml (1.3mM), after 24 hrs, 48hrs and 72 hrs, using Alamar blue reagent. Data is 

represented as mean±SD with N=3 indicating p ≤ 0.0059 for ** , p ≤ 0.003 for *** and p ≤ 

0.0001 for ****. 

The proliferation was visually studied by migration studies. Proliferation followed by migration 

is an important phenomenon for wound healing and this wound healing capability of co- 
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assembled nanostructures were assessed by in vitro scratch assay. 
[93]

 This assay is based on the 

creation of artificial gap in the monolayer of cells which was filled by the migration of 

proliferating cells present at the edges of the gap. 
[94]

 The cell suspension with soluble peptide 

nanostructures were seeded in 48 well plates. When the 60-70% confluency was reached, a 

scratch was made using a sterile micropipette tip. The movement of proliferated cells towards 

scratched region was visualized at different time points, as indicated by the region covered by 

box in the images in figure 5.23 and 5.24. After 24 hrs, very few numbers of cells invaginate 

into the marked region. However, in comparison to control (without treatment), the treated wells 

showed no significant difference in migration rates (figure 5.23 and 5.24). 

 

Figure 5.23 Proliferation and migration response of C6 cells in the presence of diluted peptide 

gels, assessed by microscopic images of scratched region after 0 hr, 24 hrs and 48 hrs time 

points after treatment with (a) control (2% DMSO/water, blank), (b) Nap-FFGSO+A, (c) Nap-

FFGSO+B and (d) Nap-FFGSO+A+B at concentration of 1000μg/ml (1.3mM). 
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The treated cells remain adhered and retain their healthy morphology, even after 48 hrs. In 

corroboration with cell viability assay results and live/dead microscopic assessement, the 

hydrophilic Nap YIGSR along with CIP showed higher rate of proliferations, as shown by 

dense network of cells, after 48 hrs, for C6 cells (figure 5.23). Similarly, for L929 cells, 

relatively more cells migrate towards the scratched region within 24 hrs and nearly 50% 

confluency was reached after 48 hrs (figure 5.24).  As expected from 2D culture, the 

hydrophilic laminin derivative in combination with CIP, i.e. Nap-FFGSO, was found to show 

maximum potency for development of a tissue engineering scaffold.  The results demonstrated 

that collagen-laminin co-assembled peptides supported proliferation and migrations, which are 

important steps of wound healing and can be promising materials for wound healing 

applications. 

 

Figure 5.24 Proliferation and migration response of  L929 cells in the presence of diluted 

peptide gels, assessed by microscopic images of scratched region after 0 hr, 24 hrs and 48 hrs 
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time points after treatment with (a) control (2 % DMSO/water, blank), (b) Nap-FFGSO+A, (c) 

Nap-FFGSO+B and (d) Nap-FFGSO+A+B at concentration of 1000μg/ml (1.3mM). 

5.4 Conclusions 

In this chapter, we showed the sophisticated design of the self-assembling peptide hydrogel 

scaffolds which could play dual functionality. The minimalist design approach was used to 

develop the shortest structural mimic of collagen. By simply exploring non-covalent 

interactions, we coupled short laminin derived peptides with CIP’s without relying on the 

covalent modification of the collagen peptide monomer. We, for the first time, reported the co-

assembled supramolecular hydrogels solely based on bioactive peptides, without any polymeric 

scaffold or long chain hydrophobic domain. Although, these self-assembled scaffolds form β-

turns but they shared similarity with structure and nanofibrous morphology of the collagen, 

which have the potential to adapt functional attributes of the native collagen protein. The in-

vitro studies demonstrated that these scaffolds are highly biocompatible and its dual 

functionality supports both fibroblasts as well as neuronal cells. The mechanical stiffness along 

with the chemical functionality determines the cellular response like adhesion, proliferation, and 

growth. Studies are underway to understand the differential role of both structural protein and 

functional protein mimics of natural ECM for controlling cell behavior for their prolonged use. 

In the future, these hydrogels can be explored for the encapsulation of cells for cell delivery for 

tissue repair applications. We envisage that these collagen-laminin derived biomimetic systems 

provide an excellent biocompatible platform to be explored for stem cell differentiation and 

tissue regeneration. 

Note:  

 The permission has been granted by authors and corresponding author of the published 

paper prior to its adoption in the present thesis. The publication associated with this 

work is:  

 

Rashmi Jain, Sangita Roy, Designing bioactive scaffold from co-assembled collagen-

laminin short peptide hydrogels for controlling cell behavior, RSC Adv. 9 (2019) 38745-

38759. 
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6.1 Introduction 

As evident from previous chapters that self-assembling peptides offer tremendous opportunities 

for developing functional nanomaterials, making them suitable for multifarious applications like 

drug delivery, cell-culture, tissue engineering, catalysis, etc. 
[1-10]

 However, in addition to 

diverse functionality of peptide hydrogels, a well knitted fibrous network with viscoelastic 

nature of the hydrogels make them indispensable material for controlling many chemical 

reactions, including structure directed metal nanoparticle synthesis. 
[11, 12]

 Short aromatic 

peptides are the interesting candidates to be explored for in situ syntheses of metal-

nanoparticles. 
[13, 14]

 The non-covalent interactions during the peptide self-assembly render 

highly dynamic and responsive nano-structured environments, which can be tuned by varying 

the hydrophobicity, overall charge density and sequence pattern of the amino acids. 
[15]

 

Therefore, it is highly desirable to understand the structural and mechanistic aspects of self-

assembling short peptides and find its close correlation with their structural hierarchy and 

mechanical functions. These findings could be an ideal guiding tool for controlled synthesis of 

organic-inorganic hybrid nanomaterials. 
[16]

 

The formation of the fibrillar, ordered, supramolecular structures of proteins/peptides have 

significant pathological implications and can be related to the amyloid based assemblies. 
[17]

 The 

insights from previous studies on amyloid peptide self-assembly provide the basis of designing 

short peptide sequences capable of forming complex hierarchical nanostructures. 
[18, 19]

 Gazit 

and his group for the first time, demonstrated the formation of nanotubes from diphenylalanine 

moieties and suggested the possible role of π- stacking in the self-assembly of amyloid fibrils. 
[1]

 

Significant reports indicated the use of variety of synthetic aromatic moieties such as Fmoc
 [20-

25]
, naphthalene 

[26, 27]
, pyrene 

[28, 29]
, benzyloxy-carbonyl 

[30-32]
 and azobenzene 

[33]
 to turn short 

peptide motifs (typically di- to penta-) into efficient gelators. However limited studies were 

focused on finding the detailed structure-function relationship of these self-assembling peptides 

which offers a great challenge in predicting the emergent properties of resulting materials. For 

example, Adam’s group investigated the influence of varying hydrophobicity on gelation using 

a library of Fmoc-peptides, having different constituent amino acids. 
[34]

 In a similar line, Xu’s 

group demonstrated the role of aromatic-aromatic interactions as a powerful driving force for 

the formation of supramolecular hydrogels.  
[27]

 Hughes et al., elucidated the sequence/structure 

relationships in Fmoc-dipeptide-methyl esters which can form thermodynamically favoured 

structures using enzyme-assisted self-assembly. 
[35]

 A recent report by B. Nilsson’s group 

provided an insight into role of amino acid hydrophobicity and sequence pattern on controlling 
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the self-assembly behavior of the octapeptide. They also showed how non-polar substitutions 

can be exploited to tune the properties of resulting self-assembled materials. 
[36]

 However, none 

of these studies explored a systematic investigation to elaborate the simultaneous participation 

of aromatic capping as well as altered peptide sequence pattern towards controlling their 

intermolecular interactions and hence their self-assembling behavior in water, which can have 

significant implications in the function induced in the final gel phase material. Such correlation 

of structural variation with the functional properties of the variable nanostructures is certainly 

not elaborated in the literature. Therefore, such investigation will help to identify the relative 

importance of the aromatic stacking interactions over the hydrogen bonding/hydrophobic 

interactions of the peptide backbone, which would be useful for formulating the rules for 

rational molecular design of short self-assembling peptides. 

Furthermore, the inspiration for utilization of proteins and peptides for in situ syntheses of metal 

nanoparticles is derived from natural biomineralization process. 
[37]

 Gold nanoparticles have 

attracted considerable interest in the field of sensing, biological imaging, catalysis, therapeutics 

and diagnostics due to their size tunable optoelectronic properties. 
[12, 38, 39]

 Most popular 

methods of gold nanoparticle synthesis employ external reducing agents and long chain cationic 

amphiphiles to stabilize the nanoparticles, which make them unfavourable for the biological 

applications. 
[40]

 Although synthesis of gold nanoparticles has made great progress, controlling 

their shape, size and surface chemistry remains as a challenge. 
[41]

 To this end, low molecular 

weight peptide hydrogels offer great opportunity to be used as templates for controlling the 

shape and size of the nanoparticles. 
[13, 14, 42]

  In an elaborate study by Tan et al., the role of all 20 

natural amino acids and several combinatorial peptide sequences in the reduction of 

chloroaurate ions to form gold nanoparticles was investigated. 
[43]

 This study developed the 

understanding of peptide sequence-crystal growth relationships at the amino acid level.  

In particular, the peptide hydrogel network offers dual advantages: firstly acts as a nanoreactor 

to catalyze the reduction of the gold solution to nanoparticles and secondly the fibrillar 

entangled network prevents the nanoparticle aggregation. So far, a very few number of 

organogelators and hydrogelators has been reported for the synthesis of gold nanoparticles. 
[44, 

45]
 For example, Banerjee and his group employed tyrosine containing oligopeptides for the 

synthesis of gold and silver nanoparticles. 
[46]

 The pioneering work by Das’s group demonstrates 

the in situ preparation of gold nanoparticles of different shapes using a tryptophan based 

cationic hydrogelator. 
[47]

 A very recent report by Ulijn’s group demonstrated a new perspective 

of biocatalytic self-assembly to tune the size of gold nanoparticles. 
[48]

 The study clearly 
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demonstrates that the controlled hydrolysis can regulate the rate of reduction of Au
+3

 to Au
0
. All 

these bio-inspired gold nanoparticle synthesis relies on the use of aromatic functional amino 

acid residues. However, none of these reports address the role of aliphatic functional amino acid 

based gelators towards controlling the gold nanoparticle synthesis. Hence, we were curious to 

explore the effect of nature of redox-active moiety (aromatic or aliphatic) in controlling the 

shape and size of the in situ synthesized gold nanoparticles. This systematic study will open up 

new avenues for the rational design of peptides for shape and size-tunable synthesis of metal 

nanostructures. 

Our rationally designed library of aromatic dipeptides attempts to elucidate the role of aromatic 

capping as well as in the specific amino acid sequence in the peptide backbone towards 

controlling their self-assembling behavior. To the best of our knowledge, this is the first 

systematic report that attempts to establish the structure-function relationship with a minimalist 

peptide design, through controlled variation at the N-terminal and C-terminal simultaneously in 

a single gelator domain. Our ultimate objective is to explore this understanding for further shape 

and size-controlled synthesis of metal nanoparticles. For the first time, we established a 

comparison between reduction properties of the aliphatic and aromatic amino acids to control 

the shape and size of the synthesized nanoparticles. The reports on the synthesis of the 

rectangular plate-like gold nanoparticles are very rare and by far, this is the first report on 

rectangular shaped nanoparticles synthesis using low molecular weight peptide hydrogels. We 

envisaged that the better understanding of sequence-structure relationship will not only provide 

the basis for designing the biomaterials of desired properties but also helps in tuning the 

functional behavior of these nanoscale organic-inorganic hybrids. 

6.2 Experimental Section 

6.2.1 Materials 

All N- and C- terminal protected amino acids, HBTU (O-(Benzotriazol-1-yl)-N,N,N′,N′-

tetramethyluronium hexa-fluoro-phosphate) and DIPEA (N,N-Diisopropylethylamine) were 

purchased from Sigma- Aldrich and used as recieved. All the other reagents and solvents used 

were obtained from Merck. 

6.2.2 Synthesis 

The reported dipeptides were synthesized using solution phase synthesis. The steps for the 

synthesis differ for all the three aromatic capping moieties. A single step synthesis was done for 

Fmoc-capped peptides. The Fmoc-Phe is coupled with tert-butyl ester protected amino acid in 



Chapter 6 

 

230 
 

the presence of HBTU and DIPEA. The C-terminal ester group is deprotected using 95% 

trifluoroacetic acid in dichloromethane. Similarly, Cbz-protected peptides were prepared by 

coupling Cbz -Phe with different methyl ester protected amino acids followed by deprotection 

of methyl ester group by using THF / NaOH, followed by acid neutralization leading to 

precipitation of the dipeptide product. In each coupling step, column purification was carried 

out using 5% MeOH/ CHCl3. 

However, the synthesis of Nap-protected peptides differs from the above two, as it involves two 

steps of coupling reaction. The first step was based on coupling of Boc-Phe with different 

methyl ester protected amino acid. After coupling, the acid labile Boc-group is cleaved in the 

presence of 95% TFA in DCM, following which, the next coupling of napthoxy acetic acid with 

the deprotected dipeptide was done using HBTU and DIPEA. The methyl ester deprotection at 

C-terminal was done in the same way as described for Cbz-capped peptides. After final 

deprotection of esters, all the peptides with free C-terminal end were dried and characterized 

using 
1
H-NMR and 

13
C NMR spectroscopy (Appendix I). The mass of the synthesized peptides 

was also confirmed using LC-MS (Appendix I). The optical rotation of the peptides was 

checked using polarimeter. (Appendix I) 

6.2.3 Hydrogel Preparation  

The required concentrations of peptides were dispersed in water. Gradually NaOH (0.5 M) was 

added to the above suspension until the pH reaches upto 10.5 for complete dissolution of the 

peptide derivatives. To ensure that high pH did not cleave the carbamate bond of Fmoc moiety, 

HPLC was done. After adjusting the pH 10.5, no emergence of new peak was observed 

indicating no cleavage of the Fmoc dipeptides during that time. Further, addition of HCl (0.5 M) 

helps to attain the physiological pH. The solution turned into self-supporting hydrogels when 

left undisturbed. The hydrogels were left overnight before performing experimental 

measurements. 

6.2.4 Spectroscopic Characterization 

6.2.4.1 Fluorescence Spectroscopy 

Interactions between the aromatic groups of the dipeptide molecules were investigated by 

Edinburgh spectrofluorometer (FS5). Excitation and emission slit-width were set as 2 and 2 nm 

respectively with an average of 3 accumulations. The fluorescence emission spectra were 

recorded in the range between 280nm to 500 nm using excitation wavelength of 280nm (for 

Fmoc), 270 nm (for Napthoxy) and 265 nm (for Cbz) using FLUORACLE software. 
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6.2.4.2 Fourier Transform Infrared spectroscopy (FTIR) 

FTIR Spectra was collected on an Agilent Cary 620 FTIR spectrophotometer with gel placed 

between two calcium fluoride discs and scanned between 4000cm
-1

 to 400cm
-1

. Peptide gels 

were prepared in deuterated water (D2O). 

6.2.4.3 Circular Dichroism (CD) Spectroscopy  

The supramolecular arrangements of dipeptides within the self assembled nanostructures were 

studied using CD on Jasco J-1500 CD spectrophotometer. The different concentrations of 

prepared gels were placed between quartz cell of 0.1mm pathlength and spectra were collected 

from 190 to 320 nm. Temperature of the experiments was maintained at 20
0
 C by a water 

circulator. 

6.2.4.4 Thioflavin T assay for Amyloid like β-sheet Determination 

The fluorescence spectroscopy of Th T before and after binding the peptide amyloid like fibrils 

were performed on the Edinburgh spectrofluorometer (FS5) in a 1.0cm quartz cuvette. Th T 

stock solution of  250μM (8mg in 10 ml PBS buffer pH 7.4) was freshly prepared and filtered 

through 0.2 mm syringe filters. The working solution of 5μM was prepared by diluting stock 

solution (1ml to 50ml) with PBS pH 7.4. The fluorescence intensity was measured with 1ml of 

working solution titrated with 50μl of hydrogels/solutions, at emission maxima of 482nm by 

exciting the fluorophore at 440nm. The slitwidth of 1nm for each excitation and emission was 

set with an average of 5 accumulations. For each sample the spectra was recorded from 450 to 

600nm, at room temperature and the spectral analysis was done using FLUORACLE software. 

The final intensity for each sample was plotted after subtracting the blank Th T spectrum. 

The similar experiment was done with hydrogels to monitor the growth of amyloid fibril 

formation. Th T (100ul) was added to 1ml hydrogel and incubated and change in fluorescence 

intensity was measured at 0 hrs and 24 hrs. 

6.2.5 XRD Analysis 

The dipeptide gels prepared at concentration of 30 mM as described in hydrogel preparation 

method. The gels were lyophilized to form dry powder. The powdered sample was placed on 

glass holder. The spectra were recorded in the 2θ range of 5
0
 to 60

0
 using Bruker D8 Advance 

X-ray diffractometer instrument equipped with Cu Kα radiation source (λ = 1.541 Å) under the 

accelerating voltage of 40 kV and 25 mA. 
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6.2.6 Microscopic Analysis 

6.2.6.1 Transmission Electron Microscopy (TEM) 

The TEM samples were prepared by diluting the peptide gels and allowing the 5μl of it to 

adsorb for 2 min on the carbon coated copper TEM grids. Excess sample was wicked off with 

the filter paper. It was followed by the addition of 2% (w/v) uranyl nitrate with incubation of 3-

5 minutes and wicking off the excess stain. Samples were then vacuum dried before imaging. 

TEM micro-graphs were recorded with a JEOL JEM 2100 instrument with a Tungsten filament 

at an accelerating voltage of 200 kV. 

6.2.6.2 Atomic Force Microscopy (AFM) 

The morphology of self-assembled hydrogels was investigated using Bruker Multimode atomic 

force microscope (AFM) operated in tapping mode with Nanosope controller and a J-scanner. 

The samples were prepared by diluting the peptide gels (at MGC) upto 10 times and allowing 

10 μL of sample mounted on the silicon wafer to air dry. 

6.2.7 Mechanical Properties by Rheology 

Mechanical properties were determined using Anton Parr MCR302 with 50mm parallel plate 

geometry. The dynamic moduli of the hydrogels were measured as a function of frequency 

between 0.01-100 Hz. To ensure that the measurements were made in the linear regime, an 

amplitude sweep was performed and optimum strain value was obtained from the linear 

viscoelastic region. The experiments were performed at 20
0
C with temperature being controlled 

by an integrated electrical heater. The thixotropic behavior of hydrogels was studied in the LVE 

range by applying the alternating strain of 100% and 0.1% for 100sec and 200sec. The 

hydrogels were subjected to three repeated cycles of deformation and recovery. The hydrogels 

used for the rheology and thixotropic measurements were of 40mM concentration. 

6.2.8 In situ Gold Nanoparticle Synthesis 

Two peptides were selected i.e. Fmoc FY and Fmoc FS for the in situ reduction of gold solution 

to synthesize gold nanoparticles. The required amount of peptide was weighed and dissolved in 

1 ml of water using 0.1 N NaOH. The pH of the solutions was adjusted to ~8 and ~11 using 0.1 

N HCl. To these solutions, the required amount of gold chloride which was equivalent to molar 

ratio of 5:1 (peptide: gold). After addition of HAuCl4, the yellow color of gold solution 

disappeared (Au
+3 
Au

+
) and then ruby red/violet colour started appearing owing to further 
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reduction (Au
+
 Au

0
). These nanoparticles were then characterized using UV-visible 

spectroscopy, dynamic light scattering (DLS) and transmission electron microscopy (TEM).  

6.2.8.1 UV-Vis NIR spectroscopy: The absorption spectrum was recorded on Cary UV-Vis NIR 

Spectrophotometer, Agilent. The samples were diluted (5 times) and the scanned in the 

wavelength range from 200 nm to 1300 nm. 

6.2.8.2 Size measurements using Dynamic Light Scattering: The size of the colloidal solution 

were measured using Malvern Zeta Sizer Nano (ZSP).The diluted colloidal solution (5 times) 

was scanned three times and the average intensity of the peak has been reported. 

6.2.8.3 TEM and EDS analysis: The shape of the metal nanoparticles was observed using 

JEOL (JEM 2100) high-resolution transmission electron microscope at an accelerating voltage 

of 200kV. The 5μl of diluted (5 times) colloidal suspension was drop cast on carbon-coated 

copper grid and kept for 2 minutes. Then the excess sample was removed off by a capillary 

action of filter paper and the grid was vacuum dried and tested for shape assessment. The dried 

samples were analyzed by TEM, STEM and EDS mapping. AFM was carried out to visualize 

the gold nanoparticles adsorbed on peptide self-assembled structures. 

6.2.8.5 Rheology: The Fmoc FY and Fmoc FS hydrogels at MGC were prepared by the protocol 

mentioned above. After adjusting the pH 8, the gold solution in 5:1 ratio (peptide: gold) was 

added to the peptide solutions. The samples were left undisturbed for self-assembly and visual 

colour change. The strength was measured for Fmoc FY hydrogels after 24 hrs and for Fmoc FS 

hydrogels, after 48 hrs of gold nanoparticle synthesis. 

6.3 Results and Discussion 

6.3.1 Molecular design of peptide gelators 

To establish the rules for rational molecular design of short aromatic peptides, we chose the 

shortest possible peptide sequence i.e. dipeptide to design our library. The rationale behind the 

molecular design is to highlight the importance of sequence hydrophobicity for driving the self-

assembly behavior of short peptide in water. 
[49-51]

 Our design includes the simultaneous 

variation of N-terminal aromatic capping (Fmoc, Nap, and Cbz) and C-terminal amino acid 

residues, which together contribute towards the overall hydrophobicity of the resulting peptides.  



Chapter 6 

 

234 
 

 

Figure 6.1 (a) Design of the library of variable dipeptide sequences attached to different 

aromatic cappings (Ar) such as Fluorenyl (Fmoc), Napthoxy (Nap) and Benzyloxy-carbonyl 

(Cbz) at N-terminal end and different amino acids at C-terminal (b) Representative schematic 

diagram describing the self-assembly of aromatic dipeptides resulting in differential self-

assembled nanostructures depending on the size and hydrophobicity of the aromatic capping. 

The green wavy ribbon indicates the dipeptide backbone, and blue and purple arrow heads are 

the representative large (Fmoc) and small (Cbz) aromatic groups, molecular structure of which 

are shown in (a) part. The larger and smaller aromatic groups result in differential self-

assembly as indicated by fibers and micellar aggregates in the figure, respectively.  

Our design was focused on variable amino acids, which cover the wide range of hydrophobicity. 

The selected specific amino acid residues represent the different chemical functionalities, such 

as the classical aromatic phenylalanine, polar aromatic tyrosine, non-polar aliphatic leucine, and 

polar aliphatic serine, as shown in figure 6.1a. Nevertheless, phenylalanine was selected to be at 

the N- terminal end of our peptide design which has significant propensity for aggregation 

through π-π stacking interactions in water. 
[52]

 The pH switch was used to trigger the gelation of 

these short aromatic peptides, as the change in pH causes the deprotonation of terminal 

carboxylic acid. These peptides showed clear solution at higher pH ~10.5 which transformed 

into gels (sol-gel transition) as the pH of the medium reached near to physiological pH ~7.  
[53]

 

The evidence for no Fmoc cleavage was shown just after the pH was adjusted to 10.5 was 

evident through HPLC analysis. Further analysis after 24 hrs revealed the same peak, which 

clearly indicated that the Fmoc group remained intact even after the exposure with alkaline pH. 

The short duration exposure to high pH showed no cleavage effect on Fmoc-capping. The 

retention of self-assembling capacity was confirmed by AFM, which showed similar fibrillar 

morphology after 24 hrs, while aggregates after 5mins (figure 6.2). 
[54] 
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Figure 6.2 HPLC analysis of Fmoc FY (a) immediately when pH was adjusted to 10.5 and (c) 

24 hrs after pH was adjusted to pH 7. (b) and (d) represents the corresponding mass spectra 

collected using  LC-MS (QDA). (e) and (f) shows the microscopic images at corresponding time 

points using AFM. The HPLC and AFM results confirmed that time for which pH 10.5 is 

maintained for the dissolution of peptides in pH method, does not cleave the carbamate group 

of Fmoc. 

Our observation demonstrated that the hydrophobicity of the peptide sequence plays a crucial 

role in determining the resultant gelation behavior of the peptides, which is explained by the 

schematic diagram in Figure 6.1b. Primarily, the self-assembling behavior of the peptides was 

found to be highly susceptible to the subtle change in hydrophilic lipophilic balance (HLB) of 

the designed molecules. The peptides with larger aromatic groups, like, Fmoc resulted in highly 

ordered nanofibrillar structures whereas the peptides with smaller aromatic capping, like, Cbz 

failed to form fibrillar network structures due to insufficient π-π interactions. 
[33]

 

6.3.2 Gelation Behaviour 
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An inverse relation was observed for minimum gelation concentration (MGC) of the peptides 

with hydrophobicity (c log P) of peptides, which has been shown in figure 6.3a and b and Table 

6.1. In general, the Fmoc peptides were found to self-assemble at lower concentrations 

compared to their analogues capped with Nap and Cbz groups. Besides this, the MGC of Fmoc 

capped peptide was found to vary even with different amino acid sequences at C-terminal end 

from 2.5mM for Fmoc FF to 15mM for Fmoc FS. Interestingly, Fmoc FY and Fmoc FL showed 

identical MGC (10mM) although their hydrophobicity different as indicated by their c log P 

values (figure 6.3 b). The possible reason for such observation could be additional H-bonding 

offered by aromatic hydroxyl group of tyrosine residue of Fmoc FY.  

Figure 6.3 (a) Minimum gelation concentrations of the hydrophobically modified dipeptides 

and (b) c Log P values of same peptides calculated through ChemDraw Ultra 12.0 

Similar trend has also been observed for Nap appended peptides, although the MGC for each 

peptide was found to be increased due to relatively weaker π-π interactions with Nap group 

compared to Fmoc substitution. A significant increase in the MGC of polar derivatives (FY and 

FS) was observed in comparison to their non-polar analogues (FF and FL respectively), which 

could be attributed to greater gelator-solvent interactions due to additional H-bonding and hence 

decrease in the gelator- gelator interaction. Moreover, the smallest aromatic group Cbz formed 

gel only with the most hydrophobic amino acid residue, phenylalanine, and the plausible reason 

for other sequences failing to form gel in water could be the insufficient π-π interactions 

between Cbz groups compared to another hydrophobic capping. The results also suggested that 

change in aromaticity of the peptide has more prominent effects on gelation behavior than 

changing the polarity of the terminal amino acid. 
[28] 
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Table 6.1: Summary of the minimum gelation concentrations (MGC) of different aromatic 

dipeptides and their c log P values.   

Aromatic  

group  

Dipeptide  

Fmoc Nap Cbz 

c Log P 
MGC 

(mM) 
c Log P 

MGC 

(mM) 
c Log P 

MGC 

(mM) 

FF 6.127 2.5 5.054 5 4.310 40 

FY 5.460 10 4.387 20 2.609 Sol 

FL 6.166 10 5.093 20 4.348 Sol 

FS 3.639 15 2.567 40 1.822 Sol 

 

6.3.3 Molecular mechanism of self-assembly 

6.3.3.1 Fluorescence spectroscopy: The major driving force behind the supramolecular 

assembly of aromatic short peptides is considered to be the π-π stacking interactions between 

the aromatic moieties and H-bonding between the amino acid backbones. Significant change 

was expected to arise in the fluorescence spectra of variable aromatic groups with change in 

local hydrophobic environment due to formation of aggregates of peptides. Irrespective of the 

sequence, the extensive reduction in intensity was observed due to self-assembly of the peptide 

molecules, accompanied by the red shift of characteristic emission peak (figure 6.4).  The Fmoc 

and Nap gelators, when excited at 280nm and 270 nm showed the shift of emission peaks from 

315nm to 325nm and 345nm to 365 nm, respectively, when sol transforms to gel. 
[22, 27]

  The 

substantial decrease in relative fluorescence intensity was found to be the function of 

monomeric gelator concentration and provided the information regarding intermolecular 

packing of aromatic groups during self-assembly. 
[20]

 The greater extent of quenching in Fmoc 

capped peptides can be attributed to higher extent of π-π stacking of fluorenyl groups, than 

napthoxyl groups. However, the smallest Cbz capping in non-gelator peptide tends to show 

concentration dependent increase in fluorescence intensity which is indicative of weaker 

aromatic interaction (Figure 6.4). The emission spectra of Fmoc FY and Nap FY (the tyrosine 

based peptides) showed a broad excimeric peak at ~ 450nm which indicates the formation of 

extended π-stacked systems, induced from additional H-bonding interaction of the peptide 

backbone leading to higher order in the final gel phase material. 
[55] 
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Figure 6.4 Fluorescence spectra of aromatic dipeptides peptides (a) Fmoc, (b) Nap and (c) Cbz 

showing the fluorescence intensity of peptides in monomeric state (low conc.) and subsequent 

quenching of the corresponding emission peak at ~320nm  for Fmoc and ~350nm for Nap 

peptides in gel state (gelation concentration) when excited at 280 and 270 nm respectively. In 

case of Cbz, the enhanced emission peak at ~365nm at higher concentration is observed when 

excited at 254 nm, as a function of concentration. 

6.3.3.2 FTIR spectroscopy: Another important driving force involved in the self-assembly of 

these amyloid-like peptides is H-bonding that can be monitored using FTIR spectroscopy. 

Hydrogen bonding between peptide chains particularly involves carbonyl stretching vibrational 

modes which can be observed in the amide I region (1600-1700 cm
-1

) of the spectra in figure 

6.5. For each set of peptide amphiphiles, appended with Fmoc and Nap groups and Cbz FF, a 

major peak at ~1630cm
-1

 was observed, suggesting the β-sheet conformation. 
[56]

 A few recent 

reports suggested that a minor peak at ~1685 cm
-1

 could be possibly due to presence of 

carbamate moiety in Fmoc and Cbz groups. 
[57]

 However, a peak at ~1670cm
-1

 in Nap peptides 

is indicative of carbonyl group present within the Nap- modification of molecules.  
[58]

 Peptide 

amphiphiles also showed a peak at around 1580cm
-1

, which is indicating the presence of free 

carboxylate ions and represents the fraction of deprotonated C-termini of the peptides at 

physiological pH ~7. 
[58]

 The spectroscopic studies qualitatively correlate the effect of 

aromaticity with the secondary structure of the individual peptide gelator, suggesting more 

ordered structures associated with larger aromatic capping. It was also evident that the non-

gelator peptides show a peak at ~1650 cm
-1

 which indicates the presence of disordered 

supramolecular nanostructure like random coils. 
[58]

 Also the beta sheet signatures are in 
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agreement with previous studies of short hydrophobic sequences derived from the amyloid like 

β-peptide fragments. 
[56-58] 

 

Figure 6.5 FTIR spectra of different aromatic dipeptides having Fmoc group (in panel 1), Nap 

group (in panel 2) and Cbz group (in panel 3) depicting characteristic β-sheet arrangement. 

6.3.3.3 CD spectroscopy: CD was used to investigate the chiral orientations of the short 

aromatic peptides which were induced due to molecular self- assembly. The supramolecular 

arrangement induced strong chirality in the achiral aromatic groups which were evident from 

the corresponding signature peaks at 305 nm, 245 nm and 225 nm for Fmoc, which can be 

determined by the change in relative intensities of supramolecular chirality peak through CD 

spectra Nap and Cbz groups, respectively shown in Figure 6.6. 
[20, 27]

  As expected, the self-

assembling aromatic peptide amphiphiles showed concentration dependence (shown in figure 

6.6). 
[59]

 Hence, we assumed that less ordered supramolecular structures were present at the sub-

gelation concentration which gives very weak CD signal. Further increasing the concentration 

up to MGC and above MGC, the intensity of CD signal has been increased proportionately, as 

evident from the spectra of Fmoc and Nap capped peptides (figure 6.6). However, Cbz capped 

peptides did not give sharp signals due to weaker stacking propensity of Cbz moieties, which 
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may also overlap with the spectral range of secondary structures. Moreover, the higher 

absorption in the range of 190-220 nm resulting in the overload of high tension, makes it 

difficult to record a CD spectrum in the wavelength range relevant to the β-sheet organization. 

 

Figure 6.6 CD spectra of (a) Fmoc appended and (b) Nap appended and (c) Cbz appended 

dipeptides at concentrations below MGC, at MGC (X) and above MGC, denoted by solid line 

(—), dashed line  (- - - -) and dotted line (••••) respectively. 

6.3.3.4 Th T Fluorescence assay: To get further insight into amyloid like fibrils formed by 

aromatic dipeptides, classical Thioflavin T fluorimetric assay has been performed. 
[60]

 Here, we 

used Th T to compare the β-sheet forming propensity of two different peptides with variable 

aromatic capping, as a function of peptide concentration. There was enhancement in the 

intensity, irrespective of the size of aromatic capping. However, a remarkable increase in the 

relative intensity of Th T uponbinding with Fmoc capped peptides is observed which was 

comparatively less with Cbz capped peptides. This clearly explained the role of extensive π-

stacking in fluorenyl groups, resulting in the formation of hydrophobic patches, where Th T can 

bind. The first panel of figure 6.7a shows the comparison of Fmoc FF and Cbz FF at two 

different concentrations (5mM and 20mM), which reveals that higher concentration of peptides 

shows greater extent of Th T binding. In addition to aromatic ligands, the peptide sequence also 

plays a significant role in determining the β-sheet content in the system. The results showed the 

relatively higher Th T fluorescene intensities with Fmoc FF than with Fmoc FL indicating the 

formation of greater extent of amyloid structure formation with FF due to its more hydrophobic 

nature than FL. However, the Cbz FL, a non gelator showed negligible change in the intensity 
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of Th T upon binding suggesting no β-sheet aggregation, even at higher concentration. The 

magnified spectra of Cbz FF and Cbz FL are shown in figure 6.7 b & c. 

 

Figure 6.7 Fluorescence emission spectra of Thioflavin T alone and (a) Fmoc FF & Cbz FF 

(panel a) and  Fmoc FL & Cbz FL peptides (panel b) at 5mM and 20mM concentration and the 

magnified images of ThT binding with (b) Cbz FF and (c) Cbz FL. Th T as a fluorescent 

molecular rotor at 0 hrs, 12hrs and 24 hrs in comparison to control Th T with (d) Fmoc FF and 

(e) Cbz FF hydrogels of 40mM concentration. 

 Apart from fluorescent probe for detecting β-amyloid structure, Th T can also acts as a 

molecular rotor and its fluorescence intensity is dependent on local viscosity. 
[61]

 Thus to gain an 

insight into assembly process, the Th T binding with Fmoc FF and Cbz FF (40mM) hydrogels 

was observed with respect to time (figure 6.7 d & e). The increase in fluorescence intensity 

depicts that the rigidity of Th T local environment has been increased from initial time upto 24 

hrs which can also be correlated to growth of β-sheet structures with time. The progress of self-

assembly was faster in Fmoc FF gels as evident from many folds increase in Th T emission 
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peak at initial time point only, followed by subsequent enhancement in intensity with time. 

However, Cbz FF being a weak gelator takes time to self-assemble initially and showed 

comparatively less enhancement in Th T emission peak at zero time point. Surprisingly, in 12 

hours the assembly was faster and great enhancement in the intensity was observed. After 12 

hrs, the assembly process could be slowed down which was marked by relatively lesser 

enhancement in intensity. The results are in corroboration with FTIR, CD and fluorescence 

studies.  

This is further supported by fluorescence microscopic investigation (Figure 6.8). The 

fluorescence intensity of microscopic structures showed close association with Th T 

fluorescence as evident from the spectroscopic analysis. The brighter fluorescent structure in 

Fmoc peptides signifies the formation of more hydrophobic amyloid structures in comparison to 

Cbz peptides which showed negligible fluorescence. These results also supported the fact that 

more hydrophobic modifications favored stronger π-π interactions and have greater propensity 

to form β-sheet structures. 
[62]

 

 

Figure 6.8 Fluorescence microscopic analysis using Thioflavin T to compare the extended β-

sheet conformation structures formed in highly hydrophobic peptides (a) Fmoc FF and (b) 
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Fmoc FL and also with less hydrophobic peptides (c) Cbz FF and (d) Cbz FL at 20mM 

concentration. 

6.3.4 XRD Analysis 

In order to determine the supramolecular packing of the gelator peptides, wide angle X-ray 

diffraction pattern was studied. TheXRD pattern of the representative peptides from each 

aromatic series (Fmoc, Nap and Cbz) is shown in figure 6.9.  All aromatic variants showed a 

peak corresponding to d-spacing 4.6 Å at 2θ angles of 19.4
0
 in Fmoc, 18.5

0 
in Nap and 18.7

0 
in 

Cbz capped peptide. The periodicity of 4.6 Å is indicated as the characteristic spacing between 

peptide chains in β-sheet conformations. 
(63)

 This observation supports the FTIR spectroscopic 

studies which also indicated the presence of β-sheet (figure 6.5). Furthermore, in all the three 

systems, another peak at d-spacing 3.8 Å is observed, which represents the π-π stacking 

between the aromatic residues in the self-assembled β-sheet structures. 
(22)

 However, the 

intensity of 3.8 Å peak in Cbz capped peptide is very low, the possible reason for which could 

be lesser π-π stacking in smaller aromatic groups in comparison to Fmoc and Nap. These 

observations along with previous spectroscopic analysis provides the evidence that π-π stacking 

is one of the main driving force for the self-assembly of short aromatic peptides. 

 

Figure 6.9 (a) Representative XRD data of dried hydrogels having different aromatic groups 

(a) Fmoc FF, (b) Nap FF and (c) Cbz FF. 

6.3.5 Morphological Characterization 

To gain more insight about the molecular organization of self-assembled structure from short 

aromatic peptides, morphological structures were investigated using transmission electron 

microscopy (TEM) and atomic force microscopy (AFM). As shown in figure 6.10, TEM images 

of Fmoc and Nap capped hydrogelators revealed the dense interwoven network, suggesting the 

occurrence of a three dimensional nanofibrous structure within the hydrogels.  



Chapter 6 

 

244 
 

 

Figure 6.10 Morphological studies of different aromatic dipeptides (a)Fmoc FF, (b)Fmoc FY, 

(c) Fmoc FL, (d) Fmoc FS, (e) Nap FF, (f) Nap FY, (g) Nap FL, (h)Nap FS, (i) Cbz FF, (j) Cbz 

FY, (k) Cbz FL and (l) Cbz FS  using TEM microscopy. 

The morphology of Fmoc FF, Fmoc FL, Nap FF and Nap FS showed the existence of non-

homogenous fibres indicating the presence of bundles of individual nanofibers while Fmoc FS 

and Nap FY showed the presence of homogenous fibrous network with the fibers of average 

thickness of ~15nm. The diameter of thicker fibers in non-homogenous hydrogels was found to 

be double to that of individual fibres which range from 19-35nm. However, the different 

morphology was observed in Fmoc FY hydrogel which resembles to nanotubes of ~19 ± 3.7nm 

thickness, while Nap FL showed the presence of nanoribbons having thickness of ~15 ± 4.3nm. 

[64, 65]
 Interestingly, Cbz FF, having weaker aromatic interactions tends to form wider fibers of 

diameter 172 ± 42 nm compared to its analogues with Fmoc and Nap substitutions (Fmoc FF 

and Nap FF). Whereas, the other members of Cbz series failed to form peptides fibrous network 

and displayed spherical aggregates like morphology. The fiber diameters of all the hydrogels are 

compared in Table 6.2. The results also supported the fact that less ordered aggregates have less 

water entrapment efficiency and thus, are unable to form self-supporting gels. Thus we 

speculate that the degree of hydrophobicity of aromatic groups and the side chain functionality 

of the amino acid residues in the peptides have a direct influence on the differential non-

covalent interactions leading to differential molecular packing resulting in variable shape and 

size of self-assembled structures. 
[28]
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Figure 6.11 AFM images of different aromatic peptide hydrogels (a) Fmoc FF, (b) Fmoc FY, 

(c) Fmoc FL, (d) Fmoc FS, (e) Nap FF, (f) Nap FY, (g) Nap FL, (h) Nap FS , (i) Cbz FF, (j) Cbz 

FY, (k) Cbz FL and (l) Cbz FS. 

Furthermore, AFM results also support TEM results and confirm the presence of nanofibrous 

assemblies, which was anticipated for such type of short peptide amphiphiles based on aromatic 

interactions, β-sheet reinforced fibrous networks. AFM images also showed the presence of 

entangled fibrous network with more hydrophobic Fmoc or Nap peptides but short bundled 

fibers or micellar aggregates with less hydrophobic Cbz peptides. In corroboration with TEM, 

AFM also showed that the fiber diameter of polar peptides (FY and FS) was comparatively 

lesser than the non-polar analogues (FF and FL) (figure 6.11 and Table 6.2). 

Table 6.2 Fiber dimensions of nanofibers observed in TEM and AFM microscopy of different 

aromatic dipeptide hydrogels. 
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6.3.6 Mechanical Properties 

6.3.6.1 Rheological Measurements: The hydrogels possess distinctive viscoelastic properties 

owing to the differential molecular structure of the hydrogelators. The rheological measurement 

for the deformation and flow property of each hydrogel was performed through strain sweep 

followed by frequency sweep. During strain sweep, the rheological properties of the hydrogels 

remain independent of strain upto the critical point of deformation and this strain dependent 

region is the linear viscoelastic region (LVE). Then the frequency sweep experiment was done 

at constant strain within the LVE range, by varying the oscillation frequency. 
[66]

 Figure 6.12 

and table 6.3 compares the viscoelastic behavior of different aromatic peptide hydrogels 

prepared at 40mM of concentration. The strain value of these hydrogels varies from 0.1 to 1% 

and applied accordingly for measuring the storage modulus (G’) and loss modulus (G”). For 

each hydrogel, the storage modulus was higher than loss modulus, which indicates the 

formation of strong and rigid hydrogels. It is evident from the plots that storage modulus (G’) 

have negligible dependence on the frequency, for all the gels. The Fmoc peptides show higher 

values of storage (G’) and loss (G”) modulus than that of Nap and Cbz peptides (as shown in 

figure 6.12 e). For example, Fmoc FF, Nap FF and Cbz FF showed storage modulus of 1.1 ± 3.3 

kPa, 0.27 ± 0.14 kPa and 0.14 ± 0.08, respectively. On the other hand, if we compare the 

strength of dipeptides within the same series (Fmoc or Nap), the peptides containing aromatic 

amino acid residues dominate the series. The reason for the excellent viscoelastic properties of 

more hydrophobic peptides is the stronger aromatic π-π interactions between peptide molecules 

during self-assembly. 
[49]

 Interestingly, the strength of Fmoc FY and Nap FY was found to be 

significantly higher compared to the other members in the respective series. The plausible 

reason for this increase in the strength is the contribution of additional H-bonding between the 

peptide backbones arising from polar hydroxyl groups, in addition to aromatic π-π interactions.  

These results can be correlated with the fluorescence emission spectra and fiber thickness. The 

excimeric peak in emission spectra of Fmoc FY and Nap FY at ~450nm clearly indicates the 

extended interactions between the aromatic moieties, which were also reflected in their 

morphologies, as both possess relatively lesser fiber diameter in the range of ~15-20nm in 

comparison to its FF derivatives having thickness of ~20-30 nm (Table 6.3). 
[67]
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Figure 6.12 Rheology plots showing storage moduli as a function of frequency for the different 

aromatic dipeptide hydrogels (a) FF, (b) FY, (c) FL and (d) FS; (e) Bar graph comparing the 

storage modulus of different hydrophobically modified dipeptides gels. 

Table 6.3 Comparison of storage modulus (G’) and loss modulus (G”) of different aromatic 

dipeptide hydrogels. 

 



Chapter 6 

 

248 
 

(a)Frequency range of 0.1-100 Hz at 200C temperature; (b) Strain values for each 

measurement were obtained from corresponding amplitude sweep experiments which varies 

from 0.1 to 1%. 

6.3.6.2 Thixotropic Studies: Interestingly, these dipeptide gels also exhibited gel-sol transition 

upon application of external mechanical stress. 
[68]

 The mechano-responsive behavior of gels 

was studied by applying cyclic stress. The strain of 100% and 0.1% was applied alternatively 

for 100sec and 200sec, respectively to study the deformation and recovery of strength of the 

gels. We found that, under similar conditions, the peptides with different aromatic groups 

exhibited variable extent of recovery. As for Fmoc FF, the recovery was found to be ~77% 

while with Nap FF it was ~ 93% after 60 sec. However, with Cbz FF the recovery was ~95% 

after 60 sec (figure 6.13).  The results suggested that with less hydrophobic aromatic groups, the 

interactions were weak; however, the self-assembled nanofiber network structure can recover 

faster after deformation. On the contrary, the stronger interactions led to a slower recovery after 

deformation. 

 

Figure 6.13 Thixotropic studies of representative aromatic peptide gels (a) Fmoc FF, (b) Nap 

FF and (c) Cbz FF using a cyclic reversible strain of 100% to deform the gels and reduced to 

0.1% to allow recovery of gels, for the time of 100 s and 200 s respectively. 

6.3.7 Shape controlled synthesis of gold nanoparticles 

6.3.7.1 Gold nanoparticle formation: At this point, we were curious to explore our detailed 

understanding of the structure-function relationship of these highly tunable gels towards 

biomimetic synthesis of metal nanoparticles with different optical properties. These organic-

inorganic hybrids can find use in biomedical applications, including biosensors, cell targeting, 

bioimaging, biomineralization, biocatalysts, and drug delivery. 
[38, 39]

 The specific amino acids 

such as tyrosine and serine are known as redox active moieties and have electron donating 

properties which can be utilized for the reduction of gold (Au 
3+

) ions to metallic gold. 
[69] 

To the 

best of our knowledge, utilization of hydrogels for gold nanoparticles is interesting area of 
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research as the 3D network of hydrogels acts as a structure directing template without aid of 

external additives. The gel phase ensures the controlled growth and stability of the synthesized 

nanoparticles. 
[13, 14]

 Herein, we investigated the differential property of hydrophobically 

modified dipeptides in controlling the shape and size of the gold nanoparticles as shown in 

figure 6.14a. We selected Fmoc FY and Fmoc FS, from the library of our synthesized peptides 

owing to their hydroxyl groups in the C-terminal amino acid residue. The mechanism of 

reduction of Au
+3 

to Au
0
 using hydroxyl groups on the surface of nanofibers is demonstrated in 

figure 6.14b.  

Figure 6.14 (a) Schematic representation of in-situ reduction of gold (Au
+3

) using serine (Fmoc 

FS) and tyrosine (Fmoc FY) based peptides resulting in shape controlled synthesis of gold 

nanoparticles (Au
0
) and further stabilization in gel network. (b) Mechanism of gold reduction 

from Au
+3

 to Au
0 
by electron transfer from hydroxyl group on the surface of peptide nanofiber. 

6.3.7.2 Effect of pH on gold nanoparticle formation: We also studied the effect of pH on the 

reduction properties of peptides. As indicated earlier, few reports showing the use of peptide 

based hydrogels, majorly containing tyrosine and tryptophan, for reducing gold solution into 

nanoparticles. 
[46, 47]

 However, the use of aliphatic functional amino acid like serine remains 

unexplored. We demonstrated for the first time the reduction properties of serine containing 

peptide hydrogels, which can play a crucial role toward synthesis and stabilization of the gold 
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nanoparticles in hydrogel network. The reduction of gold was indicated by visual colour change 

from yellow to violet/crimson red for both the peptides (figure 6.15).  

 

Figure 6.15 Optical images of gold nanoparticles entrapped in hydrogels at near physiological 

pH (8) and peptide nanofibers solutions at higher pH (11), reduced by Fmoc FY and Fmoc FS 

peptides. 

The pH plays an important role in the ionization of hydroxyl groups, as higher pH (~11) offers 

greater ionization of hydroxyl group and thus shows faster reduction of Au
+3

 into gold 

nanoparticles in comparison to lower pH (~8). Also, we have demonstrated in the peptide 

design and gelation behavior section of this work (figure 6.2), the Fmoc group is stable at pH 

10.5 and can self-assemble to form soluble fibers which stabilize the synthesized gold 

nanoparticles as indicated by the AFM images in (figure 6.16). 

 

Figure 6.16 AFM images of soluble fibers of (a) Fmoc FY at pH 11 and (b) Fmoc FY and (c) 

Fmoc FS nanostructures embedded gold nanoparticles at pH 11. The highlighted area in (b) 

and (c) shows the gold nanoparticles.  

6.3.7.3 Characterization of synthesized gold nanoparticles:  



Chapter 6 

 

251 
 

6.3.7.3a SPR Measurement using UV-visible NIR Spectroscopy: The gold nanoparticles are 

known to exhibit shape and size dependent surface plasmon resonance absorption. The subtle 

difference in SPR band indicates the formation of different sized gold nanoparticles. The optical 

properties of gold nanoparticles synthesized with different peptides at variable pH are depicted 

in figure 6.17 (a  & d) measured by UV-Vis NIR spectroscopy. At higher pH (~11), the faster 

reduction gave rise to smaller sized gold nanoparticles, which is also reflected by the absorption 

maxima at lower wavelength (531 nm for Fmoc FY and 527 nm for Fmoc FS)  in comparison to 

larger sized particles reduced by the peptides at pH 8 (546 nm for Fmoc FY and 530 nm for 

Fmoc FS). Interestingly, a distinct peak in the visible region at ~970 nm is observed which is 

characterized by the anisotropic nature of the gold nanoparticles, synthesized by Fmoc FY at pH 

11. The optical properties of anisotropic gold nanoparticles are mainly governed by the 

longitudinal dipolar surface Plasmon resonance of the isolated nanoparticles, which is observed 

by the peak at higher wavelength in the UV–visible spectra. 
[71]

 

 6.3.7.3b Mechanism of gold nanoparticle formation with different shapes: It is known from 

the literature that in the absence of pre-synthesized seeds, the formation of metal nanoparticles 

is controlled by synergistic effects of thermodynamic and kinetic parameters. The synthesis 

process may involve three major steps: (i) nucleation of metal ions in the form of small clusters 

called as nuclei’s, (ii) development of seeds by the fusion of nuclei’s and (iii) growth of seeds 

leads to the formation of colloidal nanoparticles of various shapes. The thermodynamically 

favored growth leads to the formation of spherical structures due to uniform growth of all facets 

leading to global minimum of Gibbs free energy landscape. 
[72, 73]

 In case of kinetically favored 

reaction, preferential directional growth along unstable facets takes place that results in 

formation of different shapes of nanoparticles corresponding to different local minima. 
[72, 74]

 

It has been observed that the shape of nanoparticles is also largely governed by the nature of the 

reducing agents. A report by Prado et. al. compares the reducing capabilities of sodium 

borohydride (NaBH4) and sodium citrate (Na3C6H5O7) and discussed the potential differences in 

the mechanism of formation of resultant particles. The report also suggested the formation of 

small sized nanoparticles due to well known strong reducing capabilities of NaBH4, whereas the 

Na3C6H5O7 as a mild reducing agent has good stabilizing ability. Thus, small sized spherical 

nanoparticles formed by mild reducing agents were favored by the stabilization phase of growth 

process. 
[75]

 The stabilization occurs by the chemisorption of peptides as capping agents which 

reduces the surface free energy and prevents the further growth of all stabilized facets. Further 

addition of gold atoms at higher energy facets results in anisotropic growth leading to different 
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shaped nanoparticles. 
[72, 73]

 However, in the absence of any template, both mild as well as 

strong reducing agents resulted in the formation of spherical nanoparticles, but of different 

sizes, because of the lowest surface to volume ratio of spheres. Similarly, a detailed report by J. 

Polte on fundamentals of growth principles of colloidal nanoparticles describes that rapid 

reduction of metal salts by strong reducing agents followed by growth is supposed to occur via 

kinetically favored mechanism, while the thermodynamically favored mechanism is well 

correlated with mild reducing agents. 
[76]

 The formation of anisotropic gold nanoparticles begins 

with the initial faster reduction of gold ions and their quick accumulation in the form of small 

nuclei with minimal or no re-dissolution. The nuclei formation step is the main kinetic barrier in 

homogenous solutions because of the less stability of the nuclei’s due to their extremely smaller 

size and insufficient solvation. As the saturation of nuclei reaches above critical level, the 

unstable nuclei’s grows in size to form stable seeds. Thus this mechanism suggests that even 

before formation of faceted nanoparticles, the spherical intermediates were formed in the 

solution. Indeed this faster initial stage is the kinetically controlled reaction and is later on 

followed by the growth stage that involves the deposition of monomers on stable seeds to form 

faceted anisotropic nanoparticles. The growth step occurs at much slower rate and is 

energetically favored. 
[73]

 It is also known that peptide hydrogels can act as a template for 

providing direction to growing nanoparticle along certain facets resulting in formation of 

anisotropic shaped nanoparticles. 
[47] 



Chapter 6 

 

253 
 

Figure 6.17  Surface Plasmon resonance spectra of gold nanoparticles with (a) Fmoc FY and 

(d) Fmoc FS at different pH;  TEM images of gold nanoparticles synthesized with Fmoc FY (b 

& c) and Fmoc FS (e & f) at pH 8 and pH 11 respectively. 

In this work, Fmoc FY, having the aromatic hydroxyl group acts as a strong reducing agent and 

resulted in formation of anisotropic shaped nanoparticles. The nanoparticle formation 

mechanism using Fmoc FY probably proceeded by kinetically favored route. We hypothesize 

that, at first, faster reduction of HAuCl4 resulted in formation of small sized spherical particles 

which further coalesce to anisotropic rectangular shaped nanoparticles where our peptide 

hydrogel network acts as a template. The presence of two SPR peaks in the UV-Vis spectrum 

corresponds to the primary nanoparticles of smaller size (~530 nm) and larger coalesced 

anisotropic particles (~970 nm). In contrast to Fmoc FY, the aliphatic hydroxyl group 

containing Fmoc FS acts as a mild reducing agent. It is also reported by Cai et. al. that amino 

acids without aromatic groups are weak reducing agents and cannot effectively reduce the gold 

salt, at room temperature, according to which serine, can be considered as a mild reducing 

agent. 
[69]

 Therefore, at the expense of minimal energy Fmoc FS resulted into formation of 

spherical nanoparticles, which corresponds to the lowest energy shape and is primarily formed 

by reduction of metal salts. As previously known, the stabilizing ability of mild reducing agents 

inhibits the further growth of these spherical nanoparticles. This has been reflected in the SPR 

spectrum of these nanoparticles showing single peak in the range of ~530 nm. Therefore, the 

differential reduction behavior of aromatic and aliphatic hydroxyl groups of Fmoc FY and 

Fmoc FS probably resulted in the formation of nanoparticles of different shapes and sizes.  

 

Figure 6.18 TEM images of rectangular gold nanoparticles synthesized by Fmoc FY (a-c) at pH 

8 and (d-f) at pH 11 at different magnifications. 
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Further, the morphology of synthesized GNPs was analyzed using TEM shown in figure 6.17(b, 

c, e and f) and figure 6.18. The peptide with aliphatic hydroxyl group (Fmoc FS) showed the 

formation of spherical gold nanoparticles with an average size of 9.3 ± 1.7nm for pH 8 and 6.6 

± 2.1nm for pH 11, which can be corroborated with their surface plasmon resonance spectra 

(figure 6.22). However, the aromatic hydroxyl peptide, surprisingly, showed majorly the 

formation of rectangular plate shaped gold nanoparticles at both pH in addition to spherical 

particles. 
[77]

 The average aspect ratio of these nanoparticles at pH 8 and 11 were found to be 

1.35 ± 0.38 and 1.1 ± 0.05, respectively, by measuring the length and breadth of 50 

nanoparticles. The higher aspect ratio of pH 8 rectangular nanoparticles was also supported by 

the presence of an anisotropic peak in the absorption spectra of these nanoparticles. However 

nanoparticles with pH 11 have aspect ratio near to 1, which indicates more symmetric 

morphology in comparison to nanoparticles synthesized at pH 8, which may be the probable 

reason for the lack of anisotropic peak at pH 11. The selected areas of gold nanoparticles were 

studied using EDX for the confirmation of gold in the rectangular nanoparticles, shown in 

figure 6.19 a & b. The AFM confirms the presence of elongated fibers at pH 11 in which the 

nanoparticles are entrapped (figure 6.16 a & b). The TEM imaging was done after negative 

staining of the grids to visualize the entangled fibrous network entrapping nanoparticles within 

it at pH 11. The AFM and TEM analysis suggests that although gels were not formed at pH 11 

but the self-assembly occurred and the fibrous structures were formed which were responsible 

for the stability of in situ synthesized gold nanoparticles. 
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Figure 6.19 EDX elemental analysis of gold nanoparticles synthesized by (a) Fmoc FY and (b) 

Fmoc FS;(c)TEM and (d) HRTEM image of single rectangular gold nanoparticle, (f and i) 

Magnified HRTEM in two different planes A and B (marked with red and yellow boxes) showing 

adjacent lattice fringe width of 0.23nm which corresponds to (111) face-centered cubic crystal 

structure of gold as confirmed by the major peak in (e) XRD spectra at 2θ= 38.1
0
; (g and j) 

shows FFT and (h and k) shows auto-correlation pattern of the corresponding gold 

nanoparticle. 
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To characterize rectangular gold nanoparticles, HRTEM and EDS mapping was performed 

using TEM and STEM techniques (figure 6.19 and 6.20). The HRTEM images showed the 

interplanar distance of adjacent lattice fringes equal to 0.235 nm, calculated by using Gatan 

Microscopy Suite software. This distance corresponds to the (111) planes of face centered cubic 

(fcc) crystal structure of gold (figure 6.19 d, f and i). The XRD diffraction pattern exhibited the 

strongest peak at 2θ=38.10 which corresponds to the d-spacing of 0.235nm that also confirms 

the presence of typical fcc gold structure (figure 6.19e). 
[47, 76]

 The FFT and auto-correlation 

pattern further verified the crystalline structure of the rectangular gold nanoparticles (figure 

6.19 g, h, j and k). To obtain a deeper insight of elemental composition of these anisotropic 

nanoparticles, EDS elemental mapping was performed. The images in figure 6.20 b-f clearly 

revealed the uniform distribution of gold signal throughout the rectangular nanostructure. Apart 

from gold, carbon, nitrogen and oxygen were the other elements present within the 

nanostructure which were also found in EDX line scan done along the length of the rectangular 

nanoparticle (figure 6.21a). The atomic percentage of corresponding elements from the line scan 

signals were obtained as gold=22.67%, nitrogen= 40.86%, oxygen= 27.24 and carbon=9.23% 

(figure 6.21b). The elemental mapping results suggested that peptide template supports the 

anisotropic rectangular gold structures.  

 

Figure 6.20 (a) Bright field STEM image of rectangular gold nanoparticle, (b-f) corresponds to 

its elemental mapping with (b) showing the presence of carbon (green dots), oxygen (cyan dots), 

nitrogen (blue dots) and gold (red dots), followed by individual images of each element(c-f); (g) 
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shows EDX elemental spectra of same rectangular gold nanoparticle, confirming the presence 

of gold.  

 

Figure 6.21 (a) EDX line scans of Carbon-K, Nitrogen- K, Oxygen- K and Gold-LA signals, (b) 

STEM image of rectangular gold nanoparticle analysed for line EDX analysis (yellow line) and 

(c) Quantification of different elements from EDX line spectra. 

The DLS measurements were done to confirm the size of the nanoparticles as measured by 

TEM (shown in figure 6.22 a and b). The results showed close agreement with the TEM values 

however the values obtained through DLS were higher in comparison to TEM results, as it 

measures the hydrodynamic radii of the particles. The gold nanoparticles reduced by Fmoc FS 

exhibits average size of 22.9 ± 3nm and 16.1 ± 6nm at pH 8 and 12 respectively. Whereas, the 

gold nanoparticles with Fmoc FY showed the average size of 141 ± 33 nm and 144 ± 13 nm at 

pH 8 and 11 respectively. 

 

Figure 6.22 Size distribution analysis of nanopartices with (d) Fmoc FY and (h) Fmoc FS using 

TEM and DLS 
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Now it would be interesting to know the mechanical strength of the organic-inorganic hybrid 

materials i.e the gel embedded gold nanoparticles. The storage (G’) and loss modulus of Fmoc 

FY and Fmoc FS hydrogels was compared in the presence and absence of gold nanoparticles at 

MGC (figure 6.23). It was also noted that visible colour change indicating Au
+3

 to Au
0
 was 

observed in less than 24 hrs for Fmoc FY, whereas it took more than 24 hrs with Fmoc FS and 

the rheology measurements were done after 24 and 48 hrs respectively. Such differential 

reduction time again confirmed the strong reducing capability of Fmoc FY over Fmoc FS. We 

observed the reinforcement of mechanical strength of hydrogels upon incorporation of gold 

nanoparticles in case of both the hydrogels. In Fmoc FY gels, the mechanical strength was 

found to be an order of magnitude higher with gold nanoparticles (figure6.23), while for Fmoc 

FS, the strength was found to be nearly twice than that of hydrogels without gold 

nanoparticles(figure 6.23b). The enhancement in the mechanical strength was also observed in 

previous reports. 
[79-81]

 The probable reason for this enhancement could be that the nanoparticles 

might act as physical crosslinking centers and joins multiple peptide strands, resulting in denser 

network. 
[79, 80]

 Another report by Adibnia et. al. stated that the reinforcement of mechanical 

properties also depends upon the distribution of nanoparticles in gel network. 
[81]

 The porous 

hydrogel network provides the space for uniform distribution of nanoparticles which is also 

responsible for the long term stability of the synthesized nanoparticles, avoiding aggregation. 

Thus, preparation of such metal-organic hybrids elucidates a successful route for altering the 

physical properties of the peptide hydrogels, without any chemical modifications. 

Thus, we successfully demonstrated the utility of low molecular peptides in preparation of GNP 

of varying shapes and sizes by in situ reduction of HAuCl4, without involvement of any external 

reducing/capping agent. Hence, the tyrosine and serine-based hydrogelators are elegant hosts as 

structure-directing templates for in situ shape-controlled preparation and stabilization of GNPs. 
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Figure 6.23 Comparison of mechanical stiffness of (a) Fmoc FY and (b) Fmoc FS hydrogels in 

the presence and absence of gold nanoparticles formed after 24 hrs and 48 hrs respectively, at 

pH 8. 

6.4 Conclusions 

In summary, we elucidate the fundamental role of molecular structure in determining the 

physiochemical properties of the self-assembled peptides that can promote the rational design of 

amyloid based short peptides as functional nanomaterial. Our observations and structural data 

not only provide an insight into the role of amino acid hydrophobicity in self-assembly but also 

demonstrate the profound effect of aromatic capping on the self-assembly propensity and 

morphology of the resulting materials. For the first time, we clearly demonstrated the difference 

in participation of aliphatic and aromatic hydroxyl functionality towards controlling the shape 

of synthesized gold nanoparticles. To the best of our knowledge, it is the first report of synthesis 

of rectangular plate like GNP, using such short peptide sequence. The nanofibrous structure of 

the peptides results in remarkable stability of GNP’s in aqueous solutions. The bioinpired 

approach makes them suitable for biomedical applications. We hope that our study will provide 

strong evidences for understanding the relationship between peptide sequence and nanoparticle 

growth. Thus we anticipate that the continuous efforts and a detailed understanding towards 

rational design of multifunctional peptides will open up new avenues for nanomaterial synthesis 

with controlled geometric parameters, depending upon their utilities. 

Note:  

 The permission has been granted by authors and corresponding author of the published 
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7.1 Introduction  

Protein-peptide interactions play crucial role in many cellular processes and are related with 

several human diseases. 
[1]

 Significant studies have been reported in the literature that explored 

protein-peptide interactions to understand the fundamentals of cellular functions and regulate 

them. Improving the efficacy of peptide therapeutics is also based on the principle of protein-

peptide interactions. 
[2]

 The design of effective peptide based drugs to inhibit malfunctioning 

proteins require detailed understanding of protein-peptide interactions that can avoid certain 

ambiguities regarding selectivity and specificity of peptide drugs. The binding mechanism of 

synthetic peptides with cellular proteins is similar to binding of short fragment of polypeptide 

chain with proteins, for example, MHC complex proteins, peptide transporters, peptide 

harmones-receptor complexes, etc. 
[3]

 The peptides can interact with proteins in several ways 

including additional β-sheet, binding to clefts in extended β-sheet or proline type II helical 

conformations. 
[3]

 Despite high significance and estimated abundance there is a lacking of 

information on detailed characterizations of protein-peptide interactions.  

Protein-peptide interactions are more transient and have significantly weak interaction affinity, 

in comparison to protein protein interactions. The high conformational flexibility of peptides 

along with these factors results in more complex structural characterization of protein-peptide 

interactions. 
[4]

 Furthermore, supramolecular assemblies are yet another interesting aspect of 

protein-peptide interactions. However, not many reports are available on the self-assembling 

protein-peptide systems. Most of the examples of synthetic binary systems include peptide-

peptide or sugar-peptide composites. For example, Stupp’s group showed the co-assembly of 

lipids and peptide amphiphiles that involves non-covalent anion-π interactions. 
[5]

 The self-

assembled combined systems have great potential to be developed as functional systems. The 

literature suggests plenty of examples of functional composites based on covalent binding. 
[6]

 

However, literature remains scarce with respect to exploration of non-covalent interactions for 

developing binary systems. The molecular self-assembly process becomes more difficult to 

understand when one of the components in composite is macromolecular. The self-assembly of 

small molecules under the influence of macromolecules such as proteins, DNA, 

polysaccharides, etc is a complex phenomenon and rarely studied. 
[7-9] 

It is obvious that mixing of macromolecules with small molecules such as short peptides can 

dramatically affect the self-assembly behavior. To this direction, Stupp et al. have demonstrated 

the formation of interfacial mixing membrane by combining peptide amphiphiles with high 

molecular weight polysaccharide hyaluronic acid. 
[10]

 Other reports demonstrated the use of 
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different materials such as polysaccharide dextran 
[11]

 or clay particles 
[12]

 to modulate the 

mechanical properties of the small molecule hydrogels. In the similar line, a report by Xu and 

coworkers demonstrated the interaction of peptide amphiphile with cytosolic protein that 

significantly influenced their nanoscale structure. 
[13]

 Another report by Ulijn’s group 

demonstrated the drastic effects on the supramolecular nanostructure properties through co-

operative self-assembly of amphiphilic short peptides and proteins. They proposed the concept 

of mesoscale protein clusters at very low protein concentration, at room temperature, and under 

physiological conditions. 
[14]

 The co-operative self-assembly results in confinement by cluster of 

chiral macromolecules which have significant effects on morphological and mechanical 

properties of peptide derived hydrogels. In all the above described examples, the peptide 

amphiphiles have inherent self-assembling capabilities and addition of macromolecules was 

intended to modulate the properties of the self-assembled systems. 

However, some peptide amphiphiles may lack the inherent self-assembling ability. These 

molecules might lack the appropriate strength of intermolecular interactions that could support 

the formation of 3D matrix. 
[15-17]

 The weak interactions favoured the Brownian motion and thus 

result in peptide solutions instead of gels, which narrow down the scope of their potential 

applications. The self-assembly in these peptide solutions or dispersions can be triggered by 

adding certain additive stimuli which are expected to enhance the intermolecular interactions 

between the soluble self-assembled structures. To this direction, metal ions have been widely 

explored by the several groups to induce gelation in self-assembled fibers via cross-linking. 
[18-

20]
 There are very few reports showing examples of polymeric hydrogels that are formed by the 

involvement of specific protein-peptide interactions. 
[21-23]

 A report by Z. Yang and co-workers 

demonstrated the rational design of fusion protein with four binding sites and explored protein-

peptide binding interactions to induce gelation in weakly interacting self-assembled peptide 

fibers. 
[24] 

Enzyme assisted self-assembly is regarded as a powerful route of self-assembly and has been 

widely studied. But, we believe that, in addition to catalytic functions of enzyme proteins, they 

can also assist in the self-assembly of low molecular weight gelators. So far, in most of the 

studies based on enzyme triggered gelation, specific catalytic activity of enzymes has been 

explored. In this context, Jierry and co-workers demonstrated the enzyme assisted strategy to 

achieve spatiotemporal control over peptide self-assembly. 
[25]

 Their Fmoc based precursor is 

designed with a reversible disulfide bond, which itself is unable to self assemble due to highly 

negatively charged C-terminal. Glutathione reductase is used to cleave disulphide bonds of the 
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precursor and induce gelation, however, the formation and cleavage of disulphide bonds are in 

equilibrium and acts as a self-fuelled self-assembly cycle. To the best of our knowledge, no 

enzyme has been reported to induce gelation in a non-gelating molecular domain by simple 

physical interaction, without any catalytic activity. However, a report by Z. Yang’s group 

showed the formation of molecular gels of a hydrophobic peptide through BSA protein 

stabilization. 
[26]

 Similar to other adducts like metal ions, salts, etc. the enzymatic proteins can 

also help in physical cross linking of peptide gelators, which otherwise may have weak 

interactions. The enzyme surface is rich in diverse functionality and can provide several sites 

for variable interactions such as hydrophobic interactions, aromatic interactions or H-bonding 

interactions. 

In this work, we have explored the unusual property of enzymes in inducing gelation in the non 

gelator peptides, without utilizing their catalytic action. The gelation is expected to be based on 

non-covalent interactions, which takes place between proteins and non-gelator peptides after 

simple mixing. To the best of our knowledge, this is the first report which demonstrates the 

formation of hydrogels from the non-gelator dipeptides through non-covalent protein-peptide 

interactions. The previously reported works showed hydrogelation in long peptides (~13-mer 

sequence) through interaction with specially designed fusion proteins that have multiple binding 

sites. The effect was found to be quite universal since different varieties of commercially 

available proteins were used to trigger gelation. It depends on the hydropathy index of the 

protein employed to induce hydrogelation. Interestingly, the studies suggested that the protein-

peptide interaction is non-specific and can occur with variety of dipeptide derivatives as well as 

different proteins. By using this approach, diverse morphological and mechanical properties can 

be accessed within a single peptide domain by either changing the type or the concentration of 

protein. The docking studies revealed that the proteins provide several sites for peptide 

interaction, which could act as a template for nucleation of peptide self-assembly and enhances 

interactions between peptide-peptide molecules, which results in fibrillar nanostructures. 

Excellent mechanoresponsive behavior of such gels can be explored for injectable carriers for 

biomedical applications. The present study extends the scope of supramolecular assembly 

beyond the use of single type of component to create functional biomaterials. The work also 

paves the way to generate nanofibrous hydrogel scaffold from non-gelator peptides also, which 

could overcome the limitations of conventional synthetic approach that involves the design of 

several chemical molecules. Additionally, the entrapment of enzymes within the hydrogel 

scaffold shows enzyme immobilization without losing their bioactivity and can be further used 

for biocatalytic applications.  
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7.2 Experimental 

Material and Methods: Cbz-protected phenylalanine, C-terminal protected amino acids, HBTU 

(O-(benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexa-fluorophosphate) and DIPEA (N,N-

diisopropylethylamine), were purchased from Sigma-Aldrich and used as received. The proteins 

lipases, thermolysin and chymotrypsin were purchased from Sigma-Aldrich and stored as per 

the prescribed conditions. 

7.2.1 Peptide synthesis: The Cbz protected dipeptides were synthesized using solution phase 

peptide synthesis as discussed in chapter 6. The synthesized peptide was purified and analysis 

of purity was confirmed using mass spectroscopy. 
[27] 

7.2.2 Gelation method: pH triggered gelation method was employed for dissolution of 

dipeptides. The weighed amount of peptide was added to 500μl water. Gradually 0.1 N NaOH 

was added until the complete peptide is dissolved resulting in clear basic solution (pH~11-12). 

Then, the pH was reduced to physiological pH by adding 0.1 N HCl. The protein stock solution 

(10mg/ml i.e. 1%) was prepared separately and 500μl and 250 μl of stock were added to the 

above prepared peptide solution to make protein concentration upto 0.5% and 0.25% 

respectively. The mixture was allowed to rest and set as a gel. The gels after 24 hrs were used 

for further characterization.  

Dipeptide Cbz FL interaction with different types of proteins: The peptide solution (50mM) 

prepared by pH switch method was mixed with stock solutions of different types of proteins 

such as lipase, thermolysin, and chymotrypsin. For gelation, two different types of lipases were 

used obtained from same source, Candida rugosa. One lipase having more number of enzymatic 

units (type VII, ≥700U/mg of solid) is termed as L1 and the other having a lesser number of 

activity units (>2U/mg of solid) is termed as L2, in our work. The thermolysin used was 

obtained from Geobacillus stearothermophilus (Type X, 30-175 units/mg protein) while 

chymotrypsin used was from bovine pancreatic origin (type II, protein composition ≥85%).  

Similarly, different dipeptide analogue (Cbz FY, Cbz FV & Cbz FI) solutions were prepared at 

50mM-100mM concentration using pH gelation method, as described above. To this solution, 

different types of protein solutions were added to trigger gelation.  

7.2.3 HPLC of composite gels: To check any cleavage of dipeptide in the presence of lipase 

enzyme, the composite gels after 24 hrs were diluted and injected into HPLC column. The 

Waters HPLC system with C18 reverse phase analytical column (Waters Spherisorb 5μm 

ODS1, with 4.6 X 250mm dimensions) was used with mobile phase having gradients of 5% 
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ACN/water to 90% ACN/water. Peptide solution without added lipase was used as control to 

compare the retention time in composite gels. 

7.2.4 Morphology assessment 

Atomic force microscopy (AFM) was used to study the morphology of protein-peptide 

composite hydrogels. For AFM sample preparation, 20μl of each gel was diluted in 200 μl of 

water. The diluted solution was drop-casted on clean silicon wafer. After 3 minutes, the excess 

sample was wicked off by the capillary action of filter paper. The sample was allowed to air dry 

and kept under vacuum overnight, before imaging. The imaging was done using Bruker 

MultiMode atomic force microscope operated in a tapping mode with a NanoScope controller 

and a J-scanner. 

7.2.5 Mechanical strength measurement 

Mechanical properties were determined using Anton Parr MCR302 rheometer with 50 mm 

parallel plate geometry and 0.2mm gap. The dynamic moduli of the hydrogels were measured as 

a function of frequency between 0.1 and 100 Hz. Amplitude sweep measurements were 

performed to ensure that the frequency sweep measurements were made in the linear regime and 

to obtain the optimum strain values from the linear viscoelastic region (LVE). The temperature 

of the instrument was controlled with integrated electrical heater and maintained at 20
0
C 

throughout the experiments.  

The thixotropic behavior of hydrogels was studied in the LVE range by applying the alternating 

strain of 100% and 0.1% for 100 and 200 s. The hydrogels were subjected to three repeated 

cycles of deformation and recovery. The hydrogels used for the rheology and thixotropic 

measurements were of 50 mM concentration of peptide. 

7.2.6 Denaturation of proteins and gelation with denatured proteins 

The proteins are sensitive to high temperatures and are liable to lose their structures upon 

heating at high temperatures. The lipase and chymotrypsin were subjected to heat in hot air 

oven maintained at 100
0
C. While, for thermolysin, which is the most stable enzyme at 

temperature upto 90
0
C was heated upto 120

0
C to denature. The confirmation of denaturation 

was monitored by recording the CD spectra. The characteristic CD signals of denatured proteins 

were compared with native proteins before denauration, in aqueous solution.  

Further, the denatured proteins were used for gelation with Cbz FL dipeptide (50mM), using 

above discussed gelation protocol. These gels were allowed to set for 24 hrs, after which the 
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rheological measurements were done using frequency sweep in the frequency range of 0.1 to 

100Hz.  

7.2.7 Biolayer Interferometry (BLI) for protein-peptide interaction 

The interaction between protein and peptides was determined using an Octet K2 biolayer 

interferometer instrument by ForteBio (Pall Life Sciences). APS (aminopropylsilane) dip and 

read sensors supplied by ForteBio were used to immobilize the ligand protein through non-

covalent interactions. In a 96 well plate, the first pair of wells were filled with baseline buffer, 

followed with protein solution (100μg/ml concentration) for loading of sensor. Next well 

contains another baseline buffer, in which the peptide solution was prepared to equilibrate the 

sensor surface, prior to its interaction with peptide solution. The further wells contained the 

sequential dilutions of peptide solutions ranging from 100μM to 1000 μM. After each peptide 

solution well, the dissociation buffer is placed to study the dissociation behavior of the two 

interacting components. The last wells contained the regeneration buffer to regenerate the 

sensor after the completion of study. The water was used as equilibration buffer before protein 

loading and regeneration buffer, while pH neutralized water (with similar amount of NaOH and 

HCl that was used in peptide solution preparation) was used. The protein loading was done was 

600s while association and dissociation of peptides was studied for 100s each. The data was 

recorded by the Forte Bio Octet data acquisition software and analysed using global fitting with 

hetrogenous heterogenous ligand model (2:1).  

7.2.8 Docking studies 

SwissDock server, a online available tool based on the EADock DSS engine was employed for 

docking protein-peptide interactions. The algorithm of this software involves following steps: 1) 

many binding modes are generated, 2) CHARMM energies of each mode is estimated on the 

grid, 3) the clusters are created on the basis of most favorable energies, which are evaluated 

with FACTS, and 4) online visualization of most favorable clusters. The structure files of target 

and ligand can be directly uploaded for docking through the server. Target structures for 

proteins were selected from PDB records, or user-defined structures files can be uploaded (in 

various supported formats). A range of docking parameters could be set, including docking type 

(accurate, fast, very fast), which enables the user to select the desired docking time and 

exhaustiveness, and it also provides an option to define the region of interest. In this work, the 

docking was applied to the whole protein structure. We have used the aacurate accurate type of 

docking analysis. After obtaining the online result, it could be analyzed using Swissdock inbuilt 

software Jmol and offline with UCSF-Chimera.  



Chapter 7 

 

275 
 

7.2.9 Lipase catalytic activity 

Lipase activity was tested using the hydrolysis of p-Nitrophenyl Butyrate (PNPB) into p-

nitrophenol. For this assay, the p-nitrophenyl butyrate stock was prepared in ACN at 50mM 

concentration. The gels prepared at 50mM concentration were diluted upto 1mM concentration 

in water. 20μl of PNPB stock (i.e. 1mM) was added to 1 ml of diluted gel. The kinetics was 

recorded immediately after addition of PNPB, at 400nm for 300s, using a UV-visible 

spectrophotometer.  

7.3 Results and discussion 

7.3.1 Gelation of a non-gelator dipeptide 

Our molecular design includes simple dipeptide sequence based on amyloid derived protein. We 

have selected Cbz FL dipeptide from our previous study described in chapter 6, which was 

reported to be a non gelator peptide under ambient conditions. This peptide was further 

employed for its binding to different enzymatic proteins in an attempt to induce its gelation. Cbz 

FL was synthesized using liquid phase synthesis and analysed for its purity using HPLC, mass 

spectroscopy and NMR spectroscopy, as described in chapter 6. 
[27]

 The C log P value of Cbz 

FL was found to be 4.34, as calculated through Chem Draw 12.0. The pH method was used to 

trigger gelation in Cbz-FL, but it failed to gelate even at higher concentration of ~100mM. 

Further, a protein lipase (L1) obtained from Candida rugosa having activity of ≥700 U/mg solid 

was added to Cbz FL solution at different concentrations (0.1%, 0.25 %, 0.5% and 1% w/v) in 

physiological conditions. Interestingly, gelation was observed at all concentrations of lipase 

with 50mM of Cbz FL, however, 0.1% lipase produced weak gel.  

To check any hydrolytic reaction over Cbz FL by L1, HPLC was performed by diluting the gel. 

The chromatogram showed no change in the retention time of dipeptide, Cbz FL, which 

confirmed no enzymatic activity of lipase over Cbz FL (figure 7.2). Further, the protein induced 

peptide self-assembled gels were characterized for other physiochemical properties. 
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Figure 7.1 (a) Molecular structure of Cbz-dipeptide having variable C-terminal amino acids, 

which are non gelator and shows aggregate like morphology. (b) Schematic representation of 

gelation of non-gelator dipeptide analogues in the presence of different proteins, which 

triggered formation of fibrillar network resulting in gelation except with chymotypsin, which 

forms aggregate like morphology. 

 

Figure 7.2 HPLC chromatogram of Cbz FL (a) without lipase (b) after 24 hrs of lipase 

addition. 

7.3.2 Determination of specificity of the peptide to the proteins with different hydropathy 

index : 

After the successful induction of self-assembly in a non-gelator by lipase protein, it was crucial 

to check the specificity of the interaction. In this direction, we used other hydrolytic enzyme 

proteins such as thermolysin and chymotrypsin. In addition to this, another grade of lipase i.e. 

L2 obtained from same origin (Candida rugosa) was also used, which have lower amount of 

enzymatic units (>2 units/mg). This enzyme was used to check the effect of enzyme activity on 
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gelation properties. Interestingly, L2 and thermolysin also induced gelation in Cbz FL, which 

indicated that the enzyme acts as a template for binding, which either promotes peptide-peptide 

interaction or it provides additional anchoring sites for the peptides to bind through non-

covalent interactions leading to co-operative assembly. However, chymotrypsin failed to form 

gel, at any concentration (table 7.1). The probable reason for differential behavior of 

chymotrypsin is the hydropathy index. The hydropathy index of chymotrypsin was found to be -

0.0131 in comparison to lipase and thermolysin having values in the range of -0.0556 and -

0.409 respectively, as calculated from GRAVY calculator (table 7.1). 
[28]

 The higher values of 

hydropathy index indicate the more hydrophilic nature and vice versa. The lower value of 

hydropathy index of chymotrypsin signifies its hydrophobic nature that results in its poor water 

solubility, which corroborates to its reported solubility. 
(29)

 Poorly soluble proteins likely have 

lesser chances to interact with peptides and thus cannot induce gelation. The results also 

emphasized the role of appropriate hydrophilic lipophilic balance in controlling the self-

assembly and gelation. The gelation of Cbz FL with multiple proteins suggested that the 

interaction between the two  is non-specific and also demonstrated a non-conventional route for 

inducing gelation in a non-gelator ultra-short peptide domain, without any synthetic modulation. 

Table 7.1 Gelation studies of Cbz FL with lipases from same source but different activity, 

thermolysin and chymotrypsin at different concentration and their hydropathy index. 

 

 

7.3.3 Morphology of protein-peptide hydrogels 

As indicated by the AFM studies, the non-gelator, Cbz FL showed the presence of aggregated 

morphology indicating the weaker intermolecular interactions, as shown in our previous work. 

However, it would be extremely interesting to study the morphology of protein induced peptide 
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gels. The Cbz FL with both lipase (L1 and L2) and thermolysin showed the presence of fibrous 

morphology. 
(30)

 While, the non-gelating peptide-chymotrypsin co-assembly resulted in 

aggregate like morphology, as anticipated. The results showed that both lipases yielded longer 

length fibers in comparison to shorter fibrillar structures with thermolysin having fiber diameter 

of ~39±7.2 nm, suggesting relatively weaker interactions of Cbz FL and thermolysin. The fiber 

diameters of Cbz FL gels with L1 and L2 were found to be in the similar range of 55±9.2 nm 

and 56.5±7.8 nm. It is expected that addition of proteins triggers the nucleation for self-

assembly of Cbz-FL, which otherwise could be lacking due to insufficient intermolecular 

interactions between Cbz-FL molecules. 

 

Figure 7.3 AFM images of (a) Cbz FL, (b) Cbz FL with L1, (c) Cbz FL with L2, (d) Cbz FL with 

thermolysin and (e) Cbz FL with chymotrypsin with concentration of Cbz FL as 50mM and 

proteins with 0.5% w/v concentration. 

7.3.4 Mechanical strength evaluation of protein-peptide hydrogels 

It is highly desirable to tune the mechanical properties in a single molecular gelator domain, as 

it can probably reduce the synthetic challenges associated with new molecular design. The 

mechanical properties of the gels were assessed using oscillatory rheology. The amplitude 

sweep was performed to determine the LVE range, which was found to be ~0.5% for all the 

gels. Further, using this LVE strain values, frequency sweep measurements were done in the 

range of 0.1 to 100Hz. The higher values of storage modulus (G’) than loss modulus (G”) for all 

the gels, indicated the viscoelastic nature of the hydrogels. The Cbz FL in the presence of L1 

showed concentration dependence. It was extremely interesting to note that with the fixed 

concentration of Cbz FL, the mechanical stiffness of the gels can be modulated by varying the 

concentration of protein. With increasing concentration, the gel strength tends to increase from 

0.4 kPa at 0.1% L1 to 20 kPa at 1% L1 concentration (figure 7.4a). 
(31)
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Figure 7.4 Rheological measurements of (a) Cbz FL with different concentrations of L1, (b) 

Cbz FL with different proteins at 0.25% concentration and (c) Cbz FL with different proteins at 

0.5% concentration.  

Further, we checked the effect of different proteins on gel strength. For this, we used 0.25% and 

0.5% concentration of L1, L2 and thermolysin with 50mM Cbz FL. Interestingly, L2 showed 

relatively higher mechanical strength than L1 and thermolysin. The average storage modulus for 

L1 was found to be ~1.8±0.2 kPa and 7.3±1.3 kPa, while L2 showed the storage modulus of 

3±0.4 kPa and 12.8±2 kPa at 0.25% and 0.5% concentration, respectively. However, the storage 

modulus of thermolysin was relatively lower than both lipases i.e.in the range of 0.9±0.1 kPa 

and 1.2±0.2 kPa at 0.25 and 0.5% of thermolysin concentration. The lower gel strength of 

thermolysin based gels can be correlated with the shorter fiber lengths, while the entanglement 

of longer fibers results in higher gel strength of L1 and L2 gels. The results showed a facile way 

to tune the mechanical properties of the gels at identical concentration of the single peptide 

gelator. 

7.3.5 Mechanoresponsiveness of protein-peptide hydrogels 

To further explore the potential of these protein-peptide gels in biological applications, 

injectability is an important parameter. 
(34)

 The thixotropic nature of gels was studied to assess 

the mechano-responsiveness of the gels i.e. gel- sol transformation in response to external 

stress. Initially, the by vial inversion method was used to see the thixotropic behavior, in which 

the preformed gels were vortexed to transform into sol and upon resting it again regains the gel 

state. It was observed that all protein peptide gels regained their gel state after deformation. 

Further, the recovery behaviour of these gels was measured using step-strain rheology. The gels 

were observed for the loss of mechanical properties upto three consecutive cycles of strain. 

During thixotropic measurements, a strain much higher than LVE range (i.e. 100%) was applied 

to deform the gels, followed by reduction of strain near to LVE region i.e. 0.5% to allow the 

recovery of gel structure. Interestingly, all the three protein-peptide gels showed nearly 100% 
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recovery of gel strength within initial 60s (figure 7.5). This indicates that these protein-peptide 

gels are highly mechanoresponsive and can be explored as injectable gels for biomedical 

applications. 

 

Figure 7.5 Thixotropic measurements of protein-peptide gels composed of Cbz FL peptide 

(50mM) with  (a) Lipase, L1; (b) Lipase, L2, (c) Thermolysin at 0.5% w/v concentration and (d) 

percentage recovery of corresponding gels within initial 60sec. 

7.3.6 Investigation of role of protein structure in gelation 

To understand the mechanism of interaction between proteins and short peptide, it was 

important to determine the role of protein structural conformations in dictating the self-

assembly and gelation. In this context, we first denatured the proteins by heating. 
(32)

 To confirm 

their denaturation, CD spectroscopy was performed and loss of characteristic protein structure 

signals was observed after denaturation (figure 7.6a). Surprisingly, the denatured proteins were 

also able to trigger gelation in non-gelator peptide, Cbz FL. This confirms that the protein-

peptide interactions were not conformation specific and might involve non-covalent interactions 

such as π-π interactions, hydrophobic interactions, or H-bonding interactions. Further, the 

mechanical properties of gels formed with denatured proteins were assessed (figure 7.6b). 

Interestingly, the mechanical strengths of gels with denatured proteins were found to be higher 

than non-denatured protein gels (figure 7.6c). 
(33)

 The probable reason for such enhancement in 

mechanical strengths might be due to the availability of more sites exposed to non-covalent 
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interactions with peptide, after denaturation, which resulted in more ordered structures with 

higher gel strength. 

 

Figure 7.6 (a) CD analysis of denatured proteins to confirm the disruption of their 

conformational structure, (b) mechanical strength measurement of gels prepared by 0.25% 

concentration of denatured proteins (L1, L2, and thermolysin) with Cbz FL and (c) comparison 

of storage modulus of gels normal (without denaturation) and denatured protein.  

7.3.7 Determination of versatility of the protein-peptide interactions 

To get a deeper insight into such protein-peptide interaction induced self-assembly, it was 

crucial to investigate the selectivity of proteins towards other dipeptide analogues. 
(35)

 It was 

extremely interesting to find out whether such proteins can induce gelation to other non-gelator 

peptide analogues. In this direction, we designed three other similar dipeptide derivatives 

having varied C-terminal amino acids ranging from aromatic tyrosine to aliphatic valine and 

isoleucine. The C log P values of these analogues were 3.642 for Cbz FY, 3.82 for Cbz FV and 

4.35 for Cbz FI. All three analogues were non-gelator and when mixed with proteins (L1, L2, 

and thermolysin), all formed gels except Cbz FI with thermolysin but surprisingly at higher 

peptide concentration. The gelation concentration of different protein-peptide composites is 

summarized in table 7.2. The dipeptides Cbz FY and Cbz FV forms gel at 80mM concentration 

with L1 and L2 while Cbz FY requires 100mM concentration. However, thermolysin having 

more hydrophilic nature forms gel at 80 mM Cbz FY and 100mM of Cbz FV and does not form 
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gel with Cbz FI upto 100mM concentration. The gelation results suggested that such protein-

peptide induced gelation is highly versatile and can be explored for inducing gelation in other 

non-gelator peptides. 

Table 7.2 Gelation studies of different proteins at 0.5% w/v with variable dipeptide analogues 

of Cbz FL and their gelation concentration. 

 

Further, a set of gels prepared from different dipeptide analogues with lipase L1 were assessed 

for their mechanical and morphological properties. The rheological measurements revealed that 

Cbz FY formed the gel with higher mechanical stiffness having G’ value ~1.1±0.1 kPa in 

comparison to Cbz FV and Cbz FI having storage modulus of 0.76±0.08 kPa and 0.3±0.02 kPa, 

respectively. However, the mechanical stiffness of all three analogues was lesser in comparison 

to Cbz FL, inspite of higher minimum gelation concentration of these analogues. Moreover, Cbz 

FI, which is the structural isoform of Cbz FL showed the least gel strength with L1 and does not 

form gel with thermolysin. This suggested that it might be possible that leucine structure is 

more favorable to participate in hydrophobic interactions with lipase and other proteins in 

comparison to isoleucine, resulting in stronger hydrogels at much lower concentration (nearly 

half) of Cbz FL than Cbz FI.  
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Figure 7.7 (a) Rheological measurements of dipeptide analogue gels with lipase L1, (b) 

comparison of gel strengths of all four dipeptide analogues and (c, d & e) morphological 

assessment of hydrogels prepared from Cbz FY, Cbz FV and Cbz FI with L1, respectively. 

The morphological studies using AFM revealed the presence of fibrous morphology in gels 

formed from dipeptide analogues with L1. However, the length of fibers was shorter than that of 

Cbz FL with L1. Cbz FI with L1 showed the presence of aggregates along with the fibrillar 

structures, which accounts for the weaker gel strength, as observed through mechanical strength 

measurements. 

7.3.8 Measurement of protein-peptide interactions 

The studies so far suggested that certain proteins have binding affinities towards short peptide 

derivatives and this binding might facilitate their self-assembly. The binding affinities can be 

quantified to establish the correlation between protein-peptide interactions and their resultant 

properties. Prediction of binding energies can provide the evidences for variable properties of 

the resulting gels. Biolayer interferometry provides a biophysical method based on 

immobilization of one of the interacting component on the biosensor platform and using other 

components as an analyte in a micro-well plate. 
(36, 37)

 It is a highly sensitive method to qualify 

and quantify biomolecular interactions. To determine the binding energies of protein –peptide 

interactions, APS sensors were used to immobilize proteins via non-covalent interactions. The 

peptide at different concentrations was used as an analyte. A BLI analysis involves four 
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essential steps: equilibration, immobilization (loading) of ligand, analyte association and 

dissociation of weakly bound analyte. 
(38)

 

 

Figure 7.8 Association and dissociation curves of different concentrations of Cbz FL with (a) 

Lipase (L1) and (b) thermolysin. 

The binding behavior of immobilized protein ligands such as lipase and thermolysin with 

different peptide analytes (Cbz FL, Cbz FY, Cbz FV & Cbz FI) is shown by the individual 

association and dissociation curve. In the preliminary experiments, different concentrations of 

each analyte were tested with each protein. Each peptide analogue interacted in concentration 

dependent manner as shown in figure 7.8 by the Cbz FL with lipase and thermolysin. The 

minimal optimum concentration of 0.6mM was selected to compare the responses of different 

dipeptide analogues with proteins because concentrations below it showed very less response, in 

case of some interacting pairs (figure 7.9). The binding constants of each dipeptide analogue 

with lipase and thermolysin are summarized in table 7.3. The KD values of dipeptides interacting 

with lipase were relatively higher in the range of 10
-3

 to 10
-4

 than with thermolysin that is in the 

range of 10
-1

 to 10
-3

, which can be accounted as reason for lower gel strength of Cbz FL with 

thermolysin in comparison with lipase. The overall binding constants in range below 10
-4 

indicate the weak binding, which is also clearly visible from the steep dissociation curves in 

figures 7.8 and 7.9. For both the proteins, Cbz FL showed highest binding constants in 

comparison to other dipeptide analogues, indicating relatively stronger binding and that can be 

correlated with lower minimum gelation concentration (50mM) and its higher gel strengths. The 

weaker binding affinity confirms that the interactions involve non-covalent interactions. 
(39)
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Figure 7.9 Association and dissociation curve of different peptide analogues with (a) lipase 

L1and (b) thermolysin. 

Table 7.3 Kinetic rate constants and affinities were determined for the interactions between 

lipase (L1) and thermolysin with different dipeptide analogues. 

 

7.3.9 Prediction of binding energies of protein-peptide interactions 

To understand the mechanism of self-assembly of such proteins and peptides, it is crucial to 

understand the interactions at molecular level. 
[40, 41]

 The docking studies of 3D protein models 

with the interacting peptides would help to understand the underlying mechanism of protein 

induced peptide self-assembly. Swissdock is a docking web server that automatically performs 
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the docking analysis for a given set of ligand and target. 
[42, 43]

 It searches the whole target 

protein structure from PDB and performs the binding analysis of different small molecules at 

different binding pockets using the default parameters. The visualization and interpretation of 

docking results are facilitated by UCSF Chimera molecular viewer. The results were obtained in 

the form of energy full fitness (ΔG, Kcal/mol). From all the obtained energy predictions, the 

best ΔG for lipase interaction with Cbz FL was found to be -7.54 Kcal/mol. While for other 

dipeptide analogues best ΔG with lipase was found to be -8.38 for Cbz FY, -7.57 for Cbz FV 

and -7.28 for Cbz FI. The highest ΔG for Cbz FY probably can be due to the additional 

aromatic interaction with tyrosine moiety. The docking studies also give an idea of number of 

H-bonds participating in these interactions like Cbz FL and Cbz FV showed presence f 1 H-

bonding with lipase, while Cbz FY and Cbz FI showed 2 H-bonds.  

Table 7.4 Binding energies of protein peptide interactions estimated using SwissDock. 

 

The docking studies clearly revealed that all peptides interact with different binding pockets of 

lipase. At the best ΔG conformations, the Cbz FL forms H-bond with Gln 187 and Cbz FV 

formed H-bond with Arg 518. However, Cbz FY and Cbz FI forms one H-bond with Gly 460 

and Lys 229 respectively, and other H-bond with Asp 191. The values of ΔG for all the protein-

dipeptide analogues range below 10 Kcal/mol, which is associated with non-covalent 

interactions. The docking studies confirmed that the binding between protein and peptide are 

weak non-covalent interactions, which acts as the nucleation sites for self-assembly. Further, 

growth leads to the fibrillar structures.  
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Figure 7.10 Binding positions of Lipase with (a) Cbz FL, (b) Cbz FI, (c) Cbz FV and (d) Cbz FY 

having minimum estimated free energy (ΔG) calculated through SwissDock. The visual 

representation obtained through UCSF Chimera.  

7.3.10 Effect of peptide interactions on Lipase activity 

To explore the applicability of these hydrogels in catalysis, it was important to know the effect 

of peptide binding on the enzymatic activity of proteins such as lipase, thermolysin. In this 

direction, the lipase activity assay was carried out, in which the conversion of p-nitrophenyl 

butyrate (PNPB) to p-nitrophenol (PNP) was measured that is indicative of the hydrolytic 

esterase activity of lipase as shown in figure 7.11a. 
[44, 45]

 This conversion was accompanied by 

the appearance of yellow colour in the solution. For this assay, the lipases (L1 and L2) were 

added with Cbz dipeptide analogues to check their effect on the catalytic activity of lipase. After 

24 hrs of protein-peptide interaction, the gel was diluted and p-nitrophenyl butyrate solution 

(1mM) was added and immediately the kinetics spectra were recorded at 400nm using UV 

spectrophotometer (figure 7.11b-d). Interestingly, the peptides itself showed PNPB to PNP 
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conversion and therefore, the conversion in the presence of lipase along with peptides was 

observed to be higher than lipase alone. In correlation to higher catalytic of lipase L1, the 

saturation state of PNPB conversion reaction is obtained faster at ~150s (in figure 7.11b) in 

comparison to lower catalytic activity of lipase L2, which showed saturation point at ~270s, for 

all dipeptide analogues (figure 7.11c). The saturation level indicates the completion of reaction 

by consuming nearly all PNPB amount. The results indicated that binding of peptide does not 

inhibit protein enzymatic activity. This work suggests that enzyme embedded in hydrogel 

scaffolds can be used for catalytic purposes, without losing their enzymatic activity.  

 

Figure 7.11 Assessment of lipase activity showing (a) reaction scheme of p-nitrophenyl butyrate 

conversion to p-nitrophenol using lipase, accompanied by colour change and the quantitative 

estimation of conversion product with time (upto 300s) in the presence of different peptide 

analogues (b) with dipeptide analogues only, (c) lipase L1 with dipeptide analogues and (d) 

lipase L2 with dipeptide analogues, measured at 400nm. 

7.4 Conclusions 

In summary, this work was directed towards developing non-conventional approach for the 

modulation of physical parameter of the self-assembly without changing chemistry of the 

gelator. We believe that it is the first report on protein co-assembly with ultra-short peptide 

derivatives such as dipeptides to induce supramolecular gelation. Most interestingly, the 

potential of protein-peptide interactions have been explored to transform non-gelator into a 

gelator. Diverse gels can be achieved with variable morphological and mechanical properties 

within a single molecular domain by just varying the concentration of proteins. The binding 
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constant observed in the range of 10
-4

 to 10
-1

M indicates that these protein peptide interactions 

are purely based on weak non-covalent interactions between them. In the field of 

supramolecular assembly, this work opens up the new scope for enzymatic proteins other than 

catalytic self-assembly. Interestingly, retention of functional activity of proteins even after 

binding interaction makes them suitable candidates for catalytic applications. We believe that 

such protein-peptide interactions can be a powerful strategy to make highly tunable 

supramolecular gels leading to a development of novel hybrid hydrogel systems that can be 

explored in controlled drug release and tissue engineering, etc. 
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8.1 Summary 

This thesis presents a set of contributions towards the development of biofunctional scaffolds 

for tissue regeneration applications. An ideal tissue engineering scaffold would satisfy two 

important aspects: firstly they should be biocompatible and secondly they should have tuneable 

properties. Ideally, the scaffold should be designed in such a way that it can rationally 

incorporate single or multiple bioactive motifs, which can provide necessary biophysical as well 

as biochemical cues. We took inspiration from the design principles of native extracellular 

matrix so as to adopt its similar hierarchical structure and multiple functions. Our work applies 

the similar principles of nature that includes molecular self-assembly to control the properties of 

bioactive peptide hydrogel scaffolds. The peptide design adopts a minimalist approach to create 

gelators derived from ECM proteins i.e. Laminin and Collagen. Our work mainly focuses to 

achieve the structural and functional complexity of natural ECM through controlled synthetic 

parameters to direct cell growth and cellular other functions. This thesis consists of 8 chapters 

including this chapter. 

The introductory chapter covers the overview of natural extracellular matrix (ECM), its 

composition, structure and functions, which motivates the design of synthetic extracellular 

mimics. The importance of different functional proteins and peptides of ECM are also discussed 

which were the basis of molecular design of peptide libraries in our work. Further, the role of 

hydrogels as a synthetic scaffold is discussed, especially in context with peptide hydrogels. The 

fundamentals of molecular self-assembly were employed to develop hydrogels with tunable 

properties. The β-amyloid assemblies were briefly discussed to explain the mechanistic and 

structural aspects of short self-assembling peptides. In brief, this chapter introduces the 

applicability of bioactive short peptide hydrogels for diverse biomedical and tissue engineering 

applications. The second chapter described the materials and principles of methodology applied 

for the synthesis, physical characterizations, and assessment of biological activity of the 

designer peptide hydrogels. The following chapters demonstrated the development of bioactive 

peptide based hydrogels by achieving the structural and functional complexity in a stepwise 

manner starting from single peptide molecular assembly to multi-component co-assembly. The 

research work conducted in this thesis can be summarized as in figure 8.1. 
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Figure 8.1 Summary of research work 

The important achievements of the work can be as summarized below: 

 The design of self-assembling short peptides i.e. IKVAV and YIGSR derived from 

native laminin protein have been proposed to develop the bioactive hydrogel scaffold, 

which otherwise was non-gelators. The non-conventional solvent-mediated approach 

was shown to tailor the properties of resulting hydrogels. The results showed that 

solvent environment greatly affects the intermolecular interactions of gelator molecules 

and thus leading to the formation of various non-equilibrium nanostructures 

corresponding to local minima in the free energy landscape. The variable intermolecular 

interaction in different solvent environments is reflected in their morphological as well 

as mechanical properties. The work successfully demonstrates the access to diverse 

nanostructures within a single gelator domain, through solvent switch. To the best of 

our knowledge, it is the first attempt to access differential energy levels of the free 

energy landscape via solvent mediated approach. 

 The functional roles of laminin derived short peptides in controlling neuronal cell 

growth and proliferation were demonstrated. For the first time, combination of IKVAV 

and YIGSR self-assembling peptides, without any polymeric scaffold has been 

explored. The simple mixing of two components resulted in of self-sorted network in 

composite hydrogels, which elucidates the presentation of both functionality in a single 

scaffold for cell interactions. The synthetic laminin derived scaffolds were found to be 

highly biocompatible and promoted cell adhesion, proliferation and neurite extension. 
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These scaffolds supported normal cellular functions as evidenced by cell cycle analysis 

and neuronal marker (β-III tubulin) expression. The study also emphasizes the role of 

hydrophobicity and morphology of nanostructures in dictating cell behavior. 

 The next step demonstrated the fabrication of complex multi-functional scaffolds by 

simply mixing the two functional peptides derived from ECM proteins, collagen and 

laminin to mimic the hierarchical composition and structure of native ECM. The 

incorporation of laminin peptides induced nucleation and growth in designer non-

gelator collagen mimetic peptide. The nanofibrous morphology generated through co-

assembly can essentially mimic the structure and function of natural ECM, which 

enable the scaffold to communicate with the cells through biochemical signals and 

promote cell growth, adhesion, proliferation and migration of fibroblast as well as 

neuronal cell types. This work demonstrated an effective route for the development of 

multifunctional biomaterials via simple non-covalent mixing approach.  

 This work provides a detailed understanding on the rationale behind the gelator design. 

The study demonstrated the sequence-structure relationship with respect to systematic 

variations in hydrophobic-hydrophilic balance within designer peptides developed from 

the β-amyloid sequence. Extensive studies on differential aromatic modifications as 

well as sequence modulation of these aromatic dipeptide amphiphiles established the 

fact that aromatic capping has profound effect on the self-assembly propensity and 

morphology of the resulting materials, in comparison to variation in amino acid 

sequence. The detailed molecular understanding obtained was explored toward the 

controlled synthesis of bioinspired organic−inorganic hybrids. For the first time, this 

work demonstrated the differential role of aliphatic and aromatic hydroxyl moieties 

towards the in situ shape-controlled synthesis of gold nanoparticles in three-

dimensional nanostructures of hydrogels. We were able to access rectangular platonic 

gold nanoparticles using simple dipeptide hydrogels, which were never reported 

previously. These organic-inorganic hybrid scaffolds can be developed as next 

generation biomaterials for different biomedical applications. 

 Peptide-protein interactions can be highly beneficial to create diverse nanostructure 

with differential material properties. The supramolecular non-covalent interactions 

between protein and peptides can induce gelation in non-gelator peptides. Such 

interactions are non specific and can be applied to a variety of peptides. Wide variety of 
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mechanical and morphological properties can be accessed within a single gelator 

domain by simply varying the protein concentration or type. 

8.2 Future perspectives 

The biological existence of peptides and their excellent self-assembling properties will continue 

to be intrigued by the researchers in coming years. The continuous advances in the peptide 

synthesis strategies and better understanding of the naturally existing biological structures will 

encourage scientists to develop new self-assembling systems for a variety of applications. 

The present work in this thesis highlights the importance of classical molecular self-assembly 

approach in building complex functional materials. The work underpins the development of 

tuneable functional materials, mainly inspired from biological origin which could essentially 

create the ideal microenvironment to provide essential biochemical and biophysical cues to the 

relevant cell types. These biomimetic materials hold great potential to be developed as next-

generation biomaterials for biomedical applications. We anticipate that the work in this thesis 

showed promising potential in cell culture applications, which can be extended further in the 

field of tissue engineering and stem cell culture. The proposed work can be further explored in 

relevance to:  

 3 dimensional cell cultures: The work in this thesis was mainly focused on 2D cell 

culture applications. The high biocompatibility and bioactivity of the designed scaffolds 

towards controlling cell behavior hold a great potential to be explored as 3D scaffolds 

with highly tuneable properties. The hydrogels as 3D scaffolds can be a closer mimic of 

in vivo conditions for cell culture. 

 Stem cell culture: The exploration of unique regenerative and differentiating capabilities 

of stem cells has been rapidly explored in the present times. The tuneable physical and 

biochemical cues with these gels provide flexibility for culturing stem cells, which also 

helps in directing stem cells towards particular cell lineage. 

 Other biomedical applications: The porous structure of hydrogels provides favourable 

site for drug loading and its delivery. In this direction, several functional motifs can be 

incorporated in our gelator design, which could facilitate the specific ligand-receptor 

interaction for facile transportation of the cargo and its targeted delivery. The 

functionalities of peptide sequences can be explored for other catalytic functions such 

as metal nanoparticle formation, as demonstrated for synthesis of gold nanoparticles in 
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chapter 6 of this thesis, which can be explored in ceullar delivery and other optical 

imaging applications.  

 Future attempts can be made towards the functionalization of peptide hydrogel 

scaffolds with essential polysaccharides, which can enhance the compositional 

similarity with native ECM. 
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A1.1 Analytical characterization of Peptides using 
1
H NMR, 

13
C NMR and specific 

rotation: 

Fmoc FF [α ]
20

D =  27.5 (c=0.4 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.41-8.08 (d, 2H), 7.83-7.33 (m, 10H), 7.27-7.08 (m, 8H), 

4.77-4.64 (m, 2H), 4.53-4.48 (m, 3H), 3.13-3.03 (t, 2H), 2.97-2.84 (t, 2H). 

δc (DMSO, 100MHz): 171.90 (Phenylalanine C=O), 171.76 (Phenylalanine C=O), 155.76 

(Fmoc C=O), 143.74 (Fluorenyl aromatic -C), 143.67 (Fluorenyl aromatic -C), 138.21 

(Phenylalanine aromatic  -C), 129.04 (Phenylalanine aromatic –CH), 128.14 (Phenylalanine 

aromatic–CH), 127.97 (Phenylalanine aromatic –CH), 127.59 (Phenylalanine aromatic –CH), 

127.03 (Fluorenyl aromatic –CH), 126.16 (Fluorenyl aromatic –CH), 125.33 (Phenylalanine 

aromatic –CH), 125.25 (Fluorenyl aromatic –CH), 120.04 (Fluorenyl aromatic –CH), 65.62 

(Fmoc aliphatic -CH2), 55.94 (Phenylalanine α-CH), 54.68 (Phenylalanine α-CH), 46.49 

(Fluorenyl –CH), 39.64 (Phenylalanine side chain –CH2), 38.8 (Phenylalanine side chain –CH2).  

Fmoc FY [α ]
20

D =  14.7 (c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.13-8.08 (d, 2H), 7.83-7.76 (m, 6H), 7.46-7.32 (m, 4H), 

7.24-7.18 (m, 7H), 5.61-5.58 (s, 1H), 4.79-4.3 (m, 5H), 3.49-3.20 (m, 2H), 3.08-2.51 (m, 2H). 

δc (DMSO, 100MHz): 172.81 (Tyrosine C=O), 170.2 (Phenylalanine C=O), 155.32 (Fmoc 

C=O),155.1 (Tyrosine aromatic -C-OH), 143.44 (Fluorenyl aromatic -C), 142.71 (Fluorenyl 

aromatic -C), 136.30 (Phenylalanine aromatic -C), 129.41 (Tyrosine  aromatic –CH), 128.42 

(Tyrosine aromatic –CH), 127.87 (Phenylalanine  aromatic –CH), 127.12 (Phenylalanine  

aromatic –CH),  126.13 (Fluorenyl aromatic –CH), 125.98 (Fluorenyl aromatic –CH), 125.53 

(Phenylalanine aromatic –CH), 125.05 (Fluorenyl aromatic –CH), 120.14 (Fluorenyl aromatic –

CH), 115.65 (Tyrosine aromatic –CH), 67.62 (Fmoc aliphatic -CH2), 58.78 (Tyrosine α-CH) 

58.21 ( Phenylalanine α-CH), 46.87 (Fmoc -CH), 36.74 (Phenylalanine side chain –CH2), 36.13 

(Tyrosine side chain –CH2). 

 

Fmoc FL [α ]
20

D =  7.3 (c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.20-7.90 (d, 2 H), 7.73-7.62 (m, 4H), 7.39-7.05 (m, 9H), 

4.71- 4.65 (m, 3H), 4.29-4.23 (m, 2H), 3.29-3.03 (t, 2H), 1.73-1.47 (m, 3H), 0.87-0.78 (m, 6H). 

δc (DMSO, 100MHz):173.1 (Leucine  C=O), 171.1 (Phenylalanine C=O), 155.21 (Fmoc C=O), 

143.6 (Fluorenyl aromatic - C), 142.3 (Fluorenyl aromatic -C), 135.9 (Phenyl –C), 128.28 

(Phenyl – CH), 127.9 (Phenyl –CH), 126.6 (Fluorenyl aromatic –CH), 125.7 (Phenyl –CH), 

119.8 (Fluorenyl aromatic –CH), 66.67 (Aliphatic Fmoc -CH2), 58.12 (Phenylalanine α-CH),  

55.34 (Leucine α-CH), 46.76 (Fluorenyl –CH), 39.54 (Leucine side chain –CH2), 36.98 

(Phenylalanine side chain –CH2), 23.76(Leucine side chain –CH), 21.43 (Leucine side chain –

CH3) 

 

Fmoc FS [α ]
20

D =  49.3 (c=0.15 gm/ml in 10% MeOH in CHCl3) 
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1
H NMR (400 MHz, DMSO): δ/ppm= 7.80-7.78 (d, 2H), 7.76-7.75 (d, 2H), 7.44-7.42 (2H, d), 

7.35-7.30 (t, 4H), 7.24-7.12 (m, 5H), 4.75-4.54 (m, 4H), 3.53-3.51 (m, 1H), 2.52-2.50 (m, 2H), 

1.33-1.11 (m, 3H). 

δc  (DMSO, 100MHz): 170.91(Serine C=O), 170.02 (Serine C=O), 154.87 (Fmoc C=O), 143.19 

(Fluorenyl aromatic –C), 142.2 (Fluorenyl aromatic –C), 135.65 (Phenyl –C), 128.32 (Phenyl –

CH), 127.12 (Phenyl –CH), 126.05 (Fluorenyl aromatic –CH), 125.65 (Fluorenyl aromatic –

CH), 124.48 (Phenyl –CH), 123.87 (Fluorenyl aromatic –CH), 119.50 (Fluorenyl aromatic –

CH), 66.49 (Aliphatic Fmoc -CH2), 61.79 (Serine side chain –CH2), 61.4 (Serine α-CH), 58.31 

(Phenylalanine α-CH), 46.8 (Fluorenyl –CH), 36.40 (Phenylalanine side chain -CH2). 

 

Nap FF [α ]
20

D = 43 (c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.23-8.17 (d, 2H), 7.83-7.81 (d, 3H), 7.61-7.36 (m, 7H), 

7.30-7.13 (m, 7H), 4.54 - 3.99 (m, 4H), 3.13-3.98 (t, 2H), 2.97-2.73 (t, 2H). 

δc (DMSO, 100MHz): 172.72 (Phenylalanine -C=O), 170.81 (Phenylalanine -C=O), 167.18 

(Aliphatic –C=O), 155.43 (Napthyl aromatic –C), 137.49 (Phenyl aromatic –C), 133.98 

(Napthyl aromatic –C), 129.32 (Phenyl aromatic –CH), 129.10 (Phenyl aromatic –CH), 128.14 

(Napthyl aromatic –CH), 127.94 (Napthyl aromatic –CH),127.47 (Napthyl aromatic –

CH),126.75 (Phenyl aromatic –CH),126.4 (Napthyl aromatic –CH), 123.82 (Napthyl aromatic –

CH), 118.43 (Napthyl aromatic –CH), 107.3 (Napthyl aromatic –CH),66.38 (Aliphatic –CH2), 

53.51 (Aliphatic –Cα), 53.21 (Aliphatic –Cα),39.65 (aliphatic side chain – CH2), 37.36 

(aliphatic side chain – CH2). 

 

Nap FY [α ]
20

D =  24 (c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.22-8.20 (d, 2H), 7.88-7.86 (d, 1H), 7.73- 7.64 (d, 2H), 

7.50-7.33 (m, 5H), 7.14-6.81 (m, 6H), 6.70-6.55 (d, 2H), 4.45-4.02 (m, 2H), 3.92-3.74 (m, 2H), 

3.19- 3.00(m, 2H), 2.96-2.56 (m, 2H). 

δc (DMSO, 100MHz): 172.65 (Tyrosine -C=O), 170.94 (Phenylalanine -C=O), 168.10 

(Napthoxy acetic acid –C=O), 155.78 (Napthyl aromatic –C), 154.89 (Tyrosine aromatic –C), 

135.9 (Phenylalanine aromatic –C), 134.21 (Napthyl aromatic –C), 133.79 (Napthyl aromatic –

C), 129.54 (Tyrosine aromatic –CH), 129.0 (Tyrosine aromatic –CH), 128.1 (Phenylalanine 

aromatic –CH), 127.23 (Phenylalanine aromatic –CH), 127.18 (Napthyl aromatic –CH), 125.9 

(Napthyl aromatic –CH), 125.5 (Napthyl aromatic –CH),124.76 (Phenylalanine aromatic –CH), 

124.21 (Napthyl aromatic –CH), 122.67 (Napthyl aromatic –CH), 120.0 (Napthyl aromatic –

CH), 115.13 (Tyrosine aromatic –CH), 106.34 (Napthyl aromatic –CH), 66.4 (Napthoxy 

aliphatic –CH2), 58.23 (Tyrosine α-CH), 57.76 (Phenylalanine α-CH), 36.50 (Phenylalanine 

side chain – CH2), 35.87( Tyrosine side chain –CH2). 

 

Nap FL [α ]
20

D =  14.3 (c=0.4 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.19-8.17 (d, 2H), 7.85-7.82 (d, 3H), 7.63-7.39 (m, 4H), 

7.39-7.15 (m, 5H), 4.31-4.10 (m, 4H), 3.05-3.01 (m, 1H), 2.81-2.75 (m, 1H), 1.69-1.53 (m, 3H), 

0.91-0.82 (d, 6H). 
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δc (DMSO, 100MHz): 173.05 (Leucine -C=O), 171.14 (Phenylalanine -C=O), 167.89 (Napthoxy 

acetic acid  –C=O), 156.34 (Napthyl aromatic –C), 135.5 (Phenylalanine aromatic –C), 133.98 

(Napthyl aromatic –C), 133.34 (Napthyl aromatic –C), 127.76 (Phenylalanine aromatic –CH), 

126.53 (Phenylalanine aromatic –CH), 126.30 (Napthyl aromatic –CH), 126.04 (Napthyl 

aromatic –CH), 125.23 (Napthyl aromatic –CH),124.46 (Phenylalanine aromatic –CH), 124.10 

(Napthyl aromatic –CH), 122.90 (Napthyl aromatic –CH), 119.60 (Napthyl aromatic –

CH),107.0 (Napthyl aromatic –CH), 66.32 (Napthoxy aliphatic –CH2), 57.76 (Phenylalanine α-

CH), 55.21 (Leucine α-CH), 39.39 (Leucine side chain –CH2),  36.76 (Phenylalanine side chain 

– CH2), 24.12( Leucine side chain –CH), 22.10 (Leucine side chain –CH3). 

 

Nap FS [α ]
20

D =  16(c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR of Nap FS (400 MHz, DMSO): δ/ppm= 8.25-8.21 (d, 2H), 7.84-7.82 (d, 3H), 7.63-7.39 

(m, 4H), 7.39-7.14 (m, 5H), 4.41-4.32 (m, 3H), 4.21-4.09 (m, 2H), 3.82-3.65 (m, 2H), 3.48-3.06 

(t, 2H). 

δc (DMSO, 100MHz): 170.78 (Phenylalanine -C=O), 169.84 (Serine -C=O), 167.65 (Napthoxy 

acetic acid  –C=O), 157.00 (Napthyl aromatic –C), 135.25 (Phenylalanine aromatic –C), 133.48 

(Napthyl aromatic –C), 133.14 (Napthyl aromatic –C), 128.36 (Phenylalanine aromatic –CH), 

127.23 (Phenylalanine aromatic –CH), 127.00 (Napthyl aromatic –CH), 126.24 (Napthyl 

aromatic –CH), 125.53 (Napthyl aromatic –CH),124.86 (Phenylalanine aromatic –CH), 124.65 

(Napthyl aromatic –CH), 122.69 (Napthyl aromatic –CH), 119.45 (Napthyl aromatic –

CH),106.78 (Napthyl aromatic –CH), 66.67 (Napthoxy aliphatic –CH2), 62.31 (Serine side 

chain – CH2), 61.15 (Serine α-CH),  58.35 (Phenylalanine α-CH), 36.76 (Phenylalanine side 

chain –CH2). 

 

Cbz FF 
 
[α ]

20
D =  39 (c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.19-8.17 (d, 2H), 7.39-7.26 (m, 9H), 7.24-7.09 (m, 6H), 

4.93 (s, 2H), 4.52-4.26 (m, 2H), 3.20-2.96 (t, 2H), 2.95-2.67 (t, 2H). 

δc (DMSO, 100MHz): 172.76 (Phenylalanine C=O), 171.56 (Phenylalanine C=O), 155.69 

(Benzyloxy carbonyl C=O), 138.05 (Phenylalanine aromatic –C), 136.96 (Benzyloxy carbonyl 

aromatic –C), 129.27 (Benzyloxy carbonyl Aromatic –CH), 128.25 (Phenylalanine aromatic –

CH), 127.98 (Phenylalanine aromatic –CH), 127.63 (Benzyloxy carbonyl aromatic –CH), 

127.36 (Benzyloxy carbonyl aromatic –CH), 126.19 (Phenyl aromatic –CH), 65.11 (Benzyloxy 

carbonyl aliphatic –CH2), 55.94 (phenylalanine aliphatic α-C), 53.49 (phenylalanine aliphatic 

α–C), 39.43 (Phenylalanine side chain -CH2), 37.5 (Phenylalanine side chain -CH2). 

 

Cbz FY [α ]
20

D =  52.7 (c=0.3 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.11-8.09 (d, 2H), 7.42-7.29 (m, 4H), 7.27-7.20 (m, 5H), 

7.19-6.65 (m, 5H), 4.97- 4.93 (s, 3H), 4.44-4.25 (m, 2H), 3.01-2.95 (m, 2H), 2.87-2.68 (m, 2H). 

δc (DMSO, 100MHz): 173.16 (Tyrosine C=O), 170.56 (Phenylalanine C=O), 155.21 (Benzyloxy 

carbonyl -C=O), 154.98 (Tyrosine –C-OH), 136.25 (Phenylalanine aromatic –C), 135.67 

(Benzyloxy carbonyl aromatic –C), 129.57 (Tyrosine aromatic –C), 128.55 (Tyrosine aromatic 

–CH), 128.23 (Benzyloxy carbonyl aromatic –CH), 127.93 (Phenylalanine aromatic –CH), 
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127.10 (Phenylalanine aromatic –CH), 126.69 (Benzyloxy carbonyl aromatic –CH), 126.43 

(Benzyloxy carbonyl aromatic –CH),115.1 (Tyrosine aromatic –CH), 66.10 (Benzyloxy 

carbonyl aliphatic –CH2), 58.76 (Tyrosine aliphatic α-C), 58.09 (phenylalanine aliphatic α–C), 

36.47 (Phenylalanine side chain -CH2), 35.89 (tyrosine side chain aliphatic -CH2). 

Cbz FL [α ]
20

D =  13.7 (c=0.3gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.18-8.16 (d, 2H), 7.40-7.31 (m, 4H), 7.30-7.17 (m, 6H), 

4.93 (s, 2H), 4.34-4.24 (m, 2H), 3.04-2.70 (t, 2H), 1.70-1.53 (m, 3H), 0.93-0.80 (d, 6H). 

 δc (DMSO, 100MHz): 172.56 (Leucine C=O), 170.21(Phenylalanine C=O), 155.0 (Benzyloxy 

carbonyl -C=O), 136.02 (Phenylalanine aromatic –C), 135.87 (Benzyloxy carbonyl aromatic –

C), 128.32 (Benzyloxy carbonyl aromatic –CH), 128.12 (Phenylalanine aromatic –CH), 127.69 

(Phenylalanine aromatic –CH), 127.43 (Benzyloxy carbonyl aromatic –CH), 127.12 (Benzyloxy 

carbonyl aromatic –CH), 126.12 (Phenylalanine aromatic –CH), 67.10 (Benzyloxy carbonyl 

aliphatic –CH2), , 58.90 (phenylalanine aliphatic α–C), 55.45 (Leucine aliphatic α–C), 40.78 

(Leucine side chain -CH2),  37.20 (Phenylalanine side chain -CH2), 24.6 (Leucine side chain -

CH), 23.10 (Leucine side chain –CH3). 

 

Cbz FS [α ]
20

D =  24.3 (c=0.4 gm/ml in 10% MeOH in CHCl3) 

1
H NMR (400 MHz, DMSO): δ/ppm= 8.20-8.18(d, 2H), 7.43-7.41 (d, 2H), 7.30-7.16 (m, 9H), 

4.93 (s, 2H), 4.40-4.29 (m, 2H), 3.80-3.76 (m, 2H), 3.69-3.64 (t, 1H), 3.10-2.70 (t, 1H). 

δc (DMSO, 100MHz): 171.96 (Phenylalanine -C=O), 170.45(Serine -C=O), 156.0 (Benzyloxy 

carbonyl -C=O), 136.15 (Phenylalanine aromatic –C), 135.32 (Benzyloxy carbonyl aromatic –

C), 129.02 (Benzyloxy carbonyl aromatic –CH), 128.72 (Phenylalanine aromatic –CH), 127.90 

(Phenylalanine aromatic –CH), 126.93 (Benzyloxy carbonyl aromatic –CH), 126.32 (Benzyloxy 

carbonyl aromatic –CH), 126.5 (Phenylalanine aromatic –CH), 66.16 (Benzyloxy carbonyl 

aliphatic –CH2), , 61.90 (Serine aliphatic α–C), 55.45 (Serine side chain –CH2), 59.6 

(Phenylalanine aliphatic α–C), 37.89 (Serine side chain -CH2). 

 

A1.2 Mass analysis of synthesized peptides using LC-MS (QD 

Peptides Predicted Mass (Chem Draw 

Ultra 12.0) M+1 

Calculated Mass 

M+1 

Fmoc FF 535.22 535.42 

Fmoc FY 551.21 551.43 

Fmoc FL 501.23 501.45 

Fmoc FS 475.18 475.43 

Nap FF 497.20 497.45 

Nap FY 513.20 513.43 

Nap FL 462.54 462.65 

Nap FS 437.17 437.41 

Cbz FF 447.18 447.42 

Cbz FY 463.19 463.45 

Cbz FL 413.20 413.42 

Cbz FS 387.15 387.43 
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