
 
 
 
 

TUNING MATERIAL PROPERTIES VIA PEPTIDE DESIGN AND  
PHOTOPOLYMERIZATION OF SELF-ASSEMBLED PEPTIDE BASED 

HYDROGELS 
 
 
 

by 
 

Ronak Rughani 
 
 
 
 
 
 
 
 

A dissertation submitted to the Faculty of the University of Delaware in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in 
Chemistry and Biochemistry 

 
 
 

Summer 2009 
 
 
 
 

Copyright 2009 Ronak Rughani 
All Rights Reserved 



 
 
 

TUNING MATERIAL PROPERTIES VIA PEPTIDE DESIGN AND  
PHOTOPOLYMERIZATION OF SELF-ASSEMBLED PEPTIDE BASED 

HYDROGELS 
 
 
 
 

by 
 

Ronak Rughani 
 
 
 
 

 
 
 
Approved: __________________________________________________________  
 Klaus Theopold, Ph.D. 
 Chair of the Department of Chemistry and Biochemistry 
 
 
 
Approved: __________________________________________________________  
 George H. Watson, Ph.D. 
 Interim Dean of the College of Arts and Sciences 
 
 
 
Approved: __________________________________________________________  
 Debra Hess Norris, M.S. 
 Vice Provost for Graduate and Professional Education 



I certify that I have read this dissertation and that in my opinion it meets the academic 
and professional standard required by the University as a dissertation for the degree of 
Doctor of Philosophy. 
 
 
Signed: __________________________________________________________  
 Joel P. Schneider, Ph.D. 
 Professor in charge of dissertation 
 
 
 
I certify that I have read this dissertation and that in my opinion it meets the academic 
and professional standard required by the University as a dissertation for the degree of 
Doctor of Philosophy. 
 
 
Signed: __________________________________________________________  
 Joseph M. Fox, Ph.D. 
 Member of dissertation committee 
 
 
 
I certify that I have read this dissertation and that in my opinion it meets the academic 
and professional standard required by the University as a dissertation for the degree of 
Doctor of Philosophy. 
 
 
Signed: __________________________________________________________  
 Darrin J. Pochan, Ph.D. 
 Member of dissertation committee 
 
 
 
I certify that I have read this dissertation and that in my opinion it meets the academic 
and professional standard required by the University as a dissertation for the degree of 
Doctor of Philosophy. 
 
 
Signed: __________________________________________________________  
 Randall L. Duncan, Ph.D. 
 Member of dissertation committee



 iv 

 

ACKNOWLEDGMENTS 

Though only my name is printed on the cover of this dissertation with a 

new title “Ph.D.”, there are many people including my family, friends and mentors 

who have contributed and supported me to achieve this honor. I am very grateful to all 

those people who have made this achievement possible and because of whom my 

educational experience has been one that I will cherish forever. 

First, I would like to express my deepest gratitude to my advisor Dr. Joel 

P. Schneider who gave me the freedom to explore research avenues on my own and at 

the same time guiding me to learn and recover from my mistakes. As a patient and 

supportive mentor, not only has he helped me in time of crisis but has also trained me 

to face the challenges yet to come. Under his guidance, I got an opportunity to learn 

how to become an independent scientist and am very proud to have been part of his 

research group. 

I would also like to thank my interdisciplinary committee members, Dr. 

Darrin J. Pochan, Dr. Joseph M. Fox and Dr. Randall L. Duncan, for helping me to 

look at my research from different perspectives. I truly appreciate their valuable 

suggestions on both levels, scientific as well as professional development. 

I am also very grateful to all the past members of the Schneider group 

whose previous research efforts helped me progress in my research work. To all the 



 v 

currents members, thank you for all the your help through suggestions, scientific 

discussions and constructive criticisms.  

My special thanks to Dr. Karthikan Rajagopal for all the support, 

encouragement and guidance since my first day in the lab and Monica Branco, a great 

friend, who has always been there to listen, give advice, explain rheology, correct 

grammar in my manuscripts and for all the fun times. Dr. Danny Ramadan, my best 

friend and family, for always being there especially in times of crisis. I couldn’t have 

done it without all of you. 

I am also thankful to all the faculty and administrative staff of the 

Department of Chemistry and Biochemistry at University of Delaware for their 

assistance and making my graduate study comfortable. 

Most importantly, none of this would have been possible without the love, 

patience and support from my family. I am also very thankful to my extended family 

who have supported me throughout my career and helped me whenever possible. 

 

 

 

 

 

 

 

 



 vi 

DEDICATION 

I dedicate this dissertation to my family, to whom I am highly indebted……. 

 

My father, Vinod Rughani, who taught me the importance of hard work and 

dedication, and has always, supported me. 

 

My brother Pramit, my sister-in-law Shabana, my niece and nephew Simone and 

Ayaan for all their support and the sacrifices they have made so that I could succeed in 

getting my Ph.D.  

 

My fiancé, Hiral Modi, who came into my life as a pillar of support half way into my 

Ph.D. and has always been there for me. I am very lucky to have her as my life 

partner. 

 

Above all, to my mother, the late Champa Rughani, who instilled in me values such as 

patience and perseverance, and taught me the importance of education. Although she 

was long gone, her teachings and values have always guided me through every step I 

have taken to achieve my goals.  

 



 vii 

 

TABLE OF CONTENTS 

LIST OF TABLES................................................................................................... xii 
LIST OF FIGURES ................................................................................................ xiii 
ABSTRACT .......................................................................................................... xxii 
 
Chapter 1. Molecular Design of β-Hairpin Peptides for  Material 

Construction ...........................................................................................1 
 
1.0 Introduction ............................................................................................1 
 
1.1 De Novo Designed Self-Assembling β−hairpins......................................4 

1.1.1 Amino Acid Substitutions at the Hydrophilic Face .........................8 
1.1.2 Amino Acid Substitution at the Hydrophobic Face.........................9 
1.1.3 Importance of Hydrogen Bonding and Hydrophobic Contacts ......11 
1.1.4 Importance of Turn Region Residues ...........................................13 

 
1.2 Functional Materials from Self-Assembling β−Hairpins...........................14 

1.2.1 Mimics of Extracellular Matrix ....................................................14 
1.2.2 Injectable Delivery.......................................................................16 
1.2.3 Antibacterial Activity...................................................................16 

 
1.2 Thesis Objective ......................................................................................17 

 
Chapter 2. Enhancing the Mechanical Properties of Designed Self-

Assembling β-Hairpin Peptides via Photopolymerization..................24 
 
2.0 Introduction .............................................................................................24 
 
2.1 Folding, Self-Assembly and Hydrogelation of MAX1 at 

Physiologically Relevant Conditions.....................................................27 
 
2.2 N-Terminus Modification of MAX1 ........................................................30 

2.2.1 Design of N-Acryloyl MAX1 (M1NA) ........................................30 
2.2.2 Folding, Self-Assembly and Hydrogelation ..................................31 
2.2.3 Optimization of Photopolymerization Parameters.........................33 
2.2.4 Effect of Irradiation on Mechanical Properties of MAX1 

Hydrogel ...................................................................................34 



 viii 

2.2.5 Increase in Mechanical Properties of Hydrogels upon 
Photopolymerization .................................................................35 

 
2.3 Hydrophilic Face Modification of MAX1 ................................................38 

 
2.3.1 Intrafibrillar Crosslinking via Polymerization of Lysine-

Dienes .......................................................................................38 
2.3.1.1 Peptide Design...............................................................40 
2.3.1.2 Folding, Self-Assembly and Photopolymerization 

of Peptide Solutions ....................................................42 
2.3.1.3 Monitoring Photopolymerization of Self-

Assembled Peptide using CD and UV 
Spectroscopy...............................................................45 

2.3.1.4 Mechanical Properties of Photopolymerized 
Hydrogels ...................................................................48 

2.3.1.5 Shear Recovery and Subsequent 
Photopolymerization of Hydrogels..............................50 

2.3.1.6 Conclusions ...................................................................53 
 
2.3.2 Interfibrillar Crosslinking via Polymerization of Nε-

Acryloyl-L-Lysine.....................................................................54 
2.3.2.1 Peptide Design...............................................................55 
2.3.2.2 Effect of Photopolymerization on β-Sheet Structure 

of Peptide Hydrogels...................................................58 
2.3.2.3 Mechanical Properties of Photopolymerized 

Hydrogels ...................................................................59 
2.3.2.4 Shear Recovery and Subsequent 

Photopolymerization of Hydrogels..............................61 
2.3.2.5 Nanoscale Structure Analysis.........................................64 
2.3.2.6 Effect of Gelation Time on Mechanical Properties 

of Photopolymerized Hydrogels..................................66 
2.3.2.7 Peptide Concentration Dependent Mechanical 

Rigidity of Hydrogels..................................................67 
2.3.2.8 Conclusions ...................................................................70 

 
2.3.3 Experimental Section ...................................................................71 

 
Chapter 3. Fabricating Mechanically Robust Peptide-Polymer Hydrogels 

via Photopolymerization ......................................................................81 
 
3.0 Introduction .............................................................................................81 
 



 ix 

3.1 Construction of Mechanically Rigid Hydrogels via the Formation of 
Crosslinked Network of Peptide and Divinylbenzyl PEG......................82 
3.1.1 Design and Fabrication Strategy of Peptide-Polymer 

Hydrogels..................................................................................84 
3.1.2 Synthesis of Divinylbenzyl PEG (PEGDVB) ...............................85 
3.1.3 Mechanical Properties of Single Network Hydrogels....................86 
3.1.4 Shear Recovery and Polymerization of Pre-formed 

Hydrogels..................................................................................87 
3.1.5 Compression Analysis of Photopolymerized Hydrogels ...............94 
3.1.6 Cytocompatibility of Hydrogel Surfaces.......................................97 
3.1.7 Potential Advantage of MKA-based Hybrid Hydrogels over 

Polymer Hydrogels for Tissue Engineering Applications...........99 
3.1.8 Conclusions ...............................................................................100 

 
3.2 Construction of Interpenetrating Network Hydrogels of Self-

Assembled Peptide and Polymerized PEG-Diacrylate Network...........101 
3.2.1 Interpenetrating Network Hydrogels...........................................103 
3.2.2 Design and Fabrication of Peptide-Polymer IPN Hydrogels .......105 
3.2.3 Compression Analysis of Peptide-Polymer IPN Hydrogels.........107 
3.2.4 Conclusions ...............................................................................112 

 
3.3 Experimental Section.............................................................................114 

 
Chapter 4. Design and Characterization of Self-Assembling Three-

Stranded β-sheet Peptides..................................................................124 
 
4.0 Introduction ...........................................................................................124 
 
4.1 Design of a Three-Stranded Self-Assembling Peptide ............................127 
 
4.2 Folding, Self-assembly and Bulk Material Properties of a De Novo 

Designed Three-Stranded β-sheet Hydrogel ........................................133 
4.2.1 Temperature Triggered Folding and Self-Assembly ...................133 
4.2.2 Temperature Triggered Hydrogelation........................................135 
4.2.3 Triggered Folding, Self-Assembly and Hydrogelation under 

Physiologically-relevant Conditions ........................................142 
4.2.4 Cytocompatibility of EMAX2 Hydrogels ...................................146 
4.2.5 Conclusions ...............................................................................149 

 
4.3 Comparing the Self-Assembly and Material Properties of a Three-

Stranded Peptide (EMAX2) and a β−Hairpin Peptide (MAX1) ...........150 
4.3.1 Temperature Triggered Folding and Self-Assembly ...................151 
4.3.2 Temperature Triggered Hydrogelation........................................153 



 x 

4.3.3 Peptide Sequence, Hydrophobicity and Material Properties........157 
4.3.4 Folding, Self-Assembly and Hydrogelation under 

Physiologically relevant Conditions.........................................158 
 
4.4 Conclusions ...........................................................................................161 
 
4.5 Experimental Section.............................................................................162 

 
Chapter 5. Role of Turn Sequence in Modulating the Mechanical 

Properties of Three-Stranded Peptide Hydrogels .............................178 
 
5.0 Introduction ...........................................................................................178 
 
5.1 Turns in Proteins and Peptides ...............................................................179 
 
5.2 De novo Designed β-turns......................................................................180 
 
5.3 Turn Sequence dependent Self-Assembly and Hydrogelation.................181 

5.3.1 Design of Turn Sequence Peptides .............................................182 
5.3.2 Folding, Self-Assembly and Hydrogelation of EMAX 

Peptides...................................................................................182 
 
5.4 Conclusions ...........................................................................................189 
 
5.5 Experimental Section.............................................................................191 

 
Chapter 6. Role of Cell Culture Conditions in Enhancing the Mechanical 

Properties of Self-Assembled β−Hairpin Peptide Hydrogels as a 
Function of Time ................................................................................197 

 
6.0 Introduction ...........................................................................................197 
 
6.1 Self-Assembly and Hydrogelation of MAX1 under Cell Culture 

Conditions ..........................................................................................198 
 
6.2 Increase in Storage Modulus of MAX1 Hydrogels over Time: Effect 

of Normal Aging.................................................................................200 
 
6.3 Effect of Sodium Bicarbonate on the Kinetics of Self-Assembly and 

Hydrogelation of MAX1.....................................................................201 
 
6.4 Influence of Gaseous Carbon Dioxide on Storage Modulus of 

MAX1 Hydrogels ...............................................................................206 



 xi 

 
6.5 Role of Dissolved Carbon Dioxide on Storage Modulus of MAX1 

Hydrogels ...........................................................................................209 
 
6.6 Conclusions ...........................................................................................210 
 
6.7 Experimental Section.............................................................................212 

 
Chapter 7. Conclusions .........................................................................................217 



 xii 

 

LIST OF TABLES 

Table 2.1 Dynamic time sweep experiment data of 1 wt% MKA hydrogels 
showing physical gelation time dependent increase in storage 
modulus upon photopolymerization ......................................................68 

Table 2.2 Concentration dependent mechanical rigidity of MKA hydrogels 
before and after photopolyemrization at pH 7.4 and 37 oC.....................69 

Table  3.1 Literature examples of different types of IPNs and their compressive 
moduli ................................................................................................104 

Table  4.1 Differences between MAX1 and EMAX2...............................................158 

Table 5.1 Sequences of three-stranded peptides with identical or mixed turn 
regions................................................................................................182 

Table  5.2 Properties of Three-Stranded Turn Sequence Peptides ............................189 

  

 



 xiii 

 

LIST OF FIGURES 

Figure 1.1 Self-assembled structures derived from peptide amphiphiles  (red: 
hydrophilic, green: hydrophobic) (a) Diblock amphiphile (b) 
Facial amphiphile ..................................................................................2 

Figure 1.2  (a) Enviromentally triggered folding, self-assembly, and non-
covalent fibril crosslinking leading to hydrogelation. (b) β-hairpin 
structure of MAX 1 comprised of two β-strands of alternating 
valine (green) and lysine (red) residues connected via a type II’ β-
turn........................................................................................................4 

Figure 1.3 Factors affecting (a) folding and (b) self-assembly of β-hairpin 
peptides .................................................................................................7 

Figure 1.4 Structure-based design of MAX1. Modifications to the hydrophilic, 
hydrophobic, and turn regions to create new peptides with tailored 
properties.............................................................................................15 

Figure 2.1 Possible modifications of the amphiphilic MAX1 β-hairpin......................27 

Figure 2.2 (a) Circular dichroism wavelength spectrum of a 1 wt% MAX1 
hydrogel at pH 7.4 (50 mM BTP, 150 mM NaCl) and 37 oC after 
a 1hr gelation time. (b) [θ]216 measured as a function of time (1 
wt% MAX1, pH 7.4, 37 °C).................................................................28 

Figure 2.3 Dynamic time sweep measurement of 1 wt% MAX1 at pH 7.4 (50 
mM BTP, 150 mM NaCl) at 37 oC. [6 rad/s, 0.2% strain].....................29 

Figure 2.4 Design and synthesis of M1NA peptide....................................................30 

Figure 2.5 (a) Circular dichroism wavelength spectrum of a 1 wt% M1NA 
hydrogel at pH 7.4 (50 mM BTP, 150 mM NaCl) and 37 oC after 
a 1hr gelation time. (b) [θ]216 measured as a function of time (1 
wt% M1NA, pH 7.4, 37 °C).................................................................31 



 xiv 

Figure 2.6 Rheological measurements of 1 wt% M1NA at pH 7.4 (50 mM BTP, 
150 mM NaCl) and 37 oC. (a) Dynamic time sweep experiment 
showing evolution of storage modulus (G’) as a function of time 
(b) Dynamic frequency sweep measurement showing the storage 
(G’) and loss (G”) modulus values as a function of angular 
frequency.............................................................................................32 

Figure 2.8 Changes in temperature and viscosity of standard viscosity oil 
(S600) after 30 minutes of irradiation (365 nm) as a function of 
UV light intensity ................................................................................34 

Figure 2.9 Dynamic time sweep of 1 wt% MAX1 at pH 7.4 (50 mM BTP, 150 
mM NaCl) at 37 oC (6 rad/s, 0.2 % strain) showing minimal 
increase in storage modulus (G’) upon irradiation, 3 hrs after 
gelation was triggered..........................................................................35 

Figure 2.10 (a) Dynamic time sweep experiment showing increase in storage 
modulus (G’) upon photopolymerization of a pre-formed 1wt% 
M1NA hydrogel formed at pH 7.4 (50mM BTP, 150mM NaCl, 
0.025wt% Irgacure 2959) and 37 oC. (b) Dynamic time sweep 
experiment showing shear recovery and photopolymerization of 
pre-formed 1wt% M1NA hydrogels at 37 oC and pH 7.4 (50mM 
BTP, 150mM NaCl, 0.025wt% Irgacure 2959) monitored as a 
function of time. ..................................................................................37 

Figure 2.11 (a) Proposed mechanism of folding and self-assembly leading to 
hydrogelation and subsequent photopolymerization. X = structure 
of the photopolymerizable lysine-diene [K(DE)]. (b) Sequence of 
the photopolymerizable β-hairpin peptide (MLD) and its control 
peptide (M2K) .....................................................................................39 

Figure 2.12 Schematic representation showing design of MLD for efficient 
polymerization of the β-hairpins in the self-assembled state 
irrespective of the hairpin arrangement along the axis of a given 
fibril. ...................................................................................................42 

Figure 2.13 (a) CD spectroscopy of 150 µM MLD solution at pH 7.4 (50 mM 
BTP, 150 mM NaCl) showing [θ]216 as a function of temperature. 
(b) Wavelength spectra of 150 mM MLD solution at pH 7.4 
showing transition from random coil at 5 oC to β-sheet at 37 oC. .........44 



 xv 

Figure 2.14 (a) Wavelength scans of 0.1wt% MLD showing time dependent 
decrease in intensity at 245 nm upon photopolymerization. Inset: 
Magnified view showing the decrease in intensity at 245 nm with 
polymerization time. (b) UV absorption spectra of self-assembled 
0.1wt% MLD at pH 7.4 (50mM BTP, 150mM NaCl) showing 
decrease in absorption intensity at 257 nm upon 
photopolymerization with time (0-30 hrs). ...........................................45 

Figure 2.15 (a) Normalized photopolymerization profile of 0.1 wt% MLD 
obtained via CD and UV as a function of irradiation time. (b) 
Wavelength scans of 1wt% MLD peptide self-assembled at pH 
7.4 (50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 
oC before and after 5 minutes of photoirradiation at 365 nm.................47 

Figure 2.16 (a) Dynamic time sweep experiment showing about 2.5 fold 
increase in storage modulus (G’) upon photopolymerization of 
pre-formed 1wt% MLD hydrogel at pH 7.4 (50mM BTP, 150mM 
NaCl, 0.025wt% Irgacure 2959) and 37 oC (b) Dynamic 
frequency sweep measurement showing the storage (G’) and loss 
(G”) modulus values as a function of angular frequency ......................49 

Figure 2.17 Dynamic time sweep experiment showing shear-thinning, recovery 
and subsequent photopolymerization of pre-fomed 1wt% MLD 
hydrogel at pH 7.4 (50mM BTP, 150mM NaCl, 0.025wt% 
Irgacure 2959) and 37 oC. ....................................................................51 

Figure 2.18 Dynamic time sweep experiment showing shear-thinning followed 
by immediate photopolymerization of pre-fomed 1wt% MLD 
hydrogels at pH 7.4 (50mM BTP, 150mM NaCl, 0.025wt% 
Irgacure 2959) and 37 oC. ....................................................................52 

Figure 2.19 Schematic depicting interfibrillar crosslinking of entanglements 
following triggered folding and self-assembly......................................55 

Figure 2.20 (a) Side and top view of MKA peptide showing lysine position 19 
along the β−hairpin (b) Side and top view of MKA2 peptide 
showing lysine position 15 along the β−hairpin (c) Structure of 
Fmoc-Nε-acryloyl-L-lysine-OH employed in synthesis of MKA 
(d) Sequence of MKA and MKA2 peptide where K(A) is the Nε-
acryloyl-L-lysine .................................................................................56 

Figure 2.21 Schematic depicting design of β-hairpin peptides that favor 
Interfibrillar crosslinking following self-assembly ...............................57 



 xvi 

Figure 2.22 CD wavelength spectra of (a) 1 wt% MKA and (b) 1 wt% MKA2 
before and after photopolymerization at pH 7.4 and 37 oC....................58 

Figure 2.23 Kinetics of β-sheet formation of 1 wt% MKA and MKA2 at pH 7.4 
and 37 oC as a function of time ............................................................60 

Figure 2.24 Dynamic time sweep experiments showing increase in mechanical 
rigidity of pre-formed (a) 1 wt% MKA and (b) 1 wt% MKA2 
hydrogels at pH 7.4 and 37 oC upon photoirradiation ...........................61 

Figure 2.25 Oscillatory shear rheology of 1wt% MKA hydrogels at pH 7.4 
(50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 oC........62 

Figure 2.26 Oscillatory shear rheology of 1wt% MKA hydrogels at pH 7.4 
(50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 oC........64 

Figure 2.27 (a) SANS data of 1 wt% MKA hydrogel at pH 7.4 (50 mM BTP, 
150 mM NaCl, 0.025 wt% Irgacure 2959) and 37 oC before and 
after photopolymerization. (b) TEM micrograph of diluted 1 wt% 
MKA hydrogel at pH 7.4 and 37 oC. ....................................................65 

Figure 2.28 Dynamic time sweep experiments of 1 wt% MKA at pH 7.4 and 37 
oC. (a) Time dependent gelation and subsequent polymerization 
data (shown separately for clarity) (b) Time dependent gelation 
and subsequent polymerization (all data sets).......................................68 

Figure 2.29 Peptide concentration dependent mechanical properties of MKA 
hydrogels before and after photopolymerization...................................69 

Figure 3.1 (a) Dynamic frequency sweep and (b) Dynamic strain sweep 
measurements of photocrosslinked 1 wt% MKA hydrogels at pH 
7.4 and 37 oC .......................................................................................84 

Figure 3.2 Schematic depicting covalent crosslinks formed in the hybrid 
hydrogel upon photopolymerization.....................................................85 

Figure 3.3   Synthesis of Divinylbenzyl-PEG (PEGDVB) .........................................86 

Figure 3.4 Mechanical properties of photopolymerized 1 wt% MKA and 10 
wt% PEGDVB hybrid hydrogels at pH 7.4 and 37 oC ..........................87 

Figure 3.5 Dynamic time sweep experiment showing shear-thinning, recovery 
and subsequent photopolymerization of pre-formed hydrogels of 1 
wt% MKA with varying concentrations of PEGDVB...........................89 



 xvii 

Figure 3.6 Dynamic frequency sweep of 1 wt% MKA hydrogels with varying 
concentrations of PEGDVB after photopolymerization ........................90 

Figure 3.7 Dynamic time sweep experiment showing shear-thinning followed 
by immediate photopolymerization of pre-formed hydrogels of 1 
wt% MKA with varying concentrations of PEGDVB...........................91 

Figure 3.8 Dynamic frequency sweep of 1 wt% MKA hydrogels with varying 
concentrations of PEGDVB after photopolymerization ........................92 

Figure 3.9 Dynamic time sweep experiment of 1 wt% MKA hydrogels with 10 
wt% PEGDVB showing effect of photopolymerization time on 
the mechanical properties of the resultant hydrogels ............................93 

Figure 3.10 (a) Stress-strain curve of 1 wt% MKA hydrogel at pH 7.4 (b) 
Stress-strain curves of polymerized hybrid hydrogels and the 
single network MKA hydrogel at pH 7.4 (c) Compressive moduli 
of hydrogels as a function of PEGDVB concentration..........................95 

Figure 3.11 (a) Swelling ratio and (b) Equilibrium water content (%) of MKA 
hydrogels as a function of PEGDVB concentration..............................97 

Figure 3.12 Laser scanning confocal microscopy (LSCM) images of a 
Live/Dead cellular viability assay of C3H10t1/2 (30,000 
cells/cm2) incubated on surface of (a) photocrosslinked 1 wt% 
MKA hydrogel (b) polymerized 10 wt% PEGDVB hydrogel (c) 
photocrosslinked hybrid hydrogel [1 wt% MKA + 10 wt% 
PEGDVB] and (d) TCTP control surface after 24 hours. Live cells 
fluoresce green and dead cells fluoresce red. Scale bar = 100 µm.........98 

Figure 3.13 A schematic showing preparation of (a) sequential and (b) 
simultaneous IPN...............................................................................102 

Figure 3.14 Schematic representation of fabrication of MAX1-PEGDA 
sequential IPN hydrogels. ..................................................................107 

Figure 3.15 Swelling ratio and equilibrium water content values of single 
network and IPN hydrogels................................................................108 

Figure 3.16 Compressive modulus of single network and IPN hydrogels as 
determined by compressive tests. .......................................................109 



 xviii 

Figure 3.17 Typical appearance of single network PEGDA and IPN hydrogels. 
PEGDA hydrogels: (a) 5 wt% PEGDA (b) 10 wt% PEGDA (c) 15 
wt% PEGDA. IPN hydrogels: (d) 1 wt% MAX1 + 5 wt% PEGDA 
(e) 1 wt% MAX1 + 10 wt% PEGDA (f) 1 wt% MAX1 + 15 wt% 
PEGDA .............................................................................................110 

Figure 3.18 Fracture stress and strain properties of single network PEGDA and 
IPN hydrogels....................................................................................111 

Figure 4.1 (a) Proposed mechanism of folding and self-assembly of EMAX2 
leading to hydrogelation. Several EMAX2 molecules are colored 
red in the fibril to highlight the three-stranded sheet conformation 
of EMAX2 in the folded and assembled state as well as bilayer 
formation. (b) Structure and sequence of EMAX2..............................126 

Figure 4.2 (a) CD spectroscopy of 150 µM EMAX2 solution at pH 9.0 (125 
mM borate, 10 mM NaCl) showing [θ]216 as a function of 
temperature. (Inset) Wavelength spectra of 150 µM EMAX2 
solution at pH 9.0 showing transition from random coil at 10 °C 
(♦) to β-sheet at 37 °C (). (b) [θ]216 measured as a function of 
time (150 µM EMAX2, pH 9.0, 37 °C). .............................................134 

Figure 4.3 (a) Dynamic time sweep of 1 wt % EMAX2 at pH 9 (125 mM 
borate, 10 mM NaCl) showing the evolution of storage modulus 
(G′) as a function of time at 37 °C [] or 50 °C []. (b) Dynamic 
time sweep of 1 wt % EMAX2 at pH 9 showing the change in 
storage modulus upon increasing the temperature from 37 to 50 
°C after 60 min of gelation at 37 °C. Dynamic frequency sweep of 
1 wt % EMAX2 at pH 9 (125 mM borate, 10 mM NaCl) at (c) 37 
oC and (d) 50 oC.................................................................................138 

Figure 4.4 Fourier transform infrared spectroscopy of 1 wt % EMAX2 at pH 9.0 
showing β-sheet structure at 37 °C.....................................................139 

Figure 4.5. (a) Dynamic strain sweep of 1 wt % EMAX2 hydrogel formed at pH 
9.0, 37 °C. (b) Shear-thinning and recovery profile of 1 wt % 
EMAX2 hydrogel at pH 9.0, 37 °C. ...................................................140 

Figure 4.6 (a) SANS data of 0.5 wt % EMAX2 hydrogel at pH 9.0 (125 mM 
Borate, 10 mM NaCl in D2O) collected at 22 °C after 2 h of 
gelation at 37 °C. (b) TEM micrograph of 1 wt% EMAX2 at pH 
9.0 (125 mM Borate, 10 mM NaCl), 37 oC.........................................141 



 xix 

Figure 4.7 (a) [θ]216 is measured as a function of NaCl concentration for 2 wt % 
EMAX2 preparations at pH 7.4 (50 mM BTP) at 37 °C. (b) TEM 
micrograph of 1 wt% EMAX2 hydrogel formed at pH 7.4 (50 mM 
BTP, 150 mM NaCl), 37 oC. ..............................................................143 

Figure 4.8 [θ]216 measured as a function of time for 2 wt % EMAX2 at pH 7.4 
(DMEM) at 37 °C. .............................................................................144 

Figure 4.9 (a) Dynamic time sweep of 2 wt % EMAX2 at pH 9.0 (125 mM 
Borate, 10 mM NaCl) [] and pH 7.4 (DMEM) [] monitoring G′ 
at 37 °C as a function of time. (b) Shear-thinning and recovery 
profile of 2 wt % EMAX2 hydrogel at pH 7.4 (DMEM) and 37 
°C. .....................................................................................................145 

Figure 4.10 Cellular viability of C3H10t1/2 mesenchymal stem cells after 24 h 
cultured on (a) 2 wt % EMAX2 hydrogel; (b) TCTP control. .............147 

Figure 4.11 LSCM images of C3H10t1/2 mesenchymal stem cells on the 
surface of 2 wt % EMAX2 hydrogel after 24 h. Green 
fluorescence shows Actin where blue fluorescence shows nuclear 
staining for reference. ........................................................................148 

Figure 4.12 Structure and sequence of MAX1 and EMAX2 ....................................150 

Figure 4.13 CD spectroscopy of 150 µM solutions of MAX1 and EMAX2 
showing (a) temperature dependent β-sheet formation at pH 9.0 
and (b) pH dependent β-sheet formation at 40 oC monitored at 
216 nm. .............................................................................................152 

Figure 4.14 Kinetics of β-sheet formation monitored by measuring [θ]216 as a 
function of time (150 µM MAX1 and EMAX2 solution at pH 9, 
37 oC) ................................................................................................153 

Figure 4.15 Mechanical properties of 1 wt% MAX1 and EMAX2 at pH 9.0 and 
37 oC .................................................................................................154 

Figure 4.16 Fourier transform infrared spectroscopy of (a) 1 wt% MAX1 and 
(b) 1 wt% EMAX2 at pH 9.0 showing β-sheet structure at 37 oC .......155 

Figure 4.17 Shear-thinning and recovery profile of 1 wt% MAX1 and EMAX2 
hydrogels at pH 9 and 37 oC...............................................................156 



 xx 

Figure 4.18 CD spectroscopy of showing salt concentration dependent β-sheet 
formation of 2 wt% MAX1 and EMAX2 solutions at pH 7.4 and 
37 oC .................................................................................................159 

Figure 4.19 Dynamic (a) time and (b) frequency sweep of 2 wt% MAX1 and 
EMAX2 hydrogels at pH 7.4 (DMEM) and 37 oC..............................160 

Figure 5.1 Structure of a typical β-turn....................................................................180 

Figure 5.2. Sequence of Three-stranded peptide (EMAX2) showing the two turn 
regions...............................................................................................181 

Figure 5.3 Temperature dependent β-sheet formation of EMAX 150 µM 
peptides at pH 9.0 (125 mM Borate, 10 mM NaCl)............................183 

Figure 5.4. CD spectroscopy of turn sequence peptides (a) Temperature 
dependent β-sheet formation monitored by plotting [θ]216 as a 
function of temperature (b) pH dependent β-sheet formation 
monitored by measuring [θ]216 as a function of pH (50 mM buffer, 
10 mM NaCl) at 40 oC .......................................................................185 

Figure 5.5 Fourier transform spectroscopy of 1 wt% EMAX peptides at pH 9 
showing β-sheet structure at 50 oC. ....................................................186 

Figure 5.6 Dynamic time sweep experiment of 1 wt% EMAX peptides at pH 9 
and 50 oC...........................................................................................187 

Figure 6.1 (a) CD spectra and (b) Bulk material properties of 2 wt% MAX1 
hydrogels formed with DMEM at 37 oC.............................................199 

Figure 6.2 Dynamic frequency sweep of 2 wt% MAX1 hydrogels incubated 
under cell culture conditions for 24 and 48 hrs...................................200 

Figure 6.3 Sodium bicarbonate concentration dependent kinetics of self-
assembly and hydrogelation of MAX1 at pH 7.4 (50mM BTP, 
150 mM NaCl) and 37 oC (a) 0.25 wt% MAX1 (b) 2 wt% MAX1 .....203 

Figure 6.4 Effect of NaCl on the kinetics of self-assembly and hydrogelation of 
2 wt% MAX1 hydrogels at pH 7.4 (50mM BTP) in presence of 44 
mM NaHCO3 and 37 oC.....................................................................204 

Figure 6.5 Nanoscale morphology of MAX1 hydrogels prepared at pH 7.4 in (a) 
absence and (b) presence of 44 mM NaHCO3 ....................................205 



 xxi 

Figure 6.6 Proposed interaction of bicarbonate anion with lysine side chain............206 

Figure 6.7 Mechanical properties of 2 wt% MAX1 hydrogels at pH 7.4 and 37 
oC based on incubation conditions......................................................208 

Figure 6.8 Mechanical properties of 2 wt% MAX1 hydrogels at pH 7.4 and 37 
oC (a) G’ as a function of sodium bicarbonate concentration (b) 
Effect of CO2 on rigidity of hydrogels with saturated 
concentration of sodium bicarbonate..................................................210 

  

 



 xxii 

 

ABSTRACT 

Self-assembly of de novo designed peptides is a promising approach 

towards fabrication of functional materials. Hydrogels are one such class of materials, 

which are highly hydrated and mechanically rigid, and show potential as scaffolds for 

tissue engineering and drug delivery applications. Schneider and Pochan labs have 

developed a strategy to fabricate three-dimensional scaffolds for biomedical 

applications employing self-assembling β-hairpin peptides. These 20 amino acid 

peptides can be triggered to fold and self-assemble in response to environmental cues 

such as pH and ionic strength, which then leads to formation of a physically 

crosslinked mechanically rigid hydrogel. A hallmark of these hydrogels is that they can 

be syringe delivered to a target site with spatial and temporal resolution. This 

property has been investigated towards development of injectable hydrogels for 

therapeutic and cellular delivery.  

An important criterion for development of scaffolds for tissue engineering 

applications is that the mechanical properties of the engineered scaffold should be 

similar to the mechanical properties of the native tissue to restore normal function. A 

limitation of many physically crosslinked hydrogels is that they are mechanically 

weak. A potential approach to enhancing the mechanical properties of these hydrogels 

includes formation of covalent crosslinks through chemical modification of the 



 xxiii 

peptide sequence. This thesis specifically focuses on molecular level design of stimuli 

responsive self-assembling peptides to fabricate hydrogels with enhanced mechanical 

properties. In particular, two avenues were investigated to construct mechanically 

rigid hydrogels. First, the β-hairpin peptides were covalently modified with 

photopolymerizable groups at specific positions to allow covalent crosslinking of the 

hydrogel network. In addition, peptide-polymer hydrogel constructs were prepared 

using self-assembling peptides and bifunctional polymers to create interpenetrating 

network hydrogels with enhanced mechanical properties. The material rigidity of the 

interpenetrating networks could be modulated depending upon the method of its 

preparation. Second, self-assembling, three-stranded antiparallel β-sheets were 

designed. These peptides exhibited faster kinetics of self-assembly and formed 

mechanically more rigid hydrogels than their β-hairpin counterpart. The mechanical 

properties of the gels formed by the three-stranded peptides were further modulated by 

varying the hydrophobicity of the turn region residues.  

The results described in this thesis demonstrate that peptide-based 

hydrogel scaffolds with tailored mechanical properties can be constructed through 

molecular level design. These hydrogel materials show potential for use as load bearing 

substitutes for tissue engineering applications.  
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Chapter 1 

MOLECULAR DESIGN OF BETA-HAIRPIN PEPTIDES FOR 
 MATERIAL CONSTRUCTION 

 

1.0 Introduction 
 

Proteins have evolved to fold, and in some cases self-assemble, into a vast 

array of beautiful structures, in large part, to facilitate function. Their smaller cousins, 

peptides are attractive building blocks for the construction of functional self-

assembled materials owing to their smaller sequence length, ease of synthesis and 

purification, and a continuing advancement in the understanding of their folding and 

assembly propensities. The organization of peptides into ordered structures is guided 

by the formation of interactions such as hydrogen bonds, electrostatic interactions, 

hydrophobic contacts and aromatic interactions. 1 The amide-containing backbone of 

peptides can facilitate the formation of H-bonds, amino acids that contain polar side 

chains can participate in the formation of electrostatic interactions such as salt bridges, 

cysteine residues can form disulfide linkages, histidine, tryptophan, phenylalanine and 

tyrosine side chains can promote aromatic interactions, and hydrophobic side chains 

can facilitate van der Waals contact formation. Even extremely small peptides (< 3 

residues) can assemble into impressive structures using a combination of these 

interactions. 2-4  
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Figure 1.1 Self-assembled structures derived from peptide amphiphiles  (red: 
hydrophilic, green: hydrophobic) (a) Diblock amphiphile (b) Facial amphiphile 

 

A straight-forward design strategy that can be used to construct peptides capable of 

self-assembling into a large number of structures is to simply segregate amino acids 

along the peptide backbone with respect to their propensity to engage in a particular 

interaction.  For example, amphiphilic peptides contain both hydrophobic and 

hydrophilic side chains that are segregated from each other.  In the simplest of 

examples, segregation comes in two flavors.  First, hydrophilic (A) and hydrophobic 

(B) residues can be segregated spatially along the length of the peptide sequence (-
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[A]n-[B]n-) resulting in diblock amphiphiles, Figure 1.1.  In a slightly more complex 

arrangement, residues are segregated spatially with respect to distinct faces of a folded 

peptide structure, Figure 1.1b. For example, a sequence of alternating hydrophilic and 

hydrophobic residues (-[ABABAB]n-) 5 that adopts an extended conformation would 

have opposing hydrophilic and hydrophobic faces. Peptides having sequences such as 

(-[BAABBAA]n-) 6 can adopt facially amphiphilic helical structures that assemble into 

helical bundles.  In aqueous solution, irrespective of the type of segregation, peptide 

assembly is largely driven by the desolvation and self-association of the hydrophobic 

portions of the peptide; this process is normally non-specific with respect to the 

structural outcome of the self-assembly event.  However, hydrophilic moieties can be 

used to design specific polar interactions that can help dictate the formation of a given 

structure over possible alternatives. 

Although not a comprehensive list, common structures resulting from the 

self-assembly of diblock amphiphiles include micelles 7, 8, vesicles 9 and nanofibers 10, 

Figure 1.1a. Facial amphiphiles such as β-strands and β-hairpins often form fibrillar 

bilayers 11, 12 and higher order laminates 13, 14, extended fibrils and extended β-sheets 

15. In addition, linear and cylic peptides have been designed to assemble into tubes 16, 

17 and other peptides designed to assemble at surfaces 18-20. Helical facial amphiphiles 

typically form discrete helical bundles or extended bundles 21, 22, Figure 1.1b.    
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1.1 De Novo Designed Self-Assembling β−hairpins 
 

Schneider and Pochan have designed peptides, which in response to 

distinct external stimuli, fold into facially amphiphilic β−hairpins and subsequently 

self-assemble to form self-supporting, rigid hydrogels. This mechanism allows 

material formation to take place with temporal resolution. The parent sequence, 

MAX1, is a 20-amino acid peptide comprised of two β−strands with alternating high 

β−sheet propensity valine and lysine residues. These strands are connected by a 

tetrapeptide (-VDPPT-) sequence designed to adopt a type II' turn structure (Figure 

1.2).11  

(a) 

 

(b) 

 

Figure 1.2  (a) Enviromentally triggered folding, self-assembly, and non-covalent 
fibril crosslinking leading to hydrogelation. (b) β-hairpin structure of MAX 1 
comprised of two β-strands of alternating valine (green) and lysine (red) residues 
connected via a type II’ β-turn 
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Under acidic conditions, the protonated lysines prevent the peptide from 

folding and thus self-assembling. Intramolecular folding and consequent self-assembly 

however can be triggered by either neutralizing the charge by increasing the pH of low 

ionic strength solutions to 9 11 or by screening the positively charged lysines by the 

addition of salt at physiological pH 23. For large part, folding is governed by the 

electrostatic interactions of the hydrophilic face of the hairpin, the formation of 

intramolecular van der waals contacts between side chains, deshielding of 

hydrophobic side chains from water and formation of intramolecular H-bonds between 

carbonyl and amide moieties of the peptide backbone, Figure 1.3a. In the folded state, 

amphiphilic MAX1 hairpins, where one face of the hairpin is valine rich and the other 

face is lysine rich, undergo both facial and lateral association.  Facial association 

occurs when the hydrophobic faces of the self-assembling hairpins collapse to form a 

bilayer-like structure. Lateral association occurs via the formation of intermolecular 

H-bonds and side chain-side chain hydrophobic contacts between assembling hairpins, 

Figure 1.3b. Self-assembly via these mechanisms results in the formation of a non-

covalently cross-linked network of short fibrils rich in β−sheet structure, resulting in 

mechanically rigid hydrogel (Figure 1.2a). Structural characterization using TEM and 

SANS 24 indicate that the gel is composed of monodispersed fibrils with an average 

width of ~ 3 nm. This value corresponds to the width of the folded β−hairpin in the 

self-assembled state and provides support for the proposed self-assembly mechanism 

(Figure 1.2a).  Fibrils are physically cross-linked by interfibril junctions and simple 

entanglements of fibrils. In the self-assembled state, fibrils are composed of a bilayer 
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of intermolecularly hydrogen-bonded hairpins directed by the ordered packing of 

hydrophobic faces of individual hairpins. However, because of the topologically 

smooth surface of hydrophobic face of each hairpin, facial mispacking also occurs 

providing nucleation sites for nascent fibril growth in different three-dimensional 

directions creating branched junctions (Figure 1.2a).  

In addition to these interfibril junctions, fibrils can also entangle providing 

additional physical crosslinks. The number of fibril junctions and entanglements 

formed during the self-assembly process affects the mechanical rigidity of the 

hydrogels. When the kinetics of self-assembly is increased, more crosslinks are 

formed and the resulting gels are more mechanically rigid. Conversely, slow self-

assembly kinetics affords less rigid gels with fewer crosslinks. For example, since the 

rate of self-assembly is concentration dependent, 25 peptide concentration can be 

varied to modulate the kinetics of self-assembly and ultimate mechanical rigidity of 

the resulting hydrogel.  

In addition to altering the kinetics of self-assembly of MAX1 to prepare 

gels of differing mechanical properties, the amino acid sequence can also be altered. 

For example, each of the factors outlined in Figure 1.3 that influence hairpin folding 

and self-assembly can be modulated by amino acid substitutions to fine-tune the 

mechanical properties of the gels. 
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Figure 1.3 Factors affecting (a) folding and (b) self-assembly of β-hairpin 
peptides 
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1.1.1 Amino Acid Substitutions at the Hydrophilic Face  
 

Under acidic conditions, the lysine side chains in MAX1 are protonated, 

which prevents the peptide from folding and thus self-assembling. Unfolded MAX1 is 

highly soluble; solutions up to ~ 4 wt % display rheological properties similar to 

water. Intramolecular folding and self-assembly is triggered by relieving the charge-

charge repulsions with an increase in the pH to 9 11 or through screening the charged 

lysines with the addition of salt at physiological conditions 23. In addition, peptide 

folding and self-assembly is reversible by altering the pH promoting deprotonation 

and reprotonation of the lysine side chains in low ionic salt solutions. 11 Since folding 

and self-assembly of MAX1 is dependent upon decreasing the electrostatic repulsions 

of the lysine side-chains, reducing the charge density on the hydrophilic face by amino 

acid substitution results in faster folding and self-assembly kinetics at pH 9. More 

importantly, lowering the positive charge density on the hydrophilic face allows 

gelation at lower pH values, which is relevant for cell-based applications. For 

example, replacing the lysine at position 15 with glutamic acid lowers the overall 

charge state by 2 (e.g. at pH 7.4 the overall charge of MAX1 is +9 from eight lysine 

residues and one terminal amine, the K15E peptide is +7). The resultant peptide, 

MAX8 (K15E) forms more rigid hydrogels than MAX1 at pH 7.4 with faster gelation 

kinetics. 26 In addition, this amino acid substitution has little effect on the nanoscale 

morphology of the fibrils formed as compared to MAX1, i.e. both gels showed an 

average fibril width of ~ 3 nm. 26 This was important to assess because peptides of 

similar secondary structure but differing in amino acid composition and sequence have 
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been reported to assemble into morphologically distinct structures such as laminating 

fibrils 1, 27, ribbons and tapes 13 and tubes 9, 17; each morphology having distinct bulk 

material properties. Comprehensive study of MAX8 gels suggest that rational 

modification of the net charge on the hydrophilic face can be used to control 

hydrogelation kinetics and thus the mechanical properties of the gel. 26 

1.1.2 Amino Acid Substitution at the Hydrophobic Face 
 

MAX1 also undergoes heat-induced hydrogelation. At temperatures below 

~ 20oC under low ionic strength solution conditions, MAX1 remains unfolded. Upon 

raising the temperature, hydrophobic side chains are desolvated and the peptide folds 

and self-assembles to bury its hydrophobic surfaces from water. Modulating the 

hydrophobic character of the amphiphilic β−hairpin can be employed to control the 

temperature at which peptide folding and self-assembly is triggered. For example, 

valines were substituted with threonine to afford modified MAX1 variants, MAX2 

(V16T) and MAX3 (V16T, V7T). 28 Threonine is isostructural with valine but less 

hydrophobic, therefore reducing the overall hydrophobicity of the valine-rich face. 

The exact temperature at which folding and self-assembly was triggered (Tgel) 

increased with a decrease in hydrophobic character of the amphiphilic peptide (MAX3 

> MAX2 > MAX1). Interestingly, MAX3 exhibited thermoreversible self-assembly 

affording a gel whose properties were highly influenced by environmental 

temperature. Circular dichroism and oscillatory rheology indicate that MAX3 remains 

unfolded and its solution is of low viscosity at low temperatures (5 oC) but folds and 
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self-assembles at higher temperatures (75 oC) to form a rigid self-supporting hydrogel. 

Subsequent temperature cycles showed that the conformational change and phase 

transitions were completely reversible. This indicated that formation of intra- and 

intermolecular hydrophobic interactions between the valine residues is a key factor in 

promoting folding and self-assembly to form physical irreversible cross-linked 

networks (Figure 1.3b). 28  

Furthermore, Haines et al. incorporated a charged residue on the 

hydrophobic face, which disrupted hydrophobic interactions and thus inhibited folding 

and self-assembly of the β−hairpin peptide. 29 Incorporating charged residue(s) in a 

sequence to prevent self-assembly/aggregation is referred to as “negative design” or 

“gate keeping”. This has been found in naturally occurring proteins, such as the S6 

protein from Thermus thermophilus. Replacement of the gate keeping charged 

residues with hydrophobic residues affords a mutant S6-Alz, which is capable of self-

assembling into a tetramer. 30 To take advantage of this “negative design” concept, 

MAX7CNB was designed in which a cysteine with a negatively charged 

photosensitive group on its side chain was substituted for a valine in MAX1 (Figure 

1.4). As expected, this charged bulky residue inhibited the folding and self-assembly 

process. However, upon photocleavage, a moderately hydrophobic thiol is generated, 

allowing folding and self-assembly to proceed affording a rigid hydrogel. This novel 

design affords a peptide whose hydrogelation can be triggered upon UV 

illumination.29 
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1.1.3 Importance of Hydrogen Bonding and Hydrophobic Contacts  
 

In addition to hydrophobic and electrostatic interactions, peptide self-

assembly is also directed by the formation of a network of H-bonds (between the 

amide NH and C=O moieties). A common technique employed to analyze the 

formation of hydrogen bonds in self-assembled β−sheet networks is Fourier transform 

infrared spectroscopy (FT-IR). The amide I’ band arising primarily from the backbone 

carbonyl stretch mode is sensitive to peptide secondary structure. 31 In the case of a 

self-assembling β−hairpin, under unfolded conditions, the peptide in random coil 

conformation displays a broad amide I’ band centered around 1644 cm-1. Following 

folding and self-assembly, the amide I’ band shifts to form a well-defined peak at 

1615 cm-1, strongly suggesting formation of a self-assembled β−sheet rich structure. 11, 

32 A weaker band 1680 cm-1 is also observed, often associated with an anti-parallel β−

sheet arrangement. 33 According to our proposed mechanism, MAX1 would be 

expected to fold into a symmetrical β−hairpin where all of the intramolecular H-bond 

donors (NH) and acceptors (C=O) are satisfied.  However, monomeric hairpins 

contain unfulfilled acceptors and donors at the β−strand edges that can participate in 

intermolecular H-bond formation with other hairpins during self-assembly.  

Ultimately, folding and self-assembly results in the formation of a network of intra- 

and intermolecular H-bonds along the long axis of fibrils that constitute the gel.  We 

have found that disrupting the ability of peptides to form either intra- or intermolecular 
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H-bonds grossly influences fibril formation and consequent hydrogel mechanical 

properties.   

Further studies indicate that lateral self-assembly is also governed by 

intermolecular hydrophobic contacts between the residue side chains of neighboring 

hairpins (Figure 1.3). In MAX1, the valine residues are placed at H-bonding positions 

and lysines at the non H-bonding positions within the primary sequence of each 

strand. According to Wouters and Curmi, 34 valine residues prefer to adopt a trans χ1 

side chain rotamer when contained within β−sheet structures. Therefore, a large 

portion of MAX1 valine side chains should adopt trans dihedral angles, directing their 

isopropyl side chains away from the center of the hairpin and extending them towards 

the valine side chains of neighboring hairpins. Thus, the formation of valine-based 

lateral hydrophobic contacts should drive self-assembly and contribute to the rigidity 

of the hydrogel. This was confirmed with an inverse design of MAX1. This peptide, 

MAX4, has the same number of residues and a similar turn region as MAX1, but 

contains β−strand sequences with valine residues at non H-bonded positions and 

lysine residues at H-bonded positions (exactly opposite of MAX1).  MAX4 should be 

largely incapable of forming valine-derived lateral intermolecular contacts. In fact, 

MAX4 not only exhibited slower kinetics of folding and self-assembly but also 

formed a less rigid hydrogel than MAX1. In addition, structural characterization of 

MAX4 revealed formation of higher order assemblies unlike MAX1. 35 This indicated 

that valines at H-bonded positions are also important to achieve well-defined fibril 

morphology and a mechanically rigid hydrogel. 
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1.1.4 Importance of Turn Region Residues  
 

Turn regions in proteins and peptides are an important class of structures 

that strongly influence both structure and function. One such turn type is the β or 

reverse turn, in which at its location in a peptide sequence results in reversal of the 

overall direction of the polypeptide chain. 36 A β−turn is typically composed of a four 

residue sequence (denoted as the i to i+3 residues) that connects two secondary 

structural elements, and may play a significant role in initiating folding and in 

stabilizing tertiary structures. Different types of β−turns have been identified and 

classified according to the main chain dihedral angles (Φ,Ψ) that their i + 1 and i + 2 

residues adopt. Each turn type influences β−sheet properties such as β−sheet twist, 

stability, folding nucleation rate and the hydrogen-bonding registry. 37 Systematic 

studies indicate that β−turn type and the propensity of the residues occupying turn 

positions to adopt dihedral angles consistent with β−turn structure influences the 

formation and stability of β−hairpins. 38-40 MAX1 contains a tetrapeptide sequence (-

VDPLPT-), that has high propensity to adopt a type II' β−turn due, in part, to the 

chirality of the Dprolyl residue at the i + 1 position (Figure 1.2). Valine, a β−branched 

residue, was placed at the i position (V9) of the turn to enforce a trans-prolyl amide 

bond geometry at the succeeding (i + 1) position. A threonine residue was placed at 

the i + 3 position of the turn region since it has a high propensity to occupy this 

position in type II' turns of hairpins in naturally occurring proteins. 41 Threonine can 

form a stabilizing side chain-main chain H-bond between its alcoholic proton and the 
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carbonyl oxygen of the ith residue of the turn. A control peptide [(VK)4] i.e. without 

the turn region, under folding conditions (pH 9.0), failed to form a hydrogel at ambient 

temperature. This demonstrates that the turn region is necessary for the folding and 

self-assembly of MAX1 leading to hydrogelation. 11  

In addition, the stereochemistry of the turn residues is also important in 

directing the self-assembly process. Lamm et al. investigated this by replacing the 

Dproline at the i+1 position in the turn with the stereoisomer and naturally occurring 

amino acid Lproline (-VLPLPT-). This peptide (LPLP) was unable to intramolecularly 

fold but still capable of self-assembly into β−sheet rich structure. 32 Unlike MAX1 that 

folds into a β−hairpin and subsequently self-assembles to form monodispersed well-

defined fibrils, 23, 24 LPLP adopts an extended β−strand conformation (Figure 1.1.4) and 

assembles into H-bonded fibrils exhibiting a highly laminated, non-twisted 

morphology. 32  

1.2 Functional Materials from Self-Assembling β−Hairpins 

1.2.1 Mimics of Extracellular Matrix  
 

When fabricating hydrogels for tissue engineering applications, several 

general material and biological requirements have to be considered. The scaffold 

should be self-supporting and mechanically rigid in the presence of cells, porous to 

allow diffusion of nutrients and waste, cytocompatible and biocompatible. Rheological 

measurements indicated that MAX1 forms mechanically rigid hydrogels on addition 
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of cell culture media (DMEM). MAX1 hydrogel surfaces not only proved to be non-

toxic towards NIH 3T3 fibroblasts but also allowed facile cell attachment both in the 

presence and absence of serum. In addition, cells can proliferate on the gel surface 

with minimal effect on the rheological properties of the scaffold. 42 MAX8 is also 

cytocompatible towards a broad range of mammalian cells including fibroblasts, stem 

cells, chondrocytes and pre-osteoblasts. In addition, MAX8’s fast assembly kinetics 

allows homogenous three-dimensional incorporation of cells when gelation is 

triggered in the presence of cells. Homogenous encapsulation is significant since cell 

density plays an important role in modulating the behavior of delivered cells. 26, 43  

 

Figure 1.4 Structure-based design of MAX1. Modifications to the hydrophilic, 
hydrophobic, and turn regions to create new peptides with tailored properties. 
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1.2.2 Injectable Delivery 
 

 Both MAX1 and MAX8 hydrogels shear thin when a significant stress is 

applied to the material. However, when the application of shear stress is stopped, the 

gels immediately self-heal. This shear thinning/self-healing behavior allows delivery 

of the gels through syringes to targeted sites. Depressing the syringe barrel provides 

sufficient shear stress to convert the mechanically rigid gel into a viscous gel that 

flows. After the flowing gel leaves the tip of the needle it immediately recovers 

forming a gel with near quantitative recovery of its original storage modulus. When 

MAX8 gels are impregnated with cells, this mechanism can used to deliver cells to 

wound sites with spatial resolution. Cells remain viable during encapsulation and the 

shear-thin delivery process and gel-cell constructs stay localized at the site of 

introduction. These properties make these gels useful for delivery of cells to targeted 

biological sites in tissue-regeneration efforts. 26  

1.2.3 Antibacterial Activity  
 

Among several important considerations for implantation of a biomaterial, 

a main concern is the introduction of infection. The surface of MAX1 hydrogels 

exhibit inherent antibacterial activity. In experiments, MAX1 hydrogel surfaces were 

challenged with bacterial solutions ranging in concentrations from 2 x 103 colony 

forming units (CFUs)/dm2 to 2 x 109 CFUs/dm2, to demonstrate its broad-spectrum 

antibacterial activity. Results showed that the hydrogel surface was active against 

Gram-positive (Staphylococcus epidermidis, Staphylococcus aureus, and 



 17 

Streptococcus pyogenes) and Gram-negative (Klebsiella pneumoniae and Escherichia 

coli) bacteria, all prevalent in hospital settings. Live-dead assays employing laser 

scanning confocal microscopy showed that bacteria are killed when they engaged the 

surface. In addition, the surface of MAX1 hydrogels was also shown to cause inner 

and outer membrane disruption in experiments that monitor the release of β−

galactosidase from the cytoplasm of lactose permease-deficient E. coli ML-35. This 

data suggested a mechanism of antibacterial action that involved membrane disruption 

leading to cell death upon cellular contact with the gel surface. Although the hydrogel 

surface exhibited bactericidal activity, co-culture experiments indicated that the 

hydrogel surfaces show selective toxicity to bacterial versus mammalian cells. 

Additionally, gel surfaces were nonhemolytic toward human erythrocytes, which 

maintained healthy morphologies when in contact with the surface. These material 

attributes make MAX1 gels attractive candidates for use in tissue regeneration, even in 

nonsterile environments. 44 

1.2 Thesis Objective 
 

The properties of peptide-based materials discussed so far demonstrate 

their potential for nanotechnological and biomedical applications. In addition, 

continuing research is providing insight into the factors that direct the self-assembly 

process of peptides leading to targeted structures with specific functions. These 

physically crosslinked gels, although displaying useful properties, are mechanically 

weak compared to covalently crosslinked hydrogels. Therefore, similar to polymer-
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based hydrogels, covalent cross-linking of self-assembled peptides may provide the 

ability to enhance the mechanical properties of peptide-based hydrogels.  

The objective of this thesis work is to design self-assembling peptides that 

can be covalently crosslinked following hydrogelation to enhance the mechanical 

rigidity of the resultant hydrogels. The central idea is to retain the shear recovery 

ability of the hydrogels and yet be able to polymerize the gel after delivery. This 

would be beneficial for developing injectable biomaterials that can be 

photocrosslinked following syringe delivery to enhance the mechanical properties of 

the hydrogel at the tissue site. Towards this objective, Chapter 2 discusses the designs 

of β-hairpin peptides functionalized with photoactive groups at specific positions to 

allow covalent crosslinking of the hydrogel network. Here it is demonstrated that the 

location of the polymerizable moiety in the β-hairpin peptide can be used to 

manipulate the mechanical properties of the hydrogels upon polymerization.  In 

Chapter 3, the study is further extended towards the preparation of polymerizable 

composite hydrogels employing self-assembling peptides and bifunctional polymers. 

Apart from fabricating mechanically robust hydrogels, it is shown that the material 

rigidity of these crosslinked composite gels varies depending upon the method of its 

preparation. Chapter 4 discusses an alternative approach of employing designed self-

assembling, three-stranded antiparallel β-sheets to construct mechanically rigid 

hydrogels than their β-hairpin counterpart. Here, chemical crosslinking is not 

employed and peptide design is solely used to manipulate gel properties. In addition, 



 19 

the effect of the turn region residues on the mechanical properties of the gels formed 

by the three-stranded peptides is presented in Chapter 5. An additional study is 

discussed in Chapter 6 where the role of cell culture conditions in enhancing the 

mechanical properties of self-assembled β-hairpin peptide hydrogels is investigated. In 

conclusion, the results and lessons learnt from this work are summarized in Chapter 7  
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Chapter 2 

ENHANCING THE MECHANICAL PROPERTIES OF DESIGNED SELF-
ASSEMBLING BETA-HAIRPIN PEPTIDES VIA 

PHOTOPOLYMERIZATION 

2.0 Introduction 
 

The development of three-dimensional scaffolds that have suitable 

architecture as well as mechanical properties that mimic the natural extracellular 

matrix has been a challenge to material scientists. Synthetic hydrogels are attractive 

candidates for this purpose due to their high water content, porous nature and 

mechanical rigidity.1-6 Since the choice of material is very critical, a variety of natural 

and synthetic polymers are continuously being developed as hydrogel precursors for 

tissue engineering applications.7-9 For example, a polymeric hydrogel fabricated using 

a mold can be implanted into a liver10, 11, cartilage12, 13 or a bone14, 15 defect to aid in 

tissue repair. However, this approach is invasive in nature. Alternatively, 

hydrogelation can be induced in vivo through sol-gel phase transition of the injected 

polymer solution16, 17. Here, gelation occurs as a result of environmental differences 

between the polymeric solution and the in vivo conditions. In addition, in situ 

hydrogelation of polymer solutions can also be achieved either via chemical 

crosslinking of the polymers18, 19 or photocrosslinking the polymer(s) in presence of a 

photoinitiator20, 21 upon delivery. These materials, which can be introduced as liquids 
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at the site of interest using a syringe, form a gel upon crosslinking. Minimal invasive 

delivery using a syringe allows the gel forming solution to fill an irregularly shaped 

cavity.  In particular, the photopolymerization strategy provides an advantage of 

control over the hydrogelation process with spatial and temporal resolution within a 

confined site, therefore allowing manipulation of the gelation time and thus the 

ultimate mechanical properties. The precursors are typically prepared by 

functionalizing an existing polymer or its variant with functional groups capable of 

undergoing photoinitiated crosslinking reactions.21-23 This has led to development of 

light-derived hydrogels for various applications such as drug delivery24-28, wound 

healing29, 30, tissue engineering31, 32 and fabrication of contact lenses33, 34. Although 

promising, a potential limitation of polymers introduced at the target site as a solution 

is their leakage into the neighboring tissues. This may warrant the development of 

injectable hydrogels that can be easily dispensed and remain confined at the site of 

delivery. 

Recent developments have shown that bio-inspired and de novo designed 

peptides can be employed to fabricate hydrogels for biomedical applications. In 

particular, amphiphilic β-hairpin peptide sequences have been designed that have the 

ability to fold and self-assemble into β-sheet-rich hydrogels in response to changes in 

pH, temperature, ionic strength, light or metal ions.2, 4, 35-40 Such peptides can be 

modified at the molecular level, which not only provides control over the rate of self-

assembly but also the bulk material properties of the resultant hydrogels.41 In addition, 

these physically crosslinked β−sheet rich hydrogels can be syringe delivered to a 
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target site with spatial and temporal resolution. Here, the low viscosity gel 

instantaneously recovers a significant amount of its original material rigidity thus 

preventing leakage to the area surrounding the injection site. This property has been 

investigated towards development of injectable hydrogels for macromolecular and 

cell41 delivery, which may aid in tissue regeneration efforts.  

An important criterion to develop tissue replacements is that the 

engineered scaffold should have similar mechanical properties as that of the native 

tissue being replaced. However, peptide-based hydrogels prepared via self-assembly 

are moderately rigid owing to their non-covalently cross-linked network. Therefore, 

similar to polymer-based hydrogels, covalent cross-linking of self-assembled peptides 

may provide the ability to enhance the mechanical properties of peptide-based 

hydrogels.  To achieve this, MAX1 peptide can be modified at three possible sites to 

permit covalent crosslinking namely, the N-terminus, the hydrophobic face or the 

solvent exposed hydrophilic face, Figure 2.1. The objective of this project is to 

fabricate β-hairpin peptide hydrogels that can be syringe delivered and subsequently 

photocrosslinked to enhance the rigidity of the hydrogels at the delivery site.   In this 

chapter, self-assembly and mechanical properties of MAX1 and its photocrosslinkable 

derivatives prepared by functionalization of the N-terminus and hydrophilic face are 

discussed.  
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Figure 2.1 Possible modifications of the amphiphilic MAX1 β-hairpin 

2.1 Folding, Self-Assembly and Hydrogelation of MAX1 at Physiologically 
Relevant Conditions 

 

The MAX1 peptide undergoes a sol-gel phase transition in response to an 

increase in temperature leading to the formation of a self-supporting hydrogel. In 

aqueous solutions at low temperatures (~ 10 oC) in pH 7.4 buffer (50 mM BTP, 150 

mM NaCl), MAX1 remains unfolded due to the electrostatic repulsion between the 

protonated lysine side chains. In addition, the hydrophobic side chains are also well 

solvated at low temperatures. Raising the temperature to 37 oC results in desolvation 

of the hydrophobes and most likely promotes the hydrophobic effect, which is 

necessary to overcome the electrostatic repulsions. As a result, the peptide to folds into 

an amphiphilic β-hairpin and subsequently self-assembles to form a self-supporting 
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hydrogel. As discussed in Chapter 1, the self-assembly event comprises of facial 

hydrophobic interactions as well as lateral intermolecular hydrogen bonding of the 

folded hairpins.  

 
Figure 2.2(a) shows a circular dichroism wavelength spectrum of 1 wt% 

MAX1 obtained at pH 7.4 (50 mM BTP, 150 mM NaCl) at 37 oC where the mean 

residual ellipticity [θ] is plotted as a function of wavelength. The data shows that 

MAX1 forms a β-sheet secondary structure as indicated by a minimum at 216 nm. The 

rate at which β-sheet is formed can be monitored by measuring the change in mean 

residual ellipticity at 216 nm [θ216] as a function of time. Figure 2.2(b) shows that 

MAX1 forms β-sheet structure under these conditions within an hour. 
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Figure 2.2 (a) Circular dichroism wavelength spectrum of a 1 wt% MAX1 
hydrogel at pH 7.4 (50 mM BTP, 150 mM NaCl) and 37 oC after a 1hr gelation 
time. (b) [θ]216 measured as a function of time (1 wt% MAX1, pH 7.4, 37 °C). 
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The data in Figure 2.3 shows oscillatory rheology measurements of 1 wt% MAX1 at 

pH 7.4 (50 mM BTP, 150 mM NaCl). A dynamic time sweep experiment is shown in 

which the storage modulus (G’, a material’s elastic response to applied strain, which is 

indicative of its rigidity) and loss modulus (G”, a material’s viscous response to 

applied strain) are measured as a function of time. In this experiment, an aqueous 

solution of 1 wt% MAX1 in pH 7.4 at room temperature (~ 20 oC) was directly loaded 

onto the rheometer pre-equilibrated at 37 oC to trigger hydrogelation. The data shows 

that the 1 wt% MAX1 hydrogel acquires a storage modulus of about 300 Pa after 60 

min of gelation time. Gels formed by MAX1 at pH 7.4 are much weaker than gels 

formed at pH 9.0 as shown previously. 55 Thus for applications that necessitate use at 

pH 7.4, enhancing the material rigidity may be necessary. 
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Figure 2.3 Dynamic time sweep measurement of 1 wt% MAX1 at pH 7.4 (50 mM 
BTP, 150 mM NaCl) at 37 oC. [6 rad/s, 0.2% strain] 
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2.2 N-Terminus Modification of MAX1 
 

The free N-terminal amine of resin bound MAX1 peptide was functionalized using 

acryloyl chloride to give M1NA peptide, Figure 2.4. As a result, M1NA peptide has an 

overall charge of +8 (eight lysines) as compared to MAX1, which has an overall 

charge of +9 (eight lysines and one free N-terminus). Previous studies in our lab have 

shown that reducing the overall charge state of the peptide results in faster kinetics of 

self-assembly leading to formation of a more rigid hydrogel.41 

2.2.1 Design of N-Acryloyl MAX1 (M1NA) 
 

 

Figure 2.4 Design and synthesis of M1NA peptide 
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2.2.2 Folding, Self-Assembly and Hydrogelation 
 

Figure 2.5(a) shows that 1 wt% M1NA at 37 oC in pH 7.4 buffer (50 mM 

BTP, 150 mM NaCl) has β-sheet secondary structure similar to MAX1 as assessed by 

CD spectroscopy. However, as shown in Figure 2.5(b), M1NA exhibits faster kinetics 

of folding and self-assembly than MAX1. The majority of β-sheet formation occurs 

within first 2 minutes with minimal changes thereafter.  
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Figure 2.5 (a) Circular dichroism wavelength spectrum of a 1 wt% M1NA 
hydrogel at pH 7.4 (50 mM BTP, 150 mM NaCl) and 37 oC after a 1hr gelation 
time. (b) [θ]216 measured as a function of time (1 wt% M1NA, pH 7.4, 37 °C). 

 

The data in Figure 2.6 shows oscillatory rheology measurements of 1 wt% 

M1NA at pH 7.4 (50 mM BTP, 150 mM NaCl). In this experiment, an aqueous 
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solution of 1 wt% M1NA in pH 7.4 at room temperature (~ 20 oC) was directly loaded 

onto the rheometer pre-equilibrated at 37 oC to trigger hydrogelation. Since the 

kinetics of folding and self-assembly is faster than MAX1, a more rigid hydrogel 

would be expected. The data shows that 1 wt% M1NA hydrogel acquires a storage 

modulus of about 2800 + 100 Pa after 60 min of gelation time. Figure 2.6(b) shows a 

dynamic frequency sweep experiment in which the storage and loss modulus are 

measured as a function of angular frequency. The data shows that the storage modulus 

is insensitive to a range of frequency suggesting that the hydrogel network is 

comprised of permanent crosslinks. 
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Figure 2.6 Rheological measurements of 1 wt% M1NA at pH 7.4 (50 mM BTP, 
150 mM NaCl) and 37 oC. (a) Dynamic time sweep experiment showing evolution 
of storage modulus (G’) as a function of time (b) Dynamic frequency sweep 
measurement showing the storage (G’) and loss (G”) modulus values as a 
function of angular frequency. 
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2.2.3 Optimization of Photopolymerization Parameters 
 

For the photopolymerization studies, Irgacure 2959 (2-hydroxy-1-[4-

(hydroxyethoxy)phenyl]-2-methyl-1-propanone), a sparingly water soluble 

photoinitiator, was employed. Studies by Anseth et al. show that photoinitiation 

performed in the presence of 0.1 wt% concentration of Irgacure 2959 is non-cytotoxic 

to cells.42 However, major concern with photopolymerization strategies is an increase 

in local temperature during the irradiation process, which can affect the material 

properties of these thermally triggered β-hairpin peptide hydrogels. In addition, it is 

important to ensure that any changes in the material rigidity of the photoplymerizable 

hydrogels occurs due to formation of covalent crosslinks only. Figure 2.8 shows data 

obtained from a rheological experiments performed with a temperature sensitive 

standard viscosity oil instead of a self-assembled peptide hydrogel to determine the 

UV intensity at which minimal change in temperature and viscosity is observed upon 

irradiation. Viscosity is inversely proportional to temperature, thus as the temperature 

of the standard oil increases, the viscosity will decrease. The increase in temperature 

was measured using a thermocouple and the viscosity was measured rheologically. 

The data shows that a UV intensity of 10% (365 nm) that corresponds to about 16 

mW/cm2, incurred a minimal rise in temperature (~ 2 oC) at the sample position after 

30 min of irradiation. Similar UV intensities have been employed for fabrication of 

hydrogels via photopolymerization for biomedical applications,42 and will be applied 

to these self-assembled photopolymerizable gels throughout this study. 
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Figure 2.8 Changes in temperature and viscosity of standard viscosity oil (S600) 
after 30 minutes of irradiation (365 nm) as a function of UV light intensity  

 

2.2.4 Effect of Irradiation on Mechanical Properties of MAX1 Hydrogel 
 

More importantly, rheological measurement of a temperature responsive 

non-photopolymerizable MAX1 hydrogel shows that the UV irradiation (10% 

intensity) had minimal affect on the material rigidity, Figure 2.9. Here, the 1 wt% 

MAX1 at pH 7.4 (50 mM BTP, 150 mM NaCl) is first allowed to form a gel by 

increasing the temperature of the peptide solution to 37 oC. After 3 hrs of gelation, the 

resultant hydrogel achieves an apparent equilibrium storage modulus of about 400 Pa. 

At that time, the hydrogel is irradiated with UV light for 15 min as indicated by the 

arrow in the figure. The data in Figure 2.9 shows that UV irradiation had minimal 
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effect on the rigidity of MAX1 hydrogel. The gradual increase in G’ is normally 

observed as part of the aging process. Therefore, it can be assumed that the minimal 

increase in local temperature due to the UV irradiation does not affect the material 

properties of temperature responsive hydrogels. Thus, any increase in G’ observed for 

the acrylated peptide should be due to the installation of chemical crosslinks into the 

network and not simply local changes in temperature. 
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Figure 2.9 Dynamic time sweep of 1 wt% MAX1 at pH 7.4 (50 mM BTP, 150 mM 
NaCl) at 37 oC (6 rad/s, 0.2 % strain) showing minimal increase in storage 
modulus (G’) upon irradiation, 3 hrs after gelation was triggered.  

2.2.5 Increase in Mechanical Properties of Hydrogels upon Photopolymerization  
 

To form M1NA hydrogels, the peptide is first dissolved in a solution 

containing Iragacure 2959 and then an equal volume of pH 7.4 buffer is added to give 
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a 1 wt% M1NA peptide solution in pH 7.4 (50 mM BTP, 150 mM NaCl) buffer with 

0.025 wt% Irgacure 2959. This peptide solution is then loaded onto the rheometer pre-

equilibrated at 37 oC to trigger gelation.  The low concentration of 0.025 wt% Irgacure 

2959 is used to limit any interference with the process of peptide self-assembly and 

subsequent hydrogelation. Figure 2.10(a) shows the gelation kinetics of 1 wt% M1NA 

at pH 7.4 and 37 oC in presence of 0.025wt% Irgacure 2959. The hydrogel achieves an 

average storage modulus of 3100 + 100 Pa after 3 hrs of gelation time. After which 

time, the peptide is irradiated with UV light (365 nm) for 15 min. An instantaneous 

increase in storage modulus is observed at this point. Thereafter, the photocrosslinked 

hydrogel achieves an equilibrium storage modulus of 5000 + 100 Pa, a 1.6 fold 

increase in rigidity. This experiment demonstrates that self-assembled M1NA 

hydrogels can be successfully photocrosslinked to enhance hydrogel rigidity. 

Unphotocrosslinked M1NA hydrogels may exhibit shear recovery 

behavior. Here, the application of shear strain to the hydrogel can lead to disruption of 

some of the non-covalent crosslinks that constitute the network. This transforms the 

self-supporting hydrogel into a fluid-like low viscosity gel. Upon removal of the shear 

strain, the non-covalent crosslinks reform, allowing the gel to recover its mechanical 

rigidity. This unique feature of the M1NA hydrogel allows it to be delivered using a 

syringe to a secondary site in a minimally invasive manner with spatial and temporal 

resolution.  
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Figure 2.10 (a) Dynamic time sweep experiment showing increase in storage 
modulus (G’) upon photopolymerization of a pre-formed 1wt% M1NA hydrogel 
formed at pH 7.4 (50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 
oC. (b) Dynamic time sweep experiment showing shear recovery and 
photopolymerization of pre-formed 1wt% M1NA hydrogels at 37 oC and pH 7.4 
(50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) monitored as a function of 
time. 

The shear-thin and recovery properties of M1NA were investigated using 

oscillatory shear rheology. In this experiment, the 1 wt% M1NA at pH 7.4 solution is 

first allowed to gel for 3 hrs at 37 oC after which a 1000% strain is applied (denoted by 

an arrow in Figure 2.10b) for 30 seconds to severely disrupt the network. Thereafter, 

the strain is reduced to 0.2% and the gel is allowed to recover for 2 hrs. At this point, 

the hydrogel is irradiated for 15 min and then allowed to achieve an apparent 

equilibrium modulus for about an hour. As shown in Figure 2.10(b), 1 wt% M1NA 

hydrogel achieves a storage modulus of 2700 + 300 Pa after 3 hrs of gelation. 

However, following application of 1000% strain and followed by 2 hrs of recovery 

time, the hydrogel recovered only 67% of its original material rigidity, (1800 + 350 
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Pa). Although, UV irradiation at this point resulted in a 1.6 fold increase, the final 

hydrogel rigidity was only equivalent to the storage modulus of the hydrogel 

following the initial 3 hrs of gelation. Although, M1NA hydrogels are mechanically 

more rigid than MAX1 hydrogels under identical conditions, they lack the ability to 

recover quantitatively following application of high strain.  

2.3 Hydrophilic Face Modification of MAX1 
 

MAX1 undergoes folding and subsequently self-assembly in response to 

temperature to form β-sheet–rich fibrils, which display solvent exposed lysine side-

chains. The ε-amine of the lysine side chains can be selectively modified with 

different photopolymerizable groups, which can be photocrosslinked following self-

assembly to enhance the mechanical rigidity of the peptide hydrogels. In this section, 

two distinct modifications of MAX1 hairpin are presented to achieve either 

intrafibrillar or interfibrillar crosslinking of the self-assembled peptide fibrils to 

enhance the material rigidity. 

2.3.1 Intrafibrillar Crosslinking via Polymerization of Lysine-Dienes 
 

Recent reports have shown that short peptide sequences that self-assemble 

can be employed as a template to intramolecularly crosslink β-sheet-rich secondary 

structures via photopolymerization in the crystalline state47 as well as fibrils in 

solution48.  This approach has been shown to impart additional stability to the self-

assembled β−sheet-rich fibrils against denaturation.43  
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We sought to develop a photoreactive β−hairpin peptide (MLD) that 

would polymerize in a controlled manner following ordered self-assembly and 

hydrogelation (Figure 2.11). This hydrogel system is designed to undergo intrafibrillar 

crosslinking upon UV irradiation to further modulate the material rigidity.  

 

Figure 2.11 (a) Proposed mechanism of folding and self-assembly leading to 
hydrogelation and subsequent photopolymerization. X = structure of the 
photopolymerizable lysine-diene [K(DE)]. (b) Sequence of the 
photopolymerizable β-hairpin peptide (MLD) and its control peptide (M2K) 
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Similar to MAX1, MLD is designed to intramolecularly fold and 

subsequently self-assemble in response to increase in temperature, to form an 

extensive network of β-sheet-rich fibrils leading to hydrogelation. This mechanism 

allows covalent cross-linking of solvent exposed photoreactive groups along the well-

defined fibrils to modulate the material rigidity, Figure 2.11.  

 

2.3.1.1 Peptide Design 
 

Peptide strands in self-assembled β−sheets typically align about 4.8 Å 

(0.48 nm) apart depending upon the peptide sequence.44 Therefore, to successfully 

photocrosslink the fibrils in the self-assembled state, the photopolymerizable group 

should not only be able to traverse across this distance but also maintain this 

separation throughout the photocrosslinking reaction without distorting the peptide 

secondary structure.  In this regard, 1,3-diynes45 and 1,3-dienes46, 47 are beneficial 

since they are known to undergo successful topochemical polymerization when 

aligned at a distance of 4.9-5.1 Å in the crystalline state and maintain this distance 

throughout the photopolymerization process. One such diene is sorbic acid which not 

only polymerizes while maintaining the seperation but also yields an isolated trans 

double bond48 unlike the diacetylenes, which form a conjugated system that can 

further react. Therefore, a lysine derivative of sorbic acid or the lysine-diene [K(DE)], 

was prepared by conjugating the N-hydroxy succinimide ester of sorbic acid to the ε-
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amine of the Fmoc-Lys-OH,43, 49 which was employed in the synthesis of the MLD 

peptide.  

The exact alignment or arrangement of the laterally assembled β−hairpins 

along the long axis of a given fibril is not currently known, i.e, whether the turn 

regions of the β−hairpins are on the same side or alternating sides of the fibril or 

mixed. To achieve efficient crosslinking along the fibrils in self-assembled state, it is 

essential that the photopolymerizable lysine-dienes [K(DE)] be displayed along the 

center of the fibril. This is not possible with MAX1 since it contains four pairs of 

lysines and thus the lysine dienes cannot be displayed centrally along the hydrophilic 

face. Therefore, a pair of lysines was added to the termini of MAX1 sequence to give 

a 22-amino acid peptide (MLD), Figure 2.11(b) and 2.12. MLD is specifically 

formulated to display 5 pairs of lysines on the solvent exposed hydrophilic face in the 

folded state, in which the third or the central pair of lysines (i.e. at positions 5 and 18) 

is substituted with a pair of lysine-dienes [K(DE)]. Therefore the lysine-dienes are 

displayed along the center of the self-assembled fibril irrespective of the exact 

alignment of the hairpins along the long axis of the fibril. This should favor 

polymerization of the dienes along the β−sheet rich fibrils in the self-assembled state 

upon UV irradiation, Figure 2.12. A control peptide [M2K, Figure 2.10(b)] was 

prepared in which the lysine-dienes were replaced with lysines.  
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Possible Alignment of β-Hairpins in Self-Assembled State 

MLD 

NH2-KVKVK(DE)VKVK-VDPLPT-KVKVK(DE)VKVK-CONH2 

(i) Self-assembly (ii) Photopolymerization 

Turn regions on  
the same side 

Turn regions on the  
opposite sides 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.12 Schematic representation showing design of MLD for efficient 
polymerization of the β-hairpins in the self-assembled state irrespective of the 
hairpin arrangement along the axis of a given fibril. 

 

2.3.1.2 Folding, Self-Assembly and Photopolymerization of Peptide Solutions 
 

MLD is designed to undergo triggered folding and self-assembly to 

promote β-sheet formation in response to temperature. At pH 7.4, it is likely that all 
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the lysines remain protonated, making peptide folding and self-assembly difficult even 

at higher temperatures. However, increasing the ionic strength (NaCl) of buffer 

solutions should screen the charged lysines making thermally-triggered folding 

possible. Circular dichroism (CD) spectroscopy was used to assess the potential of 

MLD and M2K to fold and self-assemble at physiological relevant conditions (pH 

7.4,150 mM NaCl). Figure 2.13(a) shows the extent of β−sheet formation [θ218] for 

150 µM solutions of MLD and M2K peptides as a function of temperature. The 

control peptide, M2K, exhibits minimal β−sheet formation under these conditions, 

even at higher temperatures. According to the model of folding and self-assembly, the 

electrostatic repulsions due to the eleven positively charged amines (10 lysines and 1 

N-terminus) of M2K must be overcome for the peptide to fold and subsequently self-

assemble at pH 7.4. However, a physiologically relevant ionic strength of 150 mM 

NaCl may not be sufficient to screen the electrostatic repulsions to allow folding to 

occur.50 The data shows that MLD begins to fold and self-assemble at approximately 

15 oC and the majority of β−sheet transformation is complete by 40 oC. The overall 

charge state of MLD is +9 whereas that of M2K is +11. Therefore, MLD has fewer 

charged lysines that need to be screened for folding and self-assembly to occur under 

identical conditions. This is also in agreement with similarly designed lysine-rich β−

hairpins in which a glutamic acid substitution favored folding and self-assembly to 

occur at a lower temperature.41 In addition, the hydrophobic dienes may also promote 

folding and self-assembly via the hydrophobic effect. 
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Temperature dependent conformational changes in the secondary structure 

of MLD can also be illustrated by CD as a function of wavelength. Figure 2.13(b) 

shows a wavelength spectrum of MLD at 5 oC in pH 7.4 buffer of high ionic strength 

(150 mM NaCl), indicative of a random coil structure. Upon increasing the 

temperature to 37 oC, the wavelength spectrum not only displays a minimum centered 

at about 218 nm, which is indicative of β−sheet secondary structure, but also a 

maximum centered at about 249 nm. The maximum around 249 nm probably arises 

due to the absorption of the diene chromophores in a chiral environment following 

self-assembly.51, 52  
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Figure 2.13 (a) CD spectroscopy of 150 µM MLD solution at pH 7.4 (50 mM 
BTP, 150 mM NaCl) showing [θ]216 as a function of temperature. (b) Wavelength 
spectra of 150 mM MLD solution at pH 7.4 showing transition from random coil 
at 5 oC to β-sheet at 37 oC.  
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2.3.1.3 Monitoring Photopolymerization of Self-Assembled Peptide using CD and 
UV Spectroscopy 

 

MLD is designed to self-assemble into β-sheet-rich fibrils, which can 

undergo intrafibrillar polymerization upon UV irradiation. Figure 2.14(a) shows 

wavelength spectra as a function of photopolymerization of self-assembled 0.1 wt% 

(300 µM) MLD peptide in pH 7.4 buffer (150 mM NaCl) [].  

 

 

Figure 2.14 (a) Wavelength scans of 0.1wt% MLD showing time dependent 
decrease in intensity at 245 nm upon photopolymerization. Inset: Magnified view 
showing the decrease in intensity at 245 nm with polymerization time. (b) UV 
absorption spectra of self-assembled 0.1wt% MLD at pH 7.4 (50mM BTP, 
150mM NaCl) showing decrease in absorption intensity at 257 nm upon 
photopolymerization with time (0-30 hrs).  

 

Before photopolymerization, the spectrum is similar to Figure 2.13(b), a minimum at 

218 nm and a maximum at 245 nm are observed. The blue shift in diene absorption 
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from 249 nm to 245 nm is primarily due to the higher concentration of MLD 

employed in this experiment.53, 54 Upon UV irradiation, the intensity of the CD signal 

at 245 nm decreases with time due to the photoreaction. More importantly, the 

photopolymerization reaction barely distorts the β−sheet secondary structure as 

observed by a minimal change in intensity at 218 nm.  This suggests that the gross 

structure of the preformed β-sheet rich fibril network is not disrupted when 

crosslinked.  

  

Sorbate chromophores have been shown to exhibit a broad UV absorption 

at 260 nm in the crystalline state that disappears upon UV irradiation (in absence of a 

photoinitiator) over time due to a photoreaction.48 This was also observed in the case 

of MLD. Figure 2.14(b) shows an absorption spectrum of self-assembled 0.1 wt% 

(300 µM) MLD peptide in pH 7.4 buffer (150 mM NaCl) prior to irradiation, ().  

Here, MLD displays an absorption band centered around 258 nm due to the 

conjugated dienes on the self-assembled β−hairpins. As expected, upon irradiation, the 

absorption intensity at 258 nm progressively decreases with time.  
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Figure 2.15 (a) Normalized photopolymerization profile of 0.1 wt% MLD 
obtained via CD and UV as a function of irradiation time. (b) Wavelength scans 
of 1wt% MLD peptide self-assembled at pH 7.4 (50mM BTP, 150mM NaCl, 
0.025wt% Irgacure 2959) and 37 oC before and after 5 minutes of 
photoirradiation at 365 nm. 

 

Time dependent polymerization of the dienes in self-assembled MLD was 

monitored using both UV and CD spectroscopy and therefore their polymerization 

profiles can be compared as a function of time. Figure 2.15(a) shows a plot of 

normalized intensity with photopolymerization time. The data indicates that the 

polymerization profile of MLD with time using both the techniques is very similar. 

The use of CD spectroscopy to monitor the photocrosslinking reaction would be 

particularly beneficial when an aromatic photoinitiator such as Irgacure 2959 is used 

to accelerate the polymerization reaction, which would otherwise interfere with the 

UV absorption spectra. This is demonstrated using 1wt% MLD peptide in the presence 

of Irgacure 2959 at pH 7.4 and 37 oC. At this concentration, MLD can be thermally-
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triggered to fold and self-assemble to form a self-supporting hydrogel. Figure 2.15(b) 

shows a wavelength spectrum of 1 wt% MLD peptide hydrogel formed in presence of 

0.025 wt% Irgacure 2959 at pH 7.4 (150 mM NaCl) and 37 oC displaying a minimum 

at 218 nm and a maximum at 245 nm. Following irradiation for 5 min, the peak 

intensity at 245 nm again diminishes whereas the minima at 218 nm remains 

undistorted, thus maintaining the β−sheet secondary structure. This data indicates that 

MLD polymerizes efficiently even at gel forming concentrations.  

2.3.1.4 Mechanical Properties of Photopolymerized Hydrogels 
 

The bulk material properties of MLD hydrogels formed at pH 7.4 in 

response to increase in temperature were assessed using oscillatory shear rheology 

similar to the M1NA peptide. The data in Figure 2.16(a) shows the gelation kinetics of 

1 wt% MLD at pH 7.4 (150 mM NaCl) and 37 oC in presence of 0.025wt% Irgacure 

2959. Here, the hydrogel is first formed by increasing the temperature from about 20 

oC (RT) to 37 oC and then irradiated with UV light. When gelation is triggered at 37 

oC, MLD forms a moderately rigid hydrogel with an average storage modulus of 220 + 

50 Pa after 3 hrs. Control experiments show that MLD forms moderately rigid 

hydrogels within 3 hrs of gelation with no significant increase in G’ over longer times. 

After which time, the gel is irradiated for 15 min at 365 nm (~ 16 mW/cm2). An 

instantaneous increase in material rigidity (G’) is observed over time, and achieves an 

average equilibrium storage modulus of 500 + 75 Pa over a 1 hr period. This 
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experiment demonstrates that self-assembled MLD hydrogels can be succesfully 

photocrosslinked to yield an average 2.5 fold increase in material rigidity. Dynamic 

frequency sweep measurements of MLD hydrogels before and after UV irradiation 

show that the G’ values are an order of magnitude higher than G”, and that G’ is 

insensitive to a range of frequency indicating formation of permanent crosslinks, 

Figure 2.16(b).  
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Figure 2.16 (a) Dynamic time sweep experiment showing about 2.5 fold increase 
in storage modulus (G’) upon photopolymerization of pre-formed 1wt% MLD 
hydrogel at pH 7.4 (50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 
oC (b) Dynamic frequency sweep measurement showing the storage (G’) and loss 
(G”) modulus values as a function of angular frequency 
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2.3.1.5 Shear Recovery and Subsequent Photopolymerization of Hydrogels 
 

Similar to the M1NA peptide, the ability of MLD hydrogels to shear 

recover and then polymerize upon irradiation was also probed. As shown in Figure 

2.17, in part (i) of this experiment, a 1 wt% MLD hydrogel is formed at pH 7.4 (150 

mM NaCl) by increasing the temperature to 37 oC. After 3 hrs of gelation (G’ = 200 + 

40 Pa) [part (ii)], a 1000 % strain is applied for 30 sec to shear thin the material, which 

severely disrupts the hydrogel network. After which time, part (iii), the applied strain 

is decreased to 0.2 % and the gel is allowed to recover for a period of 2 hrs. The gel 

recovers quantitatively within an hour with further increase in G’ over time. Following 

recovery for 2 hrs (G’= 240 + 30 Pa), the hydrogel is irradiated (part iv) for 15 min at 

365 nm (~ 16 mW/cm2), which causes the G’ to increase rapidly over time. After 

which time, the photocrosslinked hydrogel achieves an equilibrium storage modulus of 

590 + 30 Pa over a period of about 3 hrs. Although the sample was irradiated for 15 

min, no substantial increase in G’ is observed after 10 min of exposure indicating that 

the photocrosslinking reaction is most likely complete.  

For practical applications, the 2 hr recovery period following the shear-

thinning event may not be feasible. To overcome this limitation, the shear recovery 

process was shortened to better simulate applications where photocrosslinking is 

initiated directly after syringe delivery. This was accomplished by eliminating the 2 hr 

recovery period from the experiment. For this experiment [Figure 2.18], parts (i) and 

(ii) were performed exactly as described for Figure 2.17. However, in part (iii), where 
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the high strain is reduced to 0.2 %, the recovering hydrogel is irradiated for 15 min 

(365 nm, ~ 16 mW/cm2) and then allowed to achieve equilibration storage modulus. 

Even though the shear-thinned hydrogel was not allowed to recover completely, MLD 

hydrogel still achieved ~ 2.5 fold increase in rigidity following UV irradiation. This 

experiment demonstrates that the full recovery of the shear-thinned material is not 

necessary for photocrosslinking to occur. In addition, this observation provides insight 

into the nature of the fibrillar network during the shear process. 

 

 

0

100

200

300

400

500

600

700

0 1 2 3 4 5 6 7

G
' 

(P
a
)

Time (hrs)

(i)

(ii)

(iii)

(iv)

(v)

 

Figure 2.17 Dynamic time sweep experiment showing shear-thinning, recovery 
and subsequent photopolymerization of pre-fomed 1wt% MLD hydrogel at pH 
7.4 (50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 oC.  
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The fact that MLD hydrogels achieve ~ 2.5 fold increase in rigidity upon irradiation 

during or after the shear process suggests that the fibrillar network may not be 

completely disrupted during the shear-thinning process. If shear-thinning did 

completely disrupt the network then the intrafibrillar polymerization should have been 

limited to shorter fibrils and thus form weaker gels. Collectively, these results 

demonstrate that MLD hydrogels show potential as syringe deliverable scaffolds 

because they can be shear-thin delivered, and recover their original mechanical 

rigidity. In addition, the rigidity can be further modulated via photopolymerization 

following delivery to the target site. 
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Figure 2.18 Dynamic time sweep experiment showing shear-thinning followed by 
immediate photopolymerization of pre-fomed 1wt% MLD hydrogels at pH 7.4 
(50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 oC.   
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2.3.1.6 Conclusions 
 

Our strategy to fabricate hydrogels involves triggered folding and 

subsequently self-assembly of β-hairpin peptides. We have shown earlier that β-

hairpin peptides can be designed to undergo triggered hydrogelation in response to 

changes in pH, temperature, ionic strength and light. Results from this study 

demonstrate that additional functionality can also be introduced into β-hairpins to 

modulate the ultimate material properties. We achieved this by incorporating a pair of 

lysine-dienes into the β-hairpins such that following self-assembly; the 

photopolymerizable dienes are displayed along the center of the β-sheet rich fibril. CD 

can be employed to monitor the polymerization of these chiral dienes in the self-

assembled state even at gel forming concentrations in presence of an initiator. Upon 

irradiation, intrafibrillar crosslinking results in ~ 2.5 fold increase in the mechanical 

rigidity of the hydrogel. In addition, the physically crosslinked hydrogels exhibit shear 

recovery, which allows the delivery of pre-formed gel to the target in a controlled 

fashion prior to irradiation.  The injectable hydrogel can be irradiated after or during 

shear-thin recovery without significantly affecting the increase in rigidity (~ 2.5 fold). 

These attributes of MLD hydrogels would enable the modulation of the material 

properties via photopolymerization at the tissue site post shear recovery. This 

demonstrates that structure based design of β-hairpins can be employed to create 

functional materials with predictable material properties for biomedical applications. 
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2.3.2 Interfibrillar Crosslinking via Polymerization of Nε-Acryloyl-L-Lysine 
 

MAX1 is designed to fold into an amphiphilic β−hairpin in response to 

environmental stimuli such as temperature, pH or ionic strength. The folded β−hairpin 

rapidly self-assembles into an extended network of β−sheet-rich fibrils resulting in 

formation of a mechanically rigid hydrogel. In the self-assembled state, fibrils are 

composed of a bilayer of intermolecularly hydrogen-bonded hairpins directed by the 

packing of hydrophobic faces of individual hairpins. However, because of the 

topologically smooth surface of the hydrophobic face of each hairpin, facial 

mispacking occurs. This provides nucleation sites for nascent fibril growth in different 

three-dimensional directions creating branched junctions. In addition to these 

interfibril junctions, fibrils can also become entangled. This provides additional 

physical cross-links. The number of fibril junctions and entanglements formed during 

the self-assembly process affects the mechanical rigidity of the hydrogels. This section 

discusses design of a β−hairpin peptide that specifically favors interfibrillar covalent 

crosslinking of the non-permanent entanglements formed during the self-assembly 

process, to further enhance the mechanical rigidity of the hydrogels, Figure 2.19. 
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Figure 2.19 Schematic depicting interfibrillar crosslinking of entanglements 
following triggered folding and self-assembly 

2.3.2.1 Peptide Design 
 

To design a photopolymerizable β−hairpin peptide that would allow 

efficient interfibrillar crosslinking only as opposed to crosslinking along the long axis 

of the fibril as was incase for the MLD peptide, two criteria need to be satisfied. First, 

it is required to functionalize an appropriate lysine residue along the hydrophilic face 

of the β−hairpin that will only allow efficient interfibrillar covalent crosslinking upon 

UV irradiation. Second, an appropriate short photopolymerizable group must be 

selected that would favor interfibrillar crosslinking only. Towards this objective, 

MKA, a β−hairpin peptide with an Nε-acryloyl-L-lysine at position 19 was designed, 

Figure 2.20. Lysine at position 19 on the β−hairpin is chosen to display the 

photopolymerizable group on the flexible side chain of the residue at the edge of the 

β−hairpin. The Nε-acryloyl-L-lysine at position 19 will disfavor any intrafibrillar 

crosslinking reaction since the acryloyl group is too short to react with another 

acrylate along the long axis of the same fibril as shown in Figure 2.21.  
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          MKA2: NH2-VKVKVKVK-VDPLPT-KVK(A)VKVKV-CONH2 

 
 

Figure 2.20 (a) Side and top view of MKA peptide showing lysine position 19 
along the β−hairpin (b) Side and top view of MKA2 peptide showing lysine 
position 15 along the β−hairpin (c) Structure of Fmoc-Nε-acryloyl-L-lysine-OH 
employed in synthesis of MKA (d) Sequence of MKA and MKA2 peptide where 
K(A) is the Nε-acryloyl-L-lysine 

 
The positional dependence of the acryloyl group was investigated by designing a 

second peptide, MKA2. MKA2 incorporates the Nε-acryloyl-L-lysine at an interior 

position 15, Figure 2.20. Here, the Nε-acryloyl-L-lysine is sterically hindered by the 

neighbouring lysines side-chains and therefore should be less acessesible for the 
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crosslinking reaction. However, MKA2 will still favor interfibrillar crosslinking only 

as shown in Figure 2.21. 

 

 

 

Figure 2.21 Schematic depicting design of β-hairpin peptides that favor 
Interfibrillar crosslinking following self-assembly  
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2.3.2.2 Effect of Photopolymerization on β-Sheet Structure of Peptide Hydrogels 
 

Figure 2.22 shows CD wavelength spectra of 1 wt% MKA and MKA2 

peptide at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025wt% Irgacure 2959) at 37 oC. 

The data shows that both MKA and MKA2 form β−sheet secondary structure as 

indicated by a minimum at 216 nm. In addition, upon UV irradiation, there is no gross 

distortion in the β−sheet structure of these peptides. The rate of β-sheet formation can 

be measured by measuring the mean residual ellipticity [θ] at 216 nm as a function of 

time. Figure 2.23 shows the kinetics of β-sheet formation for 1 wt% MKA and MKA2 

at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025 wt% Irgacure 2959) and 37 oC. 
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Figure 2.22 CD wavelength spectra of (a) 1 wt% MKA and (b) 1 wt% MKA2 
before and after photopolymerization at pH 7.4 and 37 oC. 
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The data shows that both MKA and MKA2 peptide exhibit rapid kinetics of β-sheet 

formation. The majority of the β-sheet is formed within first 2 min with no significant 

increase thereafter.  

2.3.2.3 Mechanical Properties of Photopolymerized Hydrogels 
 

The mechanical properties of MKA and MKA2 were assessed by 

oscillatory rheology as shown in Figure 2.24. In this experiment, a 1 wt% peptide 

solution at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025 wt% Irgacure 2959) at about 20 

oC is directly loaded onto the rheometer pre-equilibrated at 37 oC to trigger 

hydrogelation. After 3 hrs of gelation time, the hydrogels are irradiated with UV light 

for 15 min to initiate the polymerization reaction.  After which time, the crosslinked 

gels are allowed to equilibrate over time. In Figure 2.24, panel (a) shows that MKA 

achieves an average storage modulus value of 2000 + 100 Pa after 3 hrs of gelation 

time. Upon irradiation, an instantaneous increase in the storage moduli is observed, 

which then equilibrates to an average storage modulus of 4800 + 100 Pa. This data 

shows that MKA hydrogels exhibit about 2.4 fold increase in rigidity due to the 

covalent crosslinks formed at the entanglements. Similarly, MKA2 hydrogels (panel 

b) first achieve an average storage modulus of 2700 + 100 Pa upon gelation. However, 

upon UV irradiation, these hydrogels exhibit only a 1.27 fold increase in rigidity 

measuring 3500 + 100 Pa. 
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Figure 2.23 Kinetics of β-sheet formation of 1 wt% MKA and MKA2 at pH 7.4 
and 37 oC as a function of time 

 

Collectively, the results from Figure 2.24 indicate that MKA peptide, which has a Nε-

acryloyl-L-lysine at the edge of the β−hairpin (position 19) exhibits better 

polymerization efficiency and thus results in greater fold increase in rigidity. 

However, MKA2 that has an Nε-acryloyl-L-lysine in the interior (position 15), is 

possibly less accessible and thus results in lower fold increase in rigidity.  
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Figure 2.24 Dynamic time sweep experiments showing increase in mechanical 
rigidity of pre-formed (a) 1 wt% MKA and (b) 1 wt% MKA2 hydrogels at pH 7.4 
and 37 oC upon photoirradiation  

2.3.2.4 Shear Recovery and Subsequent Photopolymerization of Hydrogels 
 

The ability of MKA hydrogels to exhibit shear recovery and subsequent 

polymerization to yield mechanically more rigid hydrogels was investigated using 

oscillatory dynamic time sweeps experiments. As shown in Figure 2.25, in part (i) of 

this experiment, a MKA hydrogel is formed at pH 7.4 (50 mM BTP, 150 mM NaCl, 

0.025 wt% Irgacure 2959) by increasing the temperature to 37 oC. After 3 hrs of 

gelation (G’ = 2250 + 150 Pa) [part (ii)], a 1000 % strain is applied for 30 sec to shear 

thin the material, which severely disrupts the hydrogel network. After which time, part 

(iii), the applied strain is decreased to 0.2 % and the gel is allowed to recover over a 

period of time. The gel recovers about 92% of its original mechanical rigidity in a 

period of 2 hrs. Following recovery (G’= 2100 + 100 Pa), the hydrogel is irradiated 
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(part iv) for 15 min at 365 nm (~ 16 mW/cm2), after which the G’ increases rapidly 

over time. Although the sample is irradiated for 15 min, no substantial increase in G’ 

is observed after 10 min of exposure indicating that the photocrosslinking reaction was 

almost complete after this point. After 1 hr, the crosslink hydrogel achieves an 

equilibrium storage modulus of 4600 + 200 Pa, a 2.2 fold increase in mechanical 

rigidity. This data shows that MKA hydrogel show promise as an injectable 

biomaterial because it can be shear-thin delivered. In addition, the rigidity of the gel 

can be further modulated via photopolymerization following delivery to the target site. 
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Figure 2.25 Dynamic time sweep experiment showing shear-thinning, recovery 
and subsequent photopolymerization of pre-fomed 1wt% MKA hydrogel at pH 
7.4 (50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 oC. 
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For use of MKA hydrogels as tissue engineering scaffold, the 2 hr 

recovery period after shear-thinning may not be practically feasible. Therefore, the 

syringe delivery and subsequent polymerization process was modified for use of MKA 

hydrogels as injectable materials in a clinical setting. As shown in Figure 2.26, the 

MKA solution (part i) is allowed to form a gel for 3 hrs (part ii), achieving an average 

storage modulus of 2100 + 100 Pa. At this point, a 1000% strain is applied for 30 sec 

to shear thin the hydrogel as evident by instantaneous decrease in the storage modulus. 

After the shear-thinning event, the strain is then decreased to 0.2% (part iii). Thirty 

seconds after the strain is decreased to 0.2% strain, the material is irradiated for 15 

min as the network is recovering (part iv). After 15 min of irradiation and subsequent 

equilibration, the irradiated hydrogel achieves a storage modulus value of 3600 + 100 

Pa, which corresponds to about 1.7 fold increase in rigidity.  This is lower than what 

was observed in the previous experiment (Figure 2.25) where the shear-recovered 

hydrogel achieved a 2.2 fold increase in rigidity upon irradiation. These results 

suggest that some entanglements may be disrupted during the application of high 

strain, and therefore fewer entanglements can participate in the crosslinking reaction 

leading to a 1.7 fold increase in rigidity only. 
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Figure 2.26 Dynamic time sweep experiment showing shear-thinning followed by 
immediate photopolymerization of pre-fomed 1wt% MKA hydrogels at pH 7.4 
(50mM BTP, 150mM NaCl, 0.025wt% Irgacure 2959) and 37 oC. 

 

2.3.2.5 Nanoscale Structure Analysis 
 

Small angle neutron scattering (SANS) experiments were employed to 

investigate the nanoscale structure of MKA fibrils formed during hydrogelation. In 

addition, any change in the network structure of the hydrogels as a result of 

photocrosslinking reaction of the entanglements was also probed. SANS data collected 

on 1 wt % MKA gels formed at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025 wt% 

Irgacure) and 37 °C is shown in Figure 2.27(a) where the scattering intensity is plotted 

as function of the scattering vector. Upon irradiation, minimal change in the scattering 

intensity is observed indicating that the irradiation process does not induce any 

substantial changes to the network structure. This data suggests that the enhancement 
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in storage modulus observed as a result of irradiation stems from covalent crosslinking 

of the non-permanent entanglements without causing any gross changes to the 

network. Transmission electron microscopy (TEM) experiments show that MKA gel is 

composed of monodispersed fibrils similar to MAX1,55 which measure about 3 nm in 

width, Figure 2.27(b). TEM of crosslinked MKA hydrogels was not performed since it 

would be practically impossible to distinguish between covalent and non-covalent 

entanglements. 

 

 

  

Figure 2.27 (a) SANS data of 1 wt% MKA hydrogel at pH 7.4 (50 mM BTP, 150 
mM NaCl, 0.025 wt% Irgacure 2959) and 37 oC before and after 
photopolymerization. (Data by Monica Branco) (b) TEM micrograph of diluted 1 
wt% MKA hydrogel at pH 7.4 and 37 oC. (Image taken by Radhika Nagarkar) 
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2.3.2.6 Effect of Gelation Time on Mechanical Properties of Photopolymerized 
Hydrogels 

 

Hydrogels prepared via folding and self-assembly of β−hairpin peptides 

exhibit an increase in storage modulus at a constant rate even after about 1 hr of 

gelation. This feature, normally referred to as the “aging” process, leads to an increase 

in storage modulus value over time. One hypothesis is that the fibrils constituting the 

hydrogel network may be undergoing a reorganization process, which leads to an 

increase in the material rigidity. The interfibril junctions and entanglements that are 

believed to impart rigidity to the hydrogel might be playing a role in this process. 

Since the entanglements are non-permanent and the fibrils may be able to slide over 

each other, the reorganization process may include rearrangement or formation of 

more entanglements. The MKA peptide was specifically designed to covalently 

crosslink the entanglements and thus may be beneficial to understand this behavior. 

Oscillatory rheology experiments employing the MKA peptide were performed to gain 

some insight into this mechanism on a shorter time scale. Figure 2.28 shows time 

sweep experiments of 1wt% MKA gels prepared at pH 7.4 (50 mM BTP, 150 mM 

NaCl, 0.025 wt% Irgacure 2959) and 37 oC. The results are presented in Table 1. In 

this study, an aqueous solution of MKA peptide is triggered to form a hydrogel for a 

specified amount of time, after which the resultant hydrogel is irradiated for 15 min at 

365 nm and then allowed to equilibrate over time. Here, independent 1 wt% MKA 

solutions were allowed to form a gel for either 15, 30, 60 or 180 min prior to 

irradiation. As expected, prior to irradiation, the storage modulus of the MKA 
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hydrogels is proportional to the gelation time. Also, the absolute magnitude of 

increase in storage moduli due to the crosslinking reaction increases with initial 

gelation time. This is expected if more entanglements are being formed during the 

aging process. As initial gelation time increases, more entanglements are formed that 

can be ultimately crosslinked, see Table 2.1. However, after irradiation and 

equilibration, all the gel samples exhibit an average 2.4 fold increase in storage 

modulus irrespective of gelation time. This suggests that the efficiency of 

photocrosslinking remains constant irrespective of the number of entanglement sites 

available to be chemically crosslinked. Importantly, once the entanglements are 

covalently locked into their respective positions, the reorganization of fibrils is 

inhibited. This is evident in Figure 2.28. After photolysis, the value of G’ remains 

constant indicating that the “aging” process has been inhibited. Overall, this suggests 

that the “aging” process observed prior to photolysis is at least, partly due to the 

reorganization of fibrils leading to more entanglements. 

2.3.2.7 Peptide Concentration Dependent Mechanical Rigidity of Hydrogels 
 

Previous studies have shown that varying the peptide concentration can 

modulate the mechanical properties of self-assembled β−hairpin peptide hydrogels. 

Higher peptide concentrations exhibit faster kinetics of folding and self-assembly 

leading to formation of more rigid hydrogels. Figure 2.29 shows peptide concentration 

dependent gelation kinetics of MKA hydrogels at pH 7.4 and 37 oC. After 3 hrs of 
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gelation time, the resultant gels were then photoirradiated to enhance the mechanical 

rigidity of the hydrogels. The results are presented in Table 2.2. 
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Figure 2.28 Dynamic time sweep experiments of 1 wt% MKA at pH 7.4 and 37 
oC. (a) Time dependent gelation and subsequent polymerization data (shown 
separately for clarity) (b) Time dependent gelation and subsequent 
polymerization (all data sets). 

 
Gelation Time (min) 15 30 60 180 
G’ (Pa) 1200 + 100 1575 + 100 1770 + 50 2000 + 100 
G’ after hv (Pa) 3200 + 50 3700 +150 4000 + 150 4800 + 100 
Increase in G’ (Pa) 2000 2125 2230 2800 
Fold Increase 2.6 2.35 2.26 2.4 

 

Table 2.1 Dynamic time sweep experiment data of 1 wt% MKA hydrogels 
showing physical gelation time dependent increase in storage modulus upon 
photopolymerization 

 

The results show that the rigidity of MKA hydrogels increased with an increase in 

peptide concentration. In addition, upon polymerization, the gel samples exhibit an 



 69 

average of 2.5 fold increase in storage modulus. Also, the magnitude of increase in 

storage modulus increased with peptide concentration. This study demonstrates that 

varying the peptide concentration employed to fabricate the hydrogel can further 

modulate the rigidity of the photocrosslinked MKA hydrogels. 
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Figure 2.29 Peptide concentration dependent mechanical properties of MKA 
hydrogels before and after photopolymerization 

Table 2.2 Concentration dependent mechanical rigidity of MKA hydrogels before 
and after photopolyemrization at pH 7.4 and 37 oC 

MKA Concentration 0.5 wt%  1 wt% 2 wt% 
G’ (Pa) 520 + 30 2000 + 100 7175 + 1050 
G’ after hv (Pa) 1350 + 175 4800 + 100 13200 + 1750 
Increase in G’ (Pa) 830 2800 6025 
Fold Increase 2.6 2.4 1.85 
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2.3.2.8 Conclusions 
 

Our strategy to fabricate hydrogels involves triggered folding and 

subsequently self-assembly of β-hairpin peptides. Results from this study demonstrate 

that additional functionality can be introduced into β-hairpins at selective positions or 

sites to direct the mode of crosslinking and modulate the ultimate material properties. 

We achieved this by incorporating an Nε-acryloyl-L-lysine at position 19 in the 

MAX1 β-hairpin such that following self-assembly the fibrils can be covalently 

crosslinked interfibrillarly via photopolymerization. Upon irradiation, interfibrillar 

crosslinking results in ~ 2.5 fold increase in mechanical rigidity. In addition, the 

physically crosslinked hydrogels exhibit shear recovery, which allows the delivery of 

pre-formed gel to the target in a controlled fashion prior to irradiation.  The injectable 

hydrogel can be irradiated after recovery without significantly affecting the increase in 

rigidity (~ 2.5 fold). However, if the sheared hydrogel is irradiated during the 

recovery, the enhancement in storage modulus in lower (~ 1.7 fold) due to insufficient 

number of entanglements. This suggests that the shearing process probably disrupts 

the entanglements, which reform during the recovery period to regain the original 

rigidity. This demonstrates that structure based design of β-hairpins can be employed 

to create functional materials with predictable material properties for biomedical 

applications. In addition, more structural information about the physically crosslinked 

hydrogel network can be obtained through such designs. 



 71 

2.3.3 Experimental Section 
 

Materials. Rink amide resin was purchased from Polymer Laboratories. 

Trifluoroacetic acid (TFA), Triisopropylsilane (TIPS), Diisopropylethylamine (DIEA) 

and Acryloyl chloride were purchased from Acros. Appropriately side-chain-protected 

Fmoc-amino acids were obtained from Novabiochem. 1-H-Benzotriazolium-1-

[bis(Dimethylamino)Methylene]-5-Chloro-Hexafluorophosphate-(1-), 3-Oxide 

(HCTU) was purchased from Peptide International. Bis-Tris Propane (BTP) was 

purchased from Sigma. Photoinitiator Irgacure 2959 (I2959) was a generous gift from 

Ciba Specialty Chemicals and used as received. MilliQ (Millipore) with a resistivity of 

18.2 MΩ.cm was used for all experiments and is referred to as “water” in this paper. 

Fmoc-Lys(DE)-OH 43 and Fmoc-Nε-acryloyl-L-lysine56 were synthesized according to 

published procedures.  

 

Peptide Synthesis and Purification. Peptides were prepared on Rink amide resin via 

automated Fmoc peptide synthesis employing an ABI 433A peptide synthesizer and 

HCTU activation.57 The resulting dry resin-bound peptides were cleaved and side-

chain-deprotected using a cocktail of TFA/TIPS (90:10) for 2 hrs under nitrogen. The 

resin was filtered and peptide precipitated from the filtrate using cold diethyl ether. 

Crude peptide was subsequently purified by Reverse Phase-HPLC (Waters 600 series) 

using a semi-preparative Vydac C18 peptide/protein column. HPLC solvents consisted 

of solvent A (0.1% TFA in water) and solvent B (90% acetonitrile, 10% water, and 
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0.1% TFA). All the peptides were purified at 40 oC employing isocratic conditions of 

0 % B for 2 minutes followed by a linear gradient of 0 to 25% B in 17 minutes and an 

additional linear gradient of 10 to 100% B in 150 minutes. Using this gradient, pure 

M2K, MLD, MKA and MKA2 eluted at 28, 35, 34 and 34 minutes respectively. MS 

(ESI), M2K: m/z: 1244 [(M+2H)2+], calcd 1244.5, MLD: m/z: 1337.7 [(M+2H)2+] 

calcd 1337.2, MKA: m/z: 1142.4 [(M+2H)2+] calcd 1142.7, MKA2: m/z: 1142.6 

[(M+2H)2+] calcd 1142.7 The resulting peptide solutions were frozen with liquid 

nitrogen and lyophilized to afford pure peptides. The purity of the peptide was 

established using Electrospray ionization mass spectrometry and analytical HPLC.  

 

Circular Dichroism Studies. CD spectra were collected on a Jasco model J-810 

spectropolarimeter. A 1 mM peptide stock was prepared by dissolving the appropriate 

amount of purified peptide in water. UV-Vis spectroscopy was employed to determine 

the concentration of the peptide stock [M2K (ε220 = 20350 cm-1 M-1), MLD (ε258 = 

24080 cm-1 M-1 )58, MKA and MKA2 (ε220 = 15750 cm-1 M-1),]. This 1 mM peptide 

stock was diluted to afford a 300 µM peptide final stock solution, which was used to 

prepare all of the CD samples. For each CD sample, 300 µM stock of the peptide was 

mixed with an equal volume of pH 7.4 buffer (100 mM BTP, 300 mM NaCl to afford 

a final concentration of 150 µM peptide solution at pH 7.4 buffer (50 mM BTP, 150 

mM NaCl). Mean residue ellipticity [θ] was calculated from the equation [θ] = 

(θobs/10lc)/r, where θobs is the measured ellipticity in millidegrees, l is the length of the 

cell (centimeters), c is the molar concentration, and r is the number of residues. 
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 Four separate CD experiments were performed on individual samples of the 

peptides. (i) Mean residual ellipticity [θ] at 218 nm was measured as a function of 

temperature using a step size of 5 oC and an equilibration time of 10 minutes. (ii) A 

wavelength spectrum from 260 to 210 nm was obtained in a 0.1 cm path length quartz 

cell at 5 oC and 37 oC to assess the secondary structure of the peptides. (iii) 

Wavelength scans of 0.1 wt% MLD at pH 7.4 (50 mM BTP, 150 mM NaCl) and 37 oC 

were first recorded in a 0.1 cm pathlength quartz cell to ensure complete β-sheet 

transformation. Thereafter, the self-assembled peptide sample was irradiated (365 nm) 

and the wavelength spectra were recorded at the indicated times to monitor the 

progress of the photoreaction. (iv) 1 wt% peptide was allowed to self-assemble at pH 

7.4 (50 mM BTP, 150 mM NaCl, 37 oC, 0.02 wt% Irgacure 2959) in a 0.01 mm 

pathlength cell. Thereafter, wavelength scans of the peptide before and after 5 min of 

irradiation were recorded. No changes in wavelength spectrum were observed at 

longer irradiation times. A UV lamp (spectroline Model xx-15A, 365 nm, 6 mW/cm2) 

was placed 4 cm above the sample during the irradiation process. 

 

UV-vis Spectrocopy. Absorption spectra were collected on a HP 8453 UV-visible 

spectrophotometer. MLD (0.1 wt%) samples prepared for CD analysis [part (iii)] were 

used for this study. After recording the wavelength spectra on CD, a UV absorption 

spectrum was recorded for each indicated time point.  
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Oscillatory Shear Rheology. Rheological measurements were performed on Anton 

Paar-Physica MCR 500 rheometer with a quartz glass plate fixture (Anton Paar, 

Advanced UV system, UV cell) to allow UV irradiation. A 25 mm parallel plate 

geometry and 0.5 mm gap distance was employed for all experiments. Omnicure 

(EXFO) series 1000 spot curing system (Model S1000, 100W Hg Arc, Wavelength 

320-500nm) was used as a UV source. The light power (10% laser intensity) at the 

sample position was ~ 16 mW/cm2 as measured by a radiometer (Apprise 

Technologies, Chromaline, UV Minder with peak response at 370 nm). The distance 

between the UV source and the sample was 4 cm. 

 The peptide was first dissolved in a solution of Irgacure 2959 (0.05 wt%) to 

obtain a concentration that is twice the final peptide concentration in the gel. Then, an 

equal amount of pH 7.4 buffer (100mM BTP, 300mM NaCl) was added to the peptide 

stock solution, mixed gently and immediately loaded onto the rheometer plate 

equlibrated to 37 oC. After the sample was loaded and the parallel plate lowered, 

standard low-viscosity mineral oil was used to insulate the sides of the parallel plate in 

order to prevent evaporation. Control experiments have shown that the mineral oil had 

no effect on the rheological measurements. Gelation was observed by monitoring the 

evolution of the storage modulus (G') with time, in a dynamic time sweep experiment 

performed at an angular frequency of 6 rad/s and strain of 0.2 %. Storage moduli 

values (G’) obtained are reported with standard deviation values in parentheses 

obtained from experiments performed in triplicate. Frequency sweep experiments 

were performed by varying the frequency from 0.1-100 rad/s at a constant strain of 0.2 
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%. The frequency sweep experiment verified that all time sweep experiments were 

performed within the linear viscoelastic regime. 

 Shear-thin and recovery experiments were performed by first allowing gels to 

form for 3 hours in a dynamic time sweep experiment (6 rad/s and 0.2% strain) and 

subsequently subjecting the gel to a shear-thinning and recovery cycle.  The shear-

thinning and recovery cycle consisted of application of 1000 % strain at 6 rad/s for 30 

sec followed by a 2 hour recovery period at a constant 0.2 % strain at 6 rad/s angular 

frequency. A 1000% strain for 30 sec was employed to ensure complete disruption of 

the hydrogel network. 

 Photopolymerization experiments were performed by irradiating the peptide 

hydrogel for 15 min (~16 mW/cm2, 365 nm) at specified times depending upon the 

experiment. Control experiments were performed with standard viscosity oil (S600) to 

observe the change in viscosity at variable UV light intensities with respect to increase 

in temperature. The temperature was simultaneously recorded using a thermocouple in 

contact with the quartz UV plate during irradiation of the S600 oil. 
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Chapter 3 

FABRICATING MECHANICALLY ROBUST PEPTIDE-POLYMER 
HYDROGELS VIA PHOTOPOLYMERIZATION 

3.0 Introduction 
 

Various strategies are currently being pursued towards the construction 

and development of robust three-dimensional matrices for tissue engineering 

applications. Hydrogels are promising candidates for this purpose due to their 

biocompatibility, mechanical rigidity and highly hydrated three-dimensional structure. 

A variety of natural as well as synthetic polymers have been developed as precursors, 

which can undergo physical or chemical crosslinking reactions to form mechanically 

rigid hydrogels. In addition, peptide sequences have also been designed to assemble 

into a physically crosslinked fibrillar networks, leading to hydrogelation in response to 

changes in environmental cues.1 Although several promising strategies for fabricating 

hydrogels with diverse material properties have been discovered, the challenge to 

construct scaffolds that mimic the mechanical properties of natural tissues still exists.  

The extracellular matrix (ECM) in tissues, is a complex hydrated structure 

primarily composed of a physically and chemically crosslinked network of different 

biopolymers that provide a wide range of biochemical cues and mechanical support 

for its function. Since the organization of ECM components is unique to each tissue 
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type, it is crucial that the engineered substitute mimics the structural and functional 

properties of the natural tissue. 2 A promising approach to construct ECM mimics is 

by the preparation of hybrid hydrogels. One way to create hybrid gels includes 

copolymerization of two different network-forming components where both the 

networks are covalently crosslinked with each other. Another approach includes 

fabrication of interpenetrating networks where two independent networks are 

physically interlocked with each other but not chemically crosslinked. Both of these 

approaches can be employed to fabricate mechanically rigid hydrogels. This chapter 

discusses the design and characterization of self-assembled β-hairpin peptides for the 

fabrication of both hybrid peptide-polymer networks and interpenetrating polymer 

networks with enhanced mechanical properties for use as potential artificial tissues.  

 

3.1 Construction of Mechanically Rigid Hydrogels via the Formation of 
Crosslinked Network of Peptide and Divinylbenzyl PEG 

 
Schneider and Pochan labs have developed a family of self-assembling β-

hairpin peptides that fold and self-assemble in response to external stimuli to form 

self-supporting hydrogels. These highly hydrated hydrogels are not only mechanically 

rigid but are also non-cytotoxic to mesenchymal stem cells. In addition, the physically 

crosslinked hydrogels exhibit shear recovery properties and therefore have the 

potential to be used as injectable biomaterials. All the above characteristics make the 

self-assembled hydrogels attractive candidates for tissue engineering applications. 
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Although the resultant hydrogels are mechanically rigid, the physically 

crosslinked nature of these gels renders them soft and thus allow them to yield at 

lower strains. This is demonstrated using oscillatory rheology experiments performed 

with 1 wt% MKA hydrogels. MKA is a photopolymerizable peptide with an Nε-

acryloyl-L-lysine at position 19. This allows interfibrillar polymerization of the fibrils 

following self-assembly to enhance the mechanical properties of the hydrogel.  

Figure 3.1(a) shows a dynamic frequency sweep measurement of 1 wt% 

MKA hydrogels at pH 7.4 (50 mM BTP, 150 mM NaCl) and 37 oC following UV 

irradiation. The data shows that the storage modulus (G’) of MKA hydrogels is 

insensitive to a range of frequencies, indicating the presence of permanent crosslinks. 

Figure 3.1(b) shows a dynamic strain sweep measurement of the same MKA hydrogel 

following the dynamic frequency sweep. In this experiment, the storage and lost 

modulus are measured as function of increasing strain. The data shows that the storage 

modulus is linear until ~ 4-5 % strain, but decreases significantly at higher strain 

values. 

 We were interested in developing a composite hydrogel with MKA that 

can be syringe delivered and subsequently polymerized to enhance the mechanical 

properties. In particular, the primary interest was to fabricate a hydrogel that can 

withstand higher strain than the single network β-hairpin peptide hydrogels. 
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Figure 3.1 (a) Dynamic frequency sweep and (b) Dynamic strain sweep 
measurements of photocrosslinked 1 wt% MKA hydrogels at pH 7.4 and 37 oC  

3.1.1 Design and Fabrication Strategy of Peptide-Polymer Hydrogels 
 

Bifunctional PEG polymers have been extensively used to fabricate a 

variety of hydrogel materials via photopolymerization. Here, the material properties of 

the hydrogels can be manipulated depending upon the molecular weight of the 

photoreactive polymer. For example, short bifunctional PEG (~ 500-700 Mw) forms 

mechanically rigid yet brittle hydrogels due to higher crosslink density of the hydrogel 

network. However, longer bifunctional PEG (~8000-10000 Mw) forms relatively less 

rigid but more malleable hydrogels at the same polymer concentration due to lower 

crosslink density of the hydrogel network. Knowing this, we chose to construct a 

hybrid hydrogel by incorporating a polymerizable bifunctional PEG  (Mw 10000) into 

the MKA hydrogel, which can be subsequently photocrosslinked. Photopolymerizing 
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the hybrid hydrogel will lead to formation of (1) interfibrillar crosslinking of MKA 

fibrils, (2) crosslinking between the MKA fibrils & bifunctional PEG and  (3) possible 

intermolecular crosslinking between the bifunctional PEG, Figure 3.2. Collectively, 

these events should not only provide a more malleable hydrogel due to the covalently 

crosslinked high molecular weight PEG but also enhance the mechanical properties 

due to formation of more covalent crosslinks. 

 

 

Figure 3.2 Schematic depicting covalent crosslinks formed in the hybrid hydrogel 
upon photopolymerization 

3.1.2 Synthesis of Divinylbenzyl PEG (PEGDVB) 
 

The bifunctional PEG was synthesized by modifying a published 

protocol.3, 4 As shown in Figure 3.3, PEG is reacted with 4-vinylbenzyl chloride under 

basic conditions in toluene at 60 oC for 3 days to form dibenzylvinyl-PEG (PEGDVB) 

in 60% yield. The extent of functionalization was calculated to be 92-100% using a 

previously published 1H-NMR method.5 
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Figure 3.3 Synthesis of Divinylbenzyl-PEG (PEGDVB) 

3.1.3 Mechanical Properties of Single Network Hydrogels 
 

For this study, hydrogels containing 1 wt% MKA and 2.5 wt%, 5 wt% or 

10 wt% PEGDVB in pH 7.4 buffer (50 mM BTP, 150 mM NaCl, 0.025 wt% Irgacure 

2959) were employed. However, it is important to first analyze the mechanical 

properties of the single component networks before fabricating the hybrid hydrogels. 

Figure 3.4 shows the mechanical properties of single network hydrogels of 1wt% 

MKA and 10 wt% PEGDVB, each at pH 7.4 and 37 oC upon polymerization. Aqueous 

solution of 1 wt% MKA at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025wt% Irgacure 

2959) is triggered to form a physically crosslinked hydrogel by increasing the 

temperature of the peptide solution to 37 oC. After 3 hrs of gelation, the hydrogel is 

irradiated for 15 min (365 nm, 16 mW/cm2) to form the covalent crosslinks and then 

allowed to equilibrate over time. MKA hydrogel was irradiated for 15 min only 

because no significant change in rigidity is observed after 10 minutes of irradiation. 

The 10 wt% PEGDVB at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025wt% Irgacure 
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2959) and 37 oC does not form a physical gel under these conditions and therefore was 

irradiated for 30 min after a time sweep of 10 min to form a covalently crosslinked 

hydrogel. A 30 min irradiation time is also used for polymerization of the hybrid 

hydrogels. The data shows that 1 wt% MKA achieves a storage modulus of 4800 + 

100 Pa following photopolymerization whereas 10 wt% PEGDA achieves a storage 

modulus of 2600 + 250 Pa. Lower concentrations (2.5 and 5 wt%) of PEGDVB 

solutions did not form a hydrogel upon UV irradiation. 
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Figure 3.4 Mechanical properties of photopolymerized 1 wt% MKA and 10 wt% 
PEGDVB hybrid hydrogels at pH 7.4 and 37 oC  

3.1.4 Shear Recovery and Polymerization of Pre-formed Hydrogels 
 

Towards our goal, the utility of hybrid hydrogels as potential injectable 

scaffolds with controlled mechanical properties was demonstrated using oscillatory 
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dynamic time sweep experiments. For every experiment, an aqueous solution of MKA 

is mixed with an equal volume of PEGDVB in pH 7.4 buffer at room temperature. 

Thereafter, physical gelation of the MKA gel is triggered by loading the peptide-

polymer solution at pH 7.4 (50 mM BTP, 150 mM NaCl, 0.025 wt% Irgacure 2959) 

onto the rheometer pre-equilibrated at 37 oC, Figure 3.5 [part (i)]. After 3 hours 

gelation time [part (ii)], a 1000% strain is applied for 30 sec to disrupt the hydrogel 

network as observed by instantaneous decrease in the storage modulus. Thereafter the 

strain is lowered to 0.2% [part (iii)], allowing the network to recover for 2 hrs. At the 

end of recovery period [part (iv)], the hydrogel is irradiated [365 nm, 16 mW/cm2] for 

30 min to covalently crosslink the peptide-polymer networks, and allow enough time 

to achieve an equilibrium storage modulus, [part (v)].  

For these experiments, hybrid hydrogels containing 1 wt% MKA and 2.5, 

5 or 10 wt% PEGDVB were investigated. In all cases, the rigidity of the hydrogels at 

the end of first 3 hrs [part (ii)] was similar to the rigidity of 1 wt% MKA hydrogel 

alone. This suggests that PEGDVB does not grossly affect the gelation of MKA. In 

addition, all the samples exhibit about 90% recovery following removal of high strain 

[part (iv)]. Following irradiation, the hybrid hydrogels exhibit PEGDVB concentration 

dependent increase in storage modulus ranging from 9900 to 20300 Pa, Figure 3.5.  

The storage moduli values shown in Figure 3.5 were extracted at 6 rad/s from the 

dynamic frequency sweep measurements (Figure 3.6) performed after the dynamic 

time sweep. Collectively, the data from Figure 3.5 shows that the polymerized hybrid 

hydrogels exhibit a non-additive enhancement in the mechanical properties compared 
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to the covalently crosslinked single network hydrogels of MKA and PEGDVB. Here, 

the storage moduli of the crosslinked hybrid hydrogels are not only greater than the 

storage moduli of the individual hydrogel networks but also greater than the sum of 

the storage moduli of the individual networks.  
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Figure 3.5 Dynamic time sweep experiment showing shear-thinning, recovery 
and subsequent photopolymerization of pre-formed hydrogels of 1 wt% MKA 
with varying concentrations of PEGDVB.  
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Figure 3.6 Dynamic frequency sweep of 1 wt% MKA hydrogels with varying 
concentrations of PEGDVB after photopolymerization 

 

These results demonstrate that the hybrid hydrogels show promise as syringe 

deliverable scaffolds because they are shear-thinning and recover their mechanical 

properties. Importantly, the rigidity of the shear-thinned hydrogel can be further 

modulated via photopolymerization at the target site. 

 

For practical applications, the 2 hr recovery period following the shear-

thinning event be too long of a time to wait before photopolymerizing the system. To 

overcome this limitation, the shear recovery process was shortened by eliminating the 

2 hr recovery period from the experiment. For this experiment [Figure 3.7], parts (i) 

and (ii) were performed exactly as described for Figure 3.5 with the 1000% strain 

applied for 300 sec. After cessation of shear [part (iii)], by reducing the strain back to 

0.2 %, the recovering hydrogel is irradiated for 30 min instantaneously (365 nm, ~ 16 
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mW/cm2) and then allowed to achieve equilibration storage modulus. For this set of 

experiments, a high strain is applied for 300 sec as compared to 30 sec in previous 

data to simulate syringe delivery. Even though the shear-thinned hydrogel is not 

allowed to recover completely, polymerized hybrid hydrogels still achieved similar 

moduli values as obtained for the experiments shown in Figure 3.5. The storage 

moduli values were extracted from the dynamic frequency sweep measurements 

(Figure 3.8) at 6 rad/s, which is performed after the dynamic time sweep experiment.  
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Figure 3.7 Dynamic time sweep experiment showing shear-thinning followed by 
immediate photopolymerization of pre-formed hydrogels of 1 wt% MKA with 
varying concentrations of PEGDVB.  
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Figure 3.8 Dynamic frequency sweep of 1 wt% MKA hydrogels with varying 
concentrations of PEGDVB after photopolymerization 

 

In Figures 3.5 and 3.7, the polymerized hybrid hydrogel with 10 wt% 

PEGDVB exhibits small decrease in storage modulus over time after 30 min of 

irradiation. This can possibly be due to the increase in local temperature as a result of 

the polymerization reaction since polymerization of vinyl groups is an exothermic 

reaction. This decrease in the modulus after irradiation is a PEGDVB concentration 

dependent effect. For example, polymerized hybrid hydrogel containing 2.5 wt% 

PEGDVB achieves an apparent equilibrium modulus with little decrease following 

irradiation. Thus, higher concentration of PEGDVB produces more heat and this effect 

is exaggerated. Figure 3.9 shows that the hybrid hydrogel irradiated for 60 min 

achieves an apparent equilibrium storage modulus value of 37000 + 1200 Pa. This 
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data suggests that after 30 min, the reaction is incomplete. However, this irradiation 

time can be varied to tune the final material rigidity. 
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Figure 3.9 Dynamic time sweep experiment of 1 wt% MKA hydrogels with 10 
wt% PEGDVB showing effect of photopolymerization time on the mechanical 
properties of the resultant hydrogels 

 

The hybrid hydrogels were primarily designed to impart more resilience to 

strain as compared to the MKA hydrogel alone. However, strain sweep measurements 

performed on an oscillatory rheometer were inconclusive due to the slippage of the 

rheometer-measuring tool during the analysis. Therefore, the mechanical properties of 

the hydrogels were investigated via compression tests on a dynamic mechanical 

analyzer (DMA).   
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3.1.5 Compression Analysis of Photopolymerized Hydrogels 
 

Figure 3.10(a) shows the stress-strain profile of a photocrosslinked 1 wt% 

MKA hydrogel in absence of PEGDVB at pH 7.4 (50 mM BTP, 150 mM NaCl) 

fabricated prior to analysis. The data shows that the MKA hydrogel shows a linear 

increase in stress up to 5% strain. After which, the hydrogel begins to yield gradually 

at higher strains (> 10% strain). As a comparison, Figure 3.10(b) shows the stress-

strain profiles of the photocrosslinked MKA and hybrid hydrogels. Hydrogels 

prepared from PEGDVB only were not included as part of the study because they 

were too weak for compression analysis. The data shows that all the hybrid hydrogels 

can withstand at least 30% strain, which is significantly higher than the MKA 

hydrogel alone. The compressive moduli of the hydrogels can be calculated from the 

linear region (between 0-5%) of the stress-strain curves shown in Figure 3.10(b). The 

plot in Figure 3.10(c) shows the compressive moduli of the hybrid hydrogels as a 

function of PEGDVB concentration. The data shows that there is a synergistic increase 

in the compressive modulus of the crosslinked hydrogels with increase in PEGDVB 

concentration. For example, the compressive modulus of crosslinked 1 wt% MKA 

hydrogel is about 12700 Pa whereas the calculated compressive modulus of 10 wt% 

PEGDVB is about 7800 Pa (assuming E’ = 3G’ 6 where G’ from Figure 3.4 is 2600 

Pa). However, the compressive moduli of the crosslinked hybrid hydrogel of 1 wt% 

MKA and 10 wt% PEGDVB is 54700 Pa. The compressive modulus of this hybrid 

hydrogel is not only greater than the compressive moduli of the individual hydrogel 
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networks but also greater than the sum of the compressive moduli of the individual 

networks.  

 

     (a)    (b) 

    
 
  (c) 

 

Figure 3.10 (a) Stress-strain curve of 1 wt% MKA hydrogel at pH 7.4 (b) Stress-
strain curves of polymerized hybrid hydrogels and the single network MKA 
hydrogel at pH 7.4 (c) Compressive moduli of hydrogels as a function of 
PEGDVB concentration 
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The results from the compression tests indicate that copolymerization of 

PEGDVB and MKA networks not only enhanced the resistance to strain but also the 

mechanical properties of the resultant hydrogels. In addition, varying the PEGDVB 

concentration provides the ability to modulate the ultimate mechanical rigidity of these 

hydrogels.    

 Generally, polymeric hydrogels swell when soaked in water or buffer 

solutions depending upon the molecular weight of the polymer and the crosslinking 

density. The higher the cross-linking density, higher the modulus and lower the 

swelling. Swelling in turn influences the water content of the hydrogels. Higher 

swelling indicates more water intake and therefore results in higher water content. The 

extent of swelling of injectable hydrogel materials is of significance in two ways. 

First, the mechanical properties of the hydrogels are related to its swelling properties, 

i.e more swelling results in a decrease in mechanical properties. Second, it will be 

beneficial to limit the swelling of the injected scaffold to retain its size and shape in 

vivo. 

To determine the swelling ratio of a hydrogel, it is soaked in solvent of 

interest, either buffer or water, and the mass gain of the hydrogel is determined as a 

function of time. The swelling ratio of a hydrogel is calculated as the ratio of the mass 

of the soaked hydrogel to the mass of original hydrogel. Equilibrium water content is 

the ratio of weight of lyophilized hydrogel (solids) to the weight of fully swollen 

hydrogel. As shown in Figure 3.11, all the hydrogels in this study exhibit minimal 

swelling and high equilibrium water content of greater than 94%. Minimal swelling 
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ratio indicates that the mechanical properties of the hybrid hydrogels should not 

change significantly when placed in a highly hydrated environment such as a tissue.  

 

 (a)      (b) 

    

Figure 3.11 (a) Swelling ratio and (b) Equilibrium water content (%) of MKA 
hydrogels as a function of PEGDVB concentration  

3.1.6 Cytocompatibility of Hydrogel Surfaces 
 

Compatibility of the hydrogel surface toward mammalian cells was 

assessed. Figure 3.12 shows a live/dead assay where C3H10t1/2 mesenchymal stem 

cells were seeded onto the pre-formed gel surfaces (i.e. after hydrogelation, 

photopolymerization and equilibration with DMEM at pH 7.4). This cell line was 

chosen because they are very sensitive to their environment and provides a rigorous 

assessment of the hydrogel surface with respect to cell viability. Cells were cultured in 

the presence of serum on the hydrogel surface for 24 h, which is sufficient time to 
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allow cells to adhere and adopt healthy morphologies through formation of actin stress 

fibers.7  

 

    
 

    
 

Figure 3.12 Laser scanning confocal microscopy (LSCM) images of a Live/Dead 
cellular viability assay of C3H10t1/2 (30,000 cells/cm2) incubated on surface of (a) 
photocrosslinked 1 wt% MKA hydrogel (b) polymerized 10 wt% PEGDVB 
hydrogel (c) photocrosslinked hybrid hydrogel [1 wt% MKA + 10 wt% 
PEGDVB] and (d) TCTP control surface after 24 hours. Live cells fluoresce 
green and dead cells fluoresce red. Scale bar = 100 µm. Data obtained by 
Chomdao Sinthuvanich 
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Figure 3.12 (a-c) shows a laser scanning confocal microscopy (LSCM) 

image of cells cultured on the surface of (a) photocrosslinked 1 wt % MKA hydrogels 

(b) photocrosslinked 10 wt% PEGDVB hydrogels and (c) photocrosslinked hybrid 

hydrogels (1 wt% MKA + 10 wt% PEGDVB) after fluorescent dyes have been added 

that specifically dye living cells (green) and dead cells (red). Also, shown for 

comparisons are cells that have been cultured onto a tissue culture treated polystyrene 

(TCTP) control surface under identical conditions [Figure 3.12(d)]. The figure shows 

that all hydrogel surfaces are non-cytoxic to C3H10t1/2 cells. However, the cells 

cultured on the 10 wt% PEGDVB hydrogel surface do not spread and are more round-

like. This is expected because PEG is a known non-protein fouling polymer and 

therefore, few serum proteins can coat the surface of the gel to aid cell attachment. 

Also, there is no cell binding motifs on the polymer itself to promote cell adherence.  

3.1.7 Potential Advantage of MKA-based Hybrid Hydrogels over Polymer 
Hydrogels for Tissue Engineering Applications 

 
Polymer based hydrogels have been widely used for various tissue 

engineering applications. A polymeric hydrogel can be fabricated using a mold and 

then be implanted into a defect to aid in tissue repair. However, this approach is 

invasive. Alternatively, hydrogelation of polymeric solutions can be induced in vivo 

by either taking advantage of the environmental differences between the polymeric 

solution and in vivo conditions or by chemical or photocrosslinking the polymer 

solution upon delivery. Although this strategy is less invasive, a potential problem 
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with this approach is the leakage of the polymer solution into the neighboring tissues. 

With respect to MKA-PEGDVB hybrid hydrogels, hydrogel formation can be 

triggered in the presence of PEGDVB, which can then be delivered via syringe to the 

tissue site with spatial and temporal resolution to fill up the irregularly shaped cavity 

without any leakage into the neighboring tissues. Thereafter, the syringe-delivered 

hydrogel can be irradiated to enhance its mechanical properties at the tissue site. In 

addition, due to the rapid gelation kinetics of MKA, homeogenous encapsulation of 

cells, growth factors and proteins into the hydrogel may be possible, which can further 

aid in tissue regeneration efforts. 

3.1.8 Conclusions 
 

In this section, we have presented a strategy to fabricate hybrid hydrogels 

wherein a bifunctional PEG (PEGDVB) is encapsulated into a photopolymerizable 

self-assembled peptide (MKA) hydrogel. Encapsulation of the PEGDVB does not 

affect the rigidity of the resulting MKA hydrogel as compared to MKA hydrogel 

alone. Furthermore, these hybrid hydrogels can be syringe delivered and then 

polymerized to afford mechanically rigid hydrogels. Varying the concentration of 

PEGDVB incorporated into the hydrogel during the gelation process provides the 

ability to modulate the ultimate rigidity of the hybrid hydrogels. Above all, the hybrid 

hydrogels exhibit higher resistance to applied strain compared to MKA hydrogel. 
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3.2 Construction of Interpenetrating Network Hydrogels of Self-Assembled 
Peptide and Polymerized PEG-Diacrylate Network 

 
Recent developments have shown that hydrogels with high mechanical 

strength can be prepared by fabricating an interpenetrating network (IPN).8, 9 

Interpenetrating networks (IPN) are a unique blend of crosslinked polymers in which 

two independently crosslinked networks are interlocked with one another.9 The IPNs 

are regarded as alloys of polymer networks and are often prepared to combine the key 

attributes of each of the components in network form.  

There are two types of IPNs, which are primarily distinguished on the 

basis of their method of preparation, Figure 3.13: 

(1) Sequential Interpenetrating Network: This is a two-step method of fabrication that 

begins with the synthesis of a crosslinked polymer I from monomer I. This is followed 

by the diffusion of monomer II plus initiator into polymer I and then polymerization is 

initiated in situ. 

(2) Simultaneous Interpenetrating Network: The monomers (I and II) plus activators 

of both networks are mixed together and crosslinked via independent non-interfering 

modes. 

If one of the two components is a linear polymer (uncrosslinked), a semi-IPN is 

obtained. A homo-IPN is obtained if the same monomer or polymer is used to 

synthesize both the networks.  
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(a) Sequential IPN 

 

(b) Simultaneous IPN 

 

Figure 3.13 A schematic showing preparation of (a) sequential and (b) 
simultaneous IPN 
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3.2.1 Interpenetrating Network Hydrogels 
 

Polymeric IPN hydrogels have been synthesized via both simultaneous 

and sequential methods. The resultant hydrogels exhibit enhanced mechanical 

properties, which may be due to additional physical entanglements and network 

interactions between the two distinct polymer networks compared to its individually 

crosslinked networks. A few examples of each type of IPN and their compressive 

moduli values are listed in Table 3.1. In particular, IPN hydrogels prepared via 

sequential polymerization have yielded mechanically robust hydrogels with potential 

for use as artificial tissues10, load bearing tissue substitutes11 and drug delivery 

matrices12. 

 Gong et al. first reported “Double-Networks” or sequential IPN hydrogels 

that exhibit a nonlinear enhancement in mechanical properties as characterized by 

compression tests.10 These IPN hydrogels contain about 50-90% water and exhibit 

high fracture stress up to 40 times compared to its individual components. This 

discovery has lead to development of artificial tissues especially for load-bearing 

structures. Gong et al.’s most promising IPN hydrogel is comprised of a primary 

network of densely crosslinked poly(2-acrylamido-2-methylpropanesulfonic acid) 

(PAMPS) interpenetrated with a more flexible, loosely crosslinked, neutral network of 

polyacrylamide (PAAm). 
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Table 3.1 Literature examples of different types of IPNs and their compressive 
moduli 

 

Here, the individual networks of PAMPS and PAAm are mechanically 

distinct, that is the former is stiff and brittle and the latter is soft and ductile.  Their 

combined IPN hydrogel however is stiff yet not brittle, ductile yet not soft. Recent 

studies have revealed that the loosely crosslinked PAAm network plays an important 

# Components Employed Range of 
Compressive 

Moduli 
Achieved 

Potential 
Applications 

Reference 

Sequential IPN 
1 (1) PEGDA 

(2) Acrylic acid 
1.0-19.0 MPa Artificial 

tissues 
(cornea, 
cartilage) 

Myung et al.13, 

14  

2 (1) PAMPS 
(2) Acrylamide 

0.4-0.9 MPa Artificial 
cartilage 
 

Azuma et al.15  

3 (1) Methacrylated  
Hyaluronic acid 

(2) N,N-dimethylcrylamide 

0.39-0.5 MPa Spinal disc 
substitutes 

Weng et al.16  

Simultaneous IPN 
1 (1) PEG-dimethacrylate 

(2) Chitosan & 
Glutaraldehyde 

0.06-0.8 MPa Drug 
delivery 
Wound 
dressing 

Lee et al.17 

Semi-IPN 
1 (1) Methacrylated 

Hyaluronic acid  
(2)  Collagen 

~ 0.01-0.8 MPa Tissue 
Engineering 

Brigham et 
al.18 

2 (1) Silk fibroin 
(2) Acrylamide 

0.16-0.19 MPa Drug 
delivery 
matrix 

Mandal et al.19  
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role in enhancing the compressive properties of the IPNs possibly by effectively 

dissipating the applied stress. This was supported by the fact that IPN hydrogels with a 

loosely crosslinked PAAm network exhibits the most significant increase in the 

fracture stress. However, upon increasing the crosslink density of the PAAm network 

(second network) leads to a substantial decrease in fracture stress of the IPN gel.   

In general, IPNs are prepared using either long chain polymers and or 

monomers that form extended networks following polymerization. While much work 

has been done with synthetic and natural polymers, there have not been any reports of 

IPN hydrogels prepared with self-assembling peptides as one of the network forming 

components. This is of particular interest since self-assembling peptides have been 

employed to fabricate mechanically rigid hydrogels for tissue engineering20 and drug 

delivery21 applications. 

3.2.2 Design and Fabrication of Peptide-Polymer IPN Hydrogels 
 

 Herein, we present the first example of an IPN hydrogel fabricated using 

a self-assembling β-hairpin peptide (MAX1) and PEG-diacrylate (PEGDA, Mw 700), 

Figure 3.14. MAX1, previously described in Chapter 1, is first triggered to fold and 

self-assemble to form a physically crosslinked hydrogel (first network) in response to 

an increase in pH to 9. The second network is subsequently formed by 

photocrosslinking PEGDA in presence of the pre-formed MAX1 network.  We 

demonstrate that the concentration of PEGDA can be manipulated to modulate the 

mechanical properties of the IPN hydrogels. In all, this combination presents a 
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complementary binary system with a cytocompatible peptide network (soft) and a 

chemically crosslinked hydrolyzable PEGDA network (rigid). The advantage of 

employing a self-assembling system to fabricate the first network is that the network 

structure can be easily manipulated. For example, crosslink density and therefore its 

pore size can be modulated by simply modulating the peptide concentration and/or 

folding and assembly kinetics as discussed earlier. Altered pore size should influence 

the interpenetration of the second network and thus the resultant material properties. 

This approach could provide new avenues to take advantage of self-assembling 

materials with controlled material properties and nanostructures as the first network to 

dictate the ultimate material properties of the IPNs, promoting its use for biomedical 

and material based applications. 

Employed in this IPN to form the first network is a MAX 1 hydrogel, see 

Chapter 1 for the peptide sequence. The self-assembled hydrogel is comprised of well-

defined β-sheet-rich fibrils that extend throughout the network.22 The number of 

physical crosslinks, i.e. entanglements and interfibril junctions, that are formed during 

the self-assembly process govern the ultimate material properties of the hydrogel, 

Figure 3.14 (a) and (b). The second network is synthesized using PEGDA, which is 

first diffused into the peptide-based hydrogel and subsequently photopolymerized to 

form a mechanically rigid IPN hydrogel. All the hydrogels in this study exhibit 

minimal swelling and high equilibrium water content of greater than 80%, Figure 3.15. 

Minimal swelling ratio indicates that the mechanical properties of the IPN hydrogels 

should not change significantly in a highly hydrated environment since the mechanical 
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properties are related to the swelling properties of the hydrogels.23 More importantly, 

the limited swelling ratio of the IPN hydrogels would be beneficial post-implantation 

in vivo. 

 

 

 

Figure 3.14 Schematic representation of fabrication of MAX1-PEGDA sequential 
IPN hydrogels.   

3.2.3 Compression Analysis of Peptide-Polymer IPN Hydrogels 
 

The mechanical properties of the MAX1 based IPN hydrogels with 

varying PEGDA content and single network (pure) hydrogels were determined by 

uniaxial compression tests. As shown in Figure 3.16a, the IPN hydrogels exhibit 

higher compressive moduli than the corresponding single network MAX1 and 

PEGDA hydrogels. In addition, the MAX1-PEGDA IPN strategy yields more robust 
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hydrogels than the sum of the pure peptide and PEGDA control hydrogels. As 

expected, the compressive moduli of the IPN hydrogels increase with an increase in 

PEGDA concentration. 

 

 (a)      (b) 

    

Figure 3.15 Swelling ratio and equilibrium water content values of single network 
and IPN hydrogels 

 
An interesting observation is that presence of 1wt% MAX1 as the primary network in 

the IPN hydrogels resulted in a synergistic increase in the compressive moduli 

compared to the corresponding pure PEGDA hydrogels respectively. The significant 

increase in compressive moduli of the IPN hydrogels may stem from its binary 

structure, as well as can originate from the inter-chain interactions at the 

entanglements of the IPN networks. Additionally, the MAX1 fibrillar hydrogel 

network may reduce the heterogeneity of the PEGDA polymerization event reducing 
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phase separation of the diffused PEGDA monomers compared to the polymerization 

of pure PEGDA solution. As shown in Figure 3.17, the IPN gels are relatively more 

transparent as compared to the single network PEGDA, which show phase separation 

with an increase in polymer concentration of the hydrogel. Phase separation or 

turbidity in crosslinked polymer hydrogels arises due to heterogenous polymerization 

of the monomers employed to form the gel, which inherently leads to formation of 

more brittle hydrogels.24, 25 Hydrogels with a homogeneous network are mechanically 

more rigid than the ones with a heterogeneous network.24 

 
 

 

Figure 3.16 Compressive modulus of single network and IPN hydrogels as 
determined by compressive tests. 
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Figure 3.17 Typical appearance of single network PEGDA and IPN hydrogels. 
PEGDA hydrogels: (a) 5 wt% PEGDA (b) 10 wt% PEGDA (c) 15 wt% PEGDA. 
IPN hydrogels: (d) 1 wt% MAX1 + 5 wt% PEGDA (e) 1 wt% MAX1 + 10 wt% 
PEGDA (f) 1 wt% MAX1 + 15 wt% PEGDA 

Furthermore, the mechanical properties of the hydrogels under applied 

strain were investigated to determine the ultimate fracture stress and strain values. The 

fracture stress point is identified as the stress value prior to uniform breakage of the 

hydrogel (maximum stress measured). The corresponding strain value at this 

maximum stress was identified as the fracture strain point. As shown in Figure 3.18a, 

the fracture stress values of the IPN hydrogels with increasing PEGDA concentration 

are significantly higher than the corresponding pure MAX1 and PEGDA hydrogels. 

High deviation with PEGDA hydrogels (> 5wt%) arises due to the heterogeneous 

polymerization of the PEGDA monomers in solution. Similarly, as shown in Figure 

3.18b, the fracture strain values for the IPN hydrogels were significantly higher 

compared to that of the peptide hydrogel, but little to moderately higher as compared 

to that of pure PEGDA hydrogels. A significant increase in fracture strain value is 

observed for the IPN hydrogels with 10 wt% and 15 wt% PEGDA. These results 

indicate that the crosslink density of the PEGDA network also plays an important role 

in enhancing the mechanical properties of the IPN hydrogels.  
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Based on the stress-strain profile, the physically crosslinked MAX 1 

hydrogel has a low fracture stress and strain value whereas the PEGDA hydrogels are 

more elastic and ductile than MAX 1 hydrogel. Interestingly, the IPN hydrogels 

prepared with 1wt% MAX 1 and 5-15 wt% PEGDA exhibit higher fracture stress and 

strain values compared to the control hydrogels. Therefore in addition to the binary 

structure of the IPNs, the inter-chain entanglements may also be contributing to the 

properties of the IPN hydrogels, which may be further strengthened due to H-bonding 

between the ε-amine of lysine side chains and the carbonyl oxygen and/or ether 

oxygen of PEGDA chains. Myung et al. have shown that inter-chain H-bonding in a 

PEGDA-containing sequential IPN enhances the compressive moduli of the resultant 

IPN hydrogels and may also be responsible for the enhancement in the fracture 

properties.13 

 (a)      (b) 

       

Figure 3.18 Fracture stress and strain properties of single network PEGDA and 
IPN hydrogels 
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Alternatively, as observed for Osada and Gong’s work on another IPN 

system,10 the physically crosslinked MAX1 fibrils may also be acting as long chains at 

higher strain values (> 10%) following disruption of entanglements in the peptide 

network (e.g long non-entangled β-fibrils), thereby potentially dissipating the applied 

stress and preventing crack formation which can lead to higher fracture stress and 

strain values.  Additional experiments with varying concentrations of MAX1 need to 

be performed at different pH conditions to gain further insight into the mechanism(s) 

responsible for the enhanced mechanical properties of these MAX1-PEGDA IPN 

hydrogel systems.  

Collectively, the greater compressive moduli and higher fracture stress 

and strain values of the MAX1 based IPN hydrogels as a function of PEGDA 

concentration suggest that this approach may be beneficial in preparation of 

mechanically robust hydrogels for tissue engineering applications. 

3.2.4 Conclusion 
 

We have developed peptide-PEGDA based dual-network hydrogels by a 

two-step process. The IPN hydrogels, with more than 80% water, not only exhibit 

significantly higher compressive moduli but also exhibit higher fracture stress and 

strain values than the corresponding control hydrogels.  The mechanical properties of 

the IPNs are related to the concentration of PEGDA employed to synthesize the 

second network. This study demonstrates that dual-network hydrogels can be prepared 
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to achieve mechanically robust IPN hydrogel scaffolds that may have potential for 

biomedical applications especially as load bearing substitutes. Future studies could 

investigate the effect of peptide concentration on IPN mechanical properties. 
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3.3 Experimental Section 
 
Materials: Polyethylene glycol (PEG, Mw 10000), 4-vinylbenzylchloride, 

Polyethylene glycol diacrylate (PEGDA, Mw 700) and Boric acid were purchased 

from Sigma and used as received. Photoinitiator Irgacure 2959 (I2959) was a generous 

gift from Ciba Specialty Chemicals and used as received. MAX 1 peptide was 

synthesized and purified as reported earlier.26, 27  

 

Synthesis of DivinylbenzylPEG (PEGDVB) 

PEG Mw 10000 (10gm, 2 mmol) and sodium hydroxide pellets (1.2 gm, 30 mmol) in 

40 ml of toluene (4 ml toluene/gm of PEG) in a round bottom flask equipped with a 

reflux condenser were gently heated to 60 oC till the PEG dissolved. After which, the 

heating source was removed and 4-vinylbenzyl chloride (2.8 ml, 20 mmol) was added 

dropwise via syringe. Two minutes after addition of 4-vinylbenzyl chloride is 

complete, the reaction was gently refluxed to 60 oC for 3 days. During this time, a 

white precipitate is formed (NaCl). The reaction was then filtered through kieselguhr 

to remove white solid. The filtrate was rotavaped completely and then redissolved in 

sufficient water. The aqueous solution was then extracted with dichloromethane (3X). 

The organic layer was separated and dried over anhydrous sodium sulfate. Thereafter, 

organic extract was rotavaped to about ¼ of the volume. To this, diethyl ether was 

added gently while swirling till the solution turns hazy and small particles appear. At 

this point, the suspension was left in the refrigerator to allow complete precipitation of 

the product overnight. The product was collected by filtration, washed with ether and 
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allowed to dry. The product was stored at 8 oC till use. The product was confirmed by 

NMR and the extent of functionalization was calculated according to the reported 

formula.5 PEGDVB Mw 10000, ~ 6 gm (92% functionalized). 1H-NMR (CDCl3): 3.6 

ppm (493.08 H, PEG), 4.6 ppm (s, 2H, CH2=CH-Ph-CH2-O-), 5.25 ppm and 5.75 ppm 

(d, 2H, CH2=CH-Ph-CH2-), 6.7 ppm (dd, 1H, CH2=CH-Ph-), 7.3 ppm and 7.4 ppm (2 

d, 4H, aromatic H). 

 

Oscillatory Shear Rheology. Rheological measurements were performed on Anton 

Paar-Physica MCR 500 rheometer with a quartz glass plate fixture (Anton Paar, 

Advanced UV system, UV cell) to allow UV irradiation. A 25 mm parallel plate 

geometry and 0.5 mm gap distance was employed for all experiments. Omnicure 

(EXFO) series 1000 spot curing system (Model S1000, 100W Hg Arc, Wavelength 

320-500nm) was used as a UV source. The light power (10% laser intensity) at the 

sample position was ~ 16 mW/cm2 as measured by a radiometer (Apprise 

Technologies, Chromaline, UV Minder with peak response at 370 nm). The distance 

between the UV source and the sample was 4 cm. 

 The peptide was first dissolved in a solution of Irgacure 2959 (0.05 wt%) to 

obtain a concentration that is twice the final peptide concentration in the gel. 

Similarly, PEGDVB was first dissolved in pH 7.4 buffer (100mM BTP, 300mM 

NaCl) to obtain a concentration that is twice the final PEGDVB concentration in the 

gel. Then, an equal amount of PEGDVB in pH 7.4 buffer (100mM BTP, 300mM 

NaCl) was added to the peptide stock solution, mixed gently and immediately loaded 
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onto the rheometer plate equlibrated to 37 oC. After the sample was loaded and the 

parallel plate lowered, standard low-viscosity mineral oil was used to insulate the sides 

of the parallel plate in order to prevent evaporation. Control experiments have shown 

that the mineral oil had no effect on the rheological measurements. Gelation was 

observed by monitoring the evolution of the storage modulus (G') with time, in a 

dynamic time sweep experiment performed at an angular frequency of 6 rad/s and 

strain of 0.2 %.  

 Shear-thin and recovery experiments were performed by first allowing gels to 

form for 3 hours in a dynamic time sweep experiment (6 rad/s and 0.2% strain) and 

subsequently subjecting the gel to a shear-thinning and recovery cycle.  The shear-

thinning and recovery cycle consisted of application of 1000 % strain at 6 rad/s for 30 

sec or 300 sec followed by a recovery period at a constant 0.2 % strain at 6 rad/s 

angular frequency. A 1000% strain was employed to ensure complete disruption of the 

hydrogel network. Frequency sweep experiments were performed by varying the 

frequency from 0.1-100 rad/s at a constant strain of 0.2 %.  

 Photopolymerization experiments were performed by irradiating the hydrogels 

for 30 min or more min (~16 mW/cm2, 365 nm) at specified times depending upon the 

experiment. Control experiments were performed with standard viscosity oil (S200) to 

observe the change in viscosity at variable UV light intensities with respect to increase 

in temperature. The temperature was simultaneously recorded using a thermocouple in 

contact with the quartz UV plate during irradiation of the S200 oil. 
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Preparation of the Interpenetrating Network (IPN) Hydrogels: A two-step 

network formation approach was employed to fabricate the IPN hydrogels. The first 

network of the IPN gel was constructed using 1wt% MAX 1 peptide. Here, MAX 1 

was first dissolved in water containing 0.1wt% Irgacure 2959 to give a 2 wt% peptide 

solution. Then, an equal amount of pH 9 buffer (250 mM Borate, 20 mM NaCl) was 

added to the peptide solution. The resulting 1 wt% MAX 1 solution (200 µL) at pH 9 

(125 mM Borate, 10 mM NaCl, 0.05 wt% Irgacure 2959) was transferred into a cell 

culture transwell insert and allowed to form a hydrogel for 4 hours at room 

temperature. Thereafter, 600 µL of PEGDA stock in pH 9 buffer (125 mM Borate, 10 

mM NaCl) containing 0.05 wt % Irgacure was added on top of the gel and allowed to 

diffuse into the MAX 1 hydrogel for 12 hours. After which, the supernatant was 

removed and the hydrogel was irradiated for 30 min at 365 nm (xx-15, 6 mW/cm2), to 

synthesize the PEGDA network in presence of the first network.  

 

Preparation of the Single Network Hydrogels: 

MAX 1 Hydrogels: MAX 1 hydrogels were prepared in a similar manner as described 

above. Thereafter, only pH 9 buffer (125 mM Borate, 10 mM NaCl, 0.05 wt % 

Irgacure) was added on top of the gel and allowed to diffuse into the gel for 12 hours. 

Thereafter, the gels were treated in the same manner as the IPN hydrogels. 

PEGDA Hydrogels: Appropriate amount of PEGDA was first mixed with water 

containing 0.1wt% Irgacure. Then, an equal amount of pH 9 buffer (250 mM Borate, 

20 mM NaCl) was added to give PEGDA solution of desired concentration. The 
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resulting PEGDA solution (200 µL) was transferred into a cell culture transwell insert 

and irradiated for 30 min at 365 nm. 

 

Swelling Ratio: The hydrogel samples were prepared as described above. The 

hydrogels were then transferred into a pre-weighed vial and the wet weight of the 

hydrogels was measured. Following incubation in pH 7.4 buffer (50 mM BTP, 150 

mM NaCl) or pH 9 buffer (125 mM Borate, 10 mM NaCl) at room temperature for 24 

hrs, the swelling ratio was determined by comparing the change in weight of hydrogel 

before and after incubation 
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Wt = Weight of hydrogel after 24 hrs, Wo = Weight of hydrogel before incubation 

 

Equilibrium Water Content: Hydrogels were immersed in 600 µL of pH 7.4 buffer 

(50 mM  BTP, 150 mM NaCL) or pH 9 buffer (125 mM Borate, 10 mM NaCl) and 

allowed to equilibrate for 24 hours. Excess liquid was carefully removed and the 

equilibrated hydrogels were weighed. The hydrogels were then lyophilized twice to 

ensure complete removal of water and then weighed again. Percent water content was 

determined by using the following equation: 
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Wt = Weight of hydrogel after equilibration, Wd = Weight of hydrogel after 

lyophilization 

 

Mechanical Characterization:  The mechanical properties of the pre-soaked 

hydrogels were characterized by compressive stress-strain measurements using an 

RSA III Rheometrics System Analyzer (TA Instruments) in parallel-plate 

configuration. The cylindrical hydrogel samples approximately 6 mm in diameter and 

4 mm in height were placed on the lower plate and compressed by the upper plate at a 

strain rate of 6%/min until failure. The hydrogels were pre-conditioned to a 10% strain 

prior to analysis to prevent slippage and maintain efficient contact with the upper plate 

during the experiment. The compressive modulus was determined from the linear 

slope of the stress-strain curve over the strain range of 0.3-4%. Fracture stress and 

strain values from the compression test were determined from the peak of the stress-

strain curve.  

 

Cell Viability Assay 

PEGDVB was dissolved in 100 mM BTP 300 mM NaCl pH 7.4 resulting in 20 wt% 

PEGDVB solution. Lyophilized MKA peptide was dissolved in water containing 

0.5mg/ml Irgacure 2959 resulting in a soluble 2 wt% peptide solution. Equal amount 

of peptide and polymer solution were mixed and 200 µl was transferred to a 
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borosilicate plate. Control hydrogel surfaces, 1wt% MKA and 10wt% PEGDVB, were 

also prepared under identical conditions. After incubating for 4 hours at 37 oC, the 

hydrogels were exposed to 6 mW/cm2 of UV light (365 nm) for 30 minutes. The 

hydrogels were then incubated for another 30 minutes to complete the polymerization 

reaction. Thereafter, 400 µl of growth media (90% DMEM supplemented with 25 mM 

HEPES, 10% FBS, 5mM L-glutamine, and 50 ug/ml Gentamicin) was added on to the 

hydrogel surfaces and allowed to incubate overnight at 37 oC, 5% CO2. To assess 

cytotoxicity of hydrogel, C3H10t1/2 cells were first cultured on tissue culture treated 

polystyrene (TCTP) plates in growth media (DMEM) then trypsinized, and counted 

using a hemacytometer. The resulting cell suspension was plated at 30,000 cells/cm2 

on control TCTP culture plate, MKA, PEGDVB and MKA-PEGDVB hybrid hydrogel 

surfaces. Cell viability was assessed using a Live/Dead assay after 24 hours of 

incubation. A stock solution containing both 1 µM calcein AM and 2 µM ethidium 

homodimer in DMEM with 25mM HEPES were prepared according to the Live-Dead 

assay (Molecular Probes # L3224) package instructions. After gently washing each 

surface with DMEM with 25mM HEPES, 200 ul of dye stock solution was added to 

each well. Samples were imaged using a Zeiss 510 laser scanning confocal microscope 

at a magnification of 10X. 
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Chapter 4 

DESIGN AND CHARACTERIZATION OF SELF-ASSEMBLING THREE-
STRANDED BETA-SHEET PEPTIDES  

4.0 Introduction 
 

Protein assembly resulting in the formation of amyloid fibrils, assemblies 

rich in cross β−sheet structure, is normally thought of as a deleterious event associated 

with disease.  However, amyloid formation is also involved in a diverse array of 

normal biological functions such as cell adhesion1, melanin synthesis2, insect defense 

mechanisms3 and modulation of water surface tension by fungi and bacteria4, 5. Recent 

studies have identified functional amyloid in bacteria6, 7, fungi8, 9, invertebrates3, 10 and 

humans2, 11, 12. For example, bacteria such as Escherichia coli and Salmonella spp. 

produce amyloid fibers known as curli, to create a proteinaceous matrix that enables 

surface attachment and colonization.13, 14 In humans, amyloid fibers composed of the 

protein Pmel17 play an important role in the biosynthesis of melanin by serving as a 

template to direct the polymerization of reactive melanin precursors.2, 11 These 

findings indicate that Nature has evolved to take advantage of large, proteinaceous 

fibrillar assemblies to elicit function.  Chemists have shown that self-assembling 

peptides can be used to prepare synthetic materials composed of fibrils that contain 
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cross β−sheet quaternary structure.  Concern can be raised regarding the utility of 

these materials in biological applications based on their structural resemblance to 

amyloid at nanometer length scales.  However, paralleling the recent realization that 

amyloid can be beneficially functional in both prokaryotes and eukaryotes, β−sheet 

rich materials have found use in biological applications.  For example, peptide-based 

hydrogels have been designed as extracellular matrix substitutes15, cell culturing 

platforms16, 17 and cell delivery vehicles18.  

Various secondary structural motifs such as α-helices19, 20, single β−

strands16, 21-28and β−hairpins18, 29-33 have been used to construct materials.  Strand and 

hairpin building blocks consist of only one or two β−strands respectively, and are 

capable of undergoing ordered assembly leading to well-defined fibril morphologies.  

The fact that these peptides self-assemble in an orderly fashion, in contrast to non-

specifically aggregating, can be partially rationalized considering that only a moderate 

entropic penalty is paid to organize a limited number of strands per monomer during 

assembly.  In contrast, many proteins involved in amyloid formation typically contain 

sheets comprised of multiple strands.34, 35 Recent high resolution structural analysis of 

crystalline amyloid indicate that proteins comprised of multistrand sheets can also 

undergo ordered assembly; this is quite impressive given the entropic demands of 

ordering a larger number of strands during assembly.36 With respect to biomimetic 

materials design, very little is known concerning the preparation of self-assembled 

fibrillar materials from multi-stranded precursors.37, 38 In this chapter, we explore the 
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feasibility of using de novo designed multi-stranded β-sheets for the fabrication of 

self-assembled hydrogels. 

  

Figure 4.1 (a) Proposed mechanism of folding and self-assembly of EMAX2 
leading to hydrogelation. Several EMAX2 molecules are colored red in the fibril 
to highlight the three-stranded sheet conformation of EMAX2 in the folded and 
assembled state as well as bilayer formation. (b) Structure and sequence of 
EMAX2. 
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To our knowledge, there are no reports of β-sheet peptides containing 

more than two-strands that undergo ordered self-assembly to afford a mechanically 

rigid hydrogel.  

The design of a three-stranded β−sheet (EMAX2) that undergoes triggered 

self-assembly to form networks of well-ordered β−sheet rich fibrils that constitute a 

mechanically rigid, yet injectable, non-cytotoxic hydrogel is presented. The properties 

of this material are consistent with the recent appreciation that natural occurring 

amyloid can be functionally beneficial.  

 

4.1 Design of a Three-Stranded Self-Assembling Peptide 
 

EMAX2 is designed to undergo a thermally-induced intramolecular 

folding event to afford a three-stranded β−sheet that subsequently self-assembles to 

form an extensive network of fibrils leading to hydrogelation, Figure 4.1(a). This 

mechanism allows material formation to take place with temporal resolution since 

EMAX2 is designed to self-assemble into a gel only when folded into the sheet 

conformation.  

The primary sequence of EMAX2 contains 29 amino acids [Figure 

4.1(b)], 12 of which are lysine residues and 12 of which are valine residues.  As will 

be shown, when dissolved in appropriate aqueous buffer solutions at temperatures 

below ~ 20 ºC, the peptide remains unfolded. Mainly, this is due to electrostatic 
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repulsion between the protonated lysine side chains and the ability of water to solvate 

the hydrophobic valine side chains at low temperatures39. However, increasing the 

temperature favors the desolvation of hydrophobic side chains and leads to EMAX2 

folding and self-assembly, (Figure 4.1), leading to a hydrogel network where the 

valine side chains are shielded from water.  In this folding and self-assembly 

mechanism, the free energy gained in shielding the hydrophobic portions of EMAX2 

from water outweighs the electrostatic repulsions, mainly between lysine side chains, 

that must be overcome for the peptide to fold.  In the folded state, EMAX2 is designed 

to self-assemble in a facial manner to form a bilayer burying its hydrophobic valine 

residues.  The folded peptide is also designed to assemble laterally forming a network 

of hydrogen bonds that defines the long axis of a given fibril.   

Because EMAX2 must both fold and self-assemble for hydrogelation to 

occur, its design utilized both established criteria developed for de novo designed, 

non-assembling model sheets to impart efficient folding of EMAX2 as well as a 

structural consideration of naturally occurring proteins that assemble into amyloid.  

Although most of the monomeric model sheet systems reported contain design 

elements that disfavor self-assembly, important design criteria can be gleaned from 

these studies that can be applied to an assembling system.  β−strand length, the 

propensity of individual strand residues to adopt β-dihedral angles, the turn type 

connecting the strands, and the propensities of the residues in the turn region to adopt 

turn structure strongly influences the stability of the folded sheet relative to any 

unfolded conformations.  
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EMAX2 contains three strands (S1, S2 and S3) comprised of 8, 6, and 7 

residues respectively.  Hecht et al. identified six-stranded β-sheets from a 

combinatorial library that self-assemble into monolayers.37, 40, 41 A three-stranded 

sheet, as opposed to a sheet containing more strands, was employed in our design 

since it is the simplest of multi-strand sheets and design criteria exists in the literature 

for model, monomeric three-stranded sheets.42-47 For these model systems, the number 

of residues contained within each strand varies from two to six (excluding the ith 

residue of the turn region). In general, increasing the number of residues in a strand 

corresponds to an increase in overall sheet stability. However, increasing the number 

of strand residues beyond 6 in many model systems has diminishing returns with 

respect to the stability of the folded monomer.48 In contrast, the number of residues 

contained in the strand regions of amyloid-forming proteins ranges from 2 to 32, with 

the median number of residues per strand being 7. We derived these statistics by 

assessing a limited number of proteins known to form amyloid whose pre-assembled 

structures are well-defined, namely transthyretin49, α1-antitrypsin50, AcP51, kappa I 

Bre52, Human Cystatin C53, OspA54, anti-thrombin55 and Sup 3556. The structures of 

these proteins suggest that longer strands may have a greater propensity to self-

assemble. Recent studies investigating the kinetics of polyglutamine assembly support 

this assertion57.  Each strand of EMAX2 contains a sufficient number of residues to 

facilitate the formation of a stable sheet capable of ordered self-assembly. 

Statistical analysis of the protein data bank shows that β-strand regions of 

proteins contain a disproportional amount of β-branched residues (valine, isoleucine 
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and threonine). The hydrophobic side chains of these residues prefer to adopt χ1 

rotamers that influence main chain dihedral angles and form inter-residue van der 

Waal interactions that stabilize β-sheet secondary structure. These residues have been 

used extensively in the design of monomeric sheets and are also found in many 

amyloid structures. EMAX2 contains β-strands composed of an alternating sequence 

of valine and lysine residues, high and moderately high propensity β-sheet residues, 

respectively.58 The alternating pattern imparts amphiphilicity to the sheet that should 

promote self-assembly.41, 59   

The relative positioning of the valine residues within each strand of 

EMAX2 is important not only to define the amphiphilic nature of the sheet but also to 

promote intermolecular association of EMAX2 along the sheet edges.40 In general, β-

branched residues prefer to adopt a trans χ1 rotamer when contained in β-sheet 

structure.  This defines the orientation of their side chains relative to the protein 

backbone.  In designed monomeric systems, β-branched residues are often 

incorporated at non H-bonding positions within the strands that define the edges of the 

sheet. For example, for a three-stranded β-sheet, this would be the first and the third 

strand. At non-hydrogen bonding positions, the side chains of β-branched residues are 

projected into the interior of the sheet away from solvent.  This facilitates the 

formation of intramolecular van der Waals interactions between side chains of 

residues on a given face of the sheet and helps define the monomeric structure. 

However, when β-branched residues are incorporated at hydrogen bonding positions 
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in edge strands, their side chains are projected away from the edge of the sheet into the 

solvent.  This enables intermolecular interactions to take place between the edge 

strands of distinct sheets and helps to facilitate self-assembly, Figure 4.1(b).60  The 

first strand of EMAX2  (S1) contains valines at hydrogen-bonded positions to foster 

edge-to-edge inter-sheet interactions.  However, in the third strand (S3), the valines 

had to be incorporated at non-hydrogen bonded positions to maintain strand registry 

and sheet amphiphilicity. 

The β−turn regions of EMAX2 were designed to ensure main chain 

reversal at distinct locations, define the strand registry and strand trajectory.61   

Although type I and type II β-turns are found most commonly in proteins, it is their 

mirror image turns, type I’ and II’ turns, that dominate in sheet-rich structures.  These 

turns have a right-handed twist, with a larger twist angle for type I’ relative to the 

flatter type II’ turns.62-64 Type II’ turns were designed to connect the strands of 

EMAX2, rather than type I’, to limit sheet twist and favor the formation of ideal intra 

and intermolecular hydrogen bonds.  Strands S1-S2 and S2-S3 are connected by the 

tetrapeptide sequences, -VDPLPT- and -KDPLPK- respectively.  Both turns contain a 

central DPLP dipeptide unit at the i+1 and i+2 positions. Structure-based studies have 

shown that incorporating D-stereoisomers at the i+1 position enforces dihedral angles 

consistent with both type I’ and II’ turn formation.65 However, NMR and X-ray 

crystallographic studies have shown that when LPro accompanies DPro at the i+2 

position, a type II’ turn is strongly favored.65, 66 Valine was incorporated at the i 

position of the first turn to enforce a trans-prolyl amide bond geometry at the i+1 
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position to facilitate turn formation67, 68 as well as to maintain the amphiphilicity of the 

sheet. A threonine residue was included at the i+3 position based on its high 

propensity to occupy this position in type II’ turns found in naturally occurring 

proteins.69 Threonine can form a stabilizing side chain-main chain hydrogen bond 

between its alcoholic proton and the carbonyl oxygen of the ith residue of the turn. In 

addition, the threonine residue also preserves the amphiphilic nature of the three-

stranded sheet. In the second β−turn (-KDPPK-), lysine residues were included at the 

ith and i+3 positions. Although, statistical analysis of β-turn residues in proteins has 

shown that lysine has only a moderate propensity to occupy these positions,70 they 

were included to maintain the strand registry and hydrophilic facial amphiphilicity in 

that region of the sheet.  

On folding, the sequential organization of the residues in the β−strands of 

EMAX2 is designed to impart amphiphilicity to the faces of the three-stranded β−

sheet. The amphiphilic nature of the folded peptide should favor facial association 

resulting in the burial of the valine-rich face to form a bilayer-like structure with the 

lysine-rich face solvent exposed.71 Concurrently, the unfulfilled H-bond donors and 

acceptors along the β−strand edges of the folded β−sheet should promote lateral 

intermolecular H-bond formation with other folded β−sheets.41 This model predicts 

that folding and self-assembly leads to the formation of a fibrillar network where each 

fibril consists of a bilayer of H-bonded EMAX2 peptides.72-77 Although folding and 
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self-assembly are discussed as separate events, it is likely that these events have linked 

equilibria.71 For example, folding could take place at the surface of a growing fibril.  

 

4.2 Folding, Self-assembly and Bulk Material Properties of a De Novo Designed 
Three-Stranded β-sheet Hydrogel 

4.2.1 Temperature Triggered Folding and Self-Assembly 
 

EMAX2 is designed to undergo triggered folding and self-assembly to 

promote hydrogel formation in response to an increase in temperature. Circular 

Dichroism (CD) spectroscopy was used to assess the folded state of EMAX2 as a 

function of temperature. The inset in Figure 4.2(a) shows a wavelength spectrum of 

EMAX2 at 10 oC in pH 9.0 buffer of low ionic strength (10 mM NaCl).  The 

minimum at 198 nm is indicative of random coil structure and indicates that EMAX2 

is unfolded.  Under these conditions, a majority of the lysine side chains are 

protonated and EMAX2 remains unfolded to minimize electrostatic repulsion. In 

addition, water can better solvate the hydrophobic side chains of the valine residues at 

this low temperature than at higher temperatures.78, 79 However, when the temperature 

is increased to 37 oC, the wavelength spectrum shows that EMAX2 adopts β-sheet rich 

structure as indicated by formation of a clear minimum at 216 nm and a maximum at 

196 nm.29 Raising the temperature most likely promotes the hydrophobic effect and 

results in desolvation of the valine side chains.78, 79 In response, EMAX2 folds and 
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self-assembles to shield these side chains from water. The temperature at which this 

transition takes place was determined by monitoring the mean residual ellipticity at 

216 nm as a function of temperature. The data in Figure 4.2(a) show that EMAX2 

begins to fold and assemble at approximately 20 oC. The CD data was collected using 

150 µM solutions of EMAX2 to facilitate spectroscopic measurements.  At this low 

concentration, EMAX2 is incapable of forming a rigid hydrogel but still folds and 

self-assembles to form sheet-rich assemblies.   

 

Figure 4.2 (a) CD spectroscopy of 150 µM EMAX2 solution at pH 9.0 (125 mM 
borate, 10 mM NaCl) showing [θ]216 as a function of temperature. (Inset) 
Wavelength spectra of 150 µM EMAX2 solution at pH 9.0 showing transition 
from random coil at 10 °C (♦) to β-sheet at 37 °C (). (b) [θ]216 measured as a 
function of time (150 µM EMAX2, pH 9.0, 37 °C). 
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The rate at which EMAX2 folds and assembles was assessed by 

measuring the onset of [θ]216 at 37 oC as a function of time as shown in Figure 4.2(b). 

This temperature was chosen based on the data in Figure 4.2(a) that shows that 

EMAX2 is capable of complete folding and self-assembly at this temperature. The 

majority of β-sheet formation occurs within the first 2 minutes with minimal changes 

after 4 minutes suggesting that at higher peptide concentrations, temperature triggered 

gelation should be fairly rapid.80 

4.2.2 Temperature Triggered Hydrogelation 
  

Higher concentrations of EMAX2 than those used for spectroscopic 

measurements in Figure 4.2 are capable of undergoing triggered folding and self-

assembly leading to hydrogel formation. The data in Figure 4.3(a) shows oscillatory 

shear rheological measurements of 1 wt% (2.12 mM) EMAX2 at pH 9.0 (10 mM 

NaCl). A dynamic time sweep experiment is shown in which the evolution of the 

storage modulus (G’, a material’s elastic response to strain, which is indicative of its 

rigidity) is monitored as a function of time.  Here, hydrogelation is triggered by 

increasing the temperature from 5 oC to either 37 oC or 50 oC.   When gelation is 

triggered at 37 oC, EMAX2 forms a self-supporting gel (~1000 Pa) within about 10 

minutes that further stiffens with time.  After 60 minutes, the EMAX2 hydrogel 

reaches an apparent equilibrium storage modulus of 1750 + 200 Pa. When gelation is 

triggered at 50 oC, EMAX2 folds and assembles much more quickly producing a 
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substantially more rigid material.  After 10 minutes, a G’ of about 3000 Pa is realized 

with the gel stiffening further with time (G’ = 4700 + 500 Pa at 60 minutes).  The 

increase in gelation kinetics may be due to an increase in the rate of desolvation of 

hydrophobes at higher temperatures.  It is clear from the data in Figure 4.3(a) that 

more rigid hydrogels are formed at higher triggering temperatures.  This could be due 

to morphological differences in the fibrillar networks formed at different temperatures.  

For example, more physical crosslinks in the network may be formed when the gel is 

formed at the higher temperature. Alternatively, the overall morphologies of the gels 

formed at different temperatures could be similar but intermolecular interactions that 

are temperature-dependent and help define the network, such as hydrophobic 

interactions, could be enhanced resulting in the higher modulus.  These possibilities 

were investigated by performing an experiment where a 1 wt% EMAX2 gel was first 

formed at 37 oC and then the temperature increased to 50 oC.  If G’ increases to the 

magnitude of that of a gel initially formed at 50 oC, this would suggest that 

intermolecular temperature-dependent interactions are being enhanced at higher 

temperatures.   The data in Figure 4.3(b) shows that when the temperature is increased 

from 37 oC to 50 oC, an intermediate increase in G’ is realized.  This suggests that 

when gels are initially formed at higher temperatures, changes in network morphology 

and temperature-dependent interactions may be contributing to the higher storage 

modulus.  At any rate, control over fabrication of gels with varying rigidities could 

prove to be beneficial in tissue regenerative applications where material stiffness 

influences cell behavior.81 Frequency sweep measurements of EMAX2 hydrogels 
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formed at 37 oC and 50 oC show that the G’ values are an order of magnitude higher 

than G” (the loss modulus, G’’, a material’s viscous response to strain) and that G’ is 

insensitive to frequency, [Figure 4.3(c) and 4.3(d)].  

Fourier transform infrared spectroscopy (FT-IR) was used to investigate 

the secondary structure of EMAX2 in the self-assembled, gelled state. Figure 4 shows 

an FTIR spectrum of 1 wt% EMAX2 hydrogel formed at 37 oC. The amide I’ band is 

centered at 1615 cm-1, indicative of β-sheet structure.29, 74, 82, 83 A weaker band at 1680 

cm-1 is also observed often associated with an anti-parallel β−sheet arrangement.83, 84 

Taken together, the rheological and FTIR data show that EMAX2 forms visco-elastic 

hydrogels composed of self-assembled β-sheets.  

Hydrogels formed by self-assembly do not contain covalent crosslinks, 

which are often needed to form hydrogels from traditional synthetic polymers.85-89 As 

such, self-assembled gels may exhibit shear-recovery behavior.  Here, the application 

of shear stress to the hydrogel can result in the disruption of some of the physical 

crosslinks that define the gel network.  This converts the mechanically rigid gel into a 

low viscosity gel capable of flow. However, when the shear stress is removed, the 

physical crosslinks reform and the gel recovers its mechanical rigidity. Figure 4.5(a) 

shows dynamic strain sweep data for a 1 wt% EMAX2 hydrogel formed at 37 oC (pH 

9, 10 mM NaCl). Here, G’ and G” are monitored as a function of increasing strain and 

the material yields at an applied strain of ~15 %.  However, upon the removal of 

applied strain, the disrupted hydrogel recovers its mechanical rigidity over time. 
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Figure 4.3 (a) Dynamic time sweep of 1 wt % EMAX2 at pH 9 (125 mM borate, 
10 mM NaCl) showing the evolution of storage modulus (G′) as a function of time 
at 37 °C [] or 50 °C []. (b) Dynamic time sweep of 1 wt % EMAX2 at pH 9 
showing the change in storage modulus upon increasing the temperature from 37 
to 50 °C after 60 min of gelation at 37 °C. Dynamic frequency sweep of 1 wt % 
EMAX2 at pH 9 (125 mM borate, 10 mM NaCl) at (c) 37 oC and (d) 50 oC.  
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Figure 4.4 Fourier transform infrared spectroscopy of 1 wt % EMAX2 at pH 9.0 
showing β-sheet structure at 37 °C. 

Figure 4.5(b) shows a time sweep experiment where a EMAX2 hydrogel 

is initially formed at 37 oC.  After 60 minutes, 1000% strain is applied to the gel for 

three minutes (arrow in figure) to shear thin the material as evident by an 

instantaneous decrease in G’. After shear-thinning, the strain is decreased to 0.2 % and 

the recovery of G’ is measured as a function of time.  The data shows that EMAX2 

recovers its mechanical rigidity via a rapid phase of recovery, wherein around 50 % of 

its original mechanical rigidity is recovered in the first 25 seconds.  This is followed 

by a slower recovery phase in which the gel quantitatively recovers its original rigidity 

within an hour. This type of behavior may prove beneficial in the development of 

injectable hydrogel materials that can be delivered with spatial resolution from a 

syringe.18 
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Figure 4.5. (a) Dynamic strain sweep of 1 wt % EMAX2 hydrogel formed at pH 
9.0, 37 °C. (b) Shear-thinning and recovery profile of 1 wt % EMAX2 hydrogel at 
pH 9.0, 37 °C.  

EMAX2 is designed to fold and self-assemble into fibrils which constitute 

the hydrogel network. Small Angle Neutron Scattering (SANS) experiments were 

employed to investigate the nanoscale structure of the fibrils formed during 

hydrogelation. SANS data collected on 0.5 wt% EMAX2 gels formed at 37 oC is 

shown in Figure 4.6(a) where the scattering intensity is plotted as function of the 

scattering vector and fit using a cylindrical form factor.77 The goodness of fit suggests 

that EMAX2 assembles into well-defined rod-like fibrils.  The inset shows a modified 

Guinier analysis that was used to calculate the average cross-sectional diameter of the 

fibrils that constitute the EMAX2 hydrogel network. This analysis provided an 

average fibril diameter of 31.0 + 1.0 Å (3.1 + 0.1 nm), which is in excellent agreement 

with the computationally measured width of one folded EMAX2 sheet.  Transmission 
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electron microscopy (TEM) was also performed and is consistent with the SANS 

analysis, Figure 4.6(b).   

 

Figure 4.6 (a) SANS data of 0.5 wt % EMAX2 hydrogel at pH 9.0 (125 mM 
Borate, 10 mM NaCl in D2O) collected at 22 °C after 2 h of gelation at 37 °C. (b) 
TEM micrograph of 1 wt% EMAX2 at pH 9.0 (125 mM Borate, 10 mM NaCl), 37 
oC. (SANS data collected by Tuna Yucel and TEM data collected by Matthew 
Lamm) 

The spectroscopic, microscopic and scattering experiments suggest that 

EMAX2 undergoes triggered intramolecular folding and self-assembly to form well-

defined β-sheet rich fibrils.  The rheological data indicates that the fibrils are non-

covalently crosslinked to form a visco-elastic hydrogel capable of shear-recovery at 

pH 9.    
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4.2.3 Triggered Folding, Self-Assembly and Hydrogelation under Physiologically-
relevant Conditions 

 

Although 1 wt% aqueous preparations of EMAX2 are capable of 

undergoing thermally-induced gelation at pH 9 and low ionic strength (10 mM NaCl), 

biomedical applications may necessitate that gels be formed at physiological 

conditions.   At pH 9, although most of the lysine side chains are protonated, a small 

population is deprotonated, limiting the unfavorable electrostatic interactions that must 

be overcome for folding and self-assembly to occur.  At pH 7.4, it is likely that all of 

the lysine side chains are protonated, making EMAX2 folding and assembly more 

difficult even at higher temperatures.  However, increasing the concentration of NaCl 

in the buffer solution screens the lysine-derived charge making thermally-triggered 

folding possible.  Figure 4.7(a) monitors the extent of β-sheet formation via CD 

([θ216]) as a function of NaCl concentration for 2 wt% (4.24 mM) solutions of 

EMAX2 at pH 7.4 and 37 oC.  At low ionic strength (up to 10 mM NaCl), EMAX2 

remains unfolded due to inefficient screening of the positively charged lysines. But, 

raising the NaCl concentration (> 10 mM NaCl) favors folding and self-assembly of 

EMAX2 by attenuating the charge repulsion that must be overcome. The data shows 

that at a concentration of 2 wt%, EMAX2 is capable of folding and assembly at 

physiological conditions (pH 7.4, 150 mM NaCl, 37 oC). A higher concentration of 

EMAX2 (2 wt%) was employed for these studies since 1 wt% EMAX2 solutions 

formed only weak gels under these buffer conditions.  TEM micrographs of diluted gel 

shows that EMAX2 assembles into fibrils that consistently measure 3 nm in width. 
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This value is consistent with the measurements obtained for 1 wt% EMAX2 hydrogels 

prepared at pH 9 (10 mM NaCl). Therefore, irrespective of the solution conditions and 

exact temperature used to trigger gelation, EMAX2 assembles to give fibrils of similar 

nanoscale structure. 

 

Figure 4.7 (a) [θ]216 is measured as a function of NaCl concentration for 2 wt % 
EMAX2 preparations at pH 7.4 (50 mM BTP) at 37 °C. (b) TEM micrograph of 1 
wt% EMAX2 hydrogel formed at pH 7.4 (50 mM BTP, 150 mM NaCl), 37 oC. 
(TEM data collected by Matthew Lamm) 

To fabricate peptide-based hydrogels for biomedical applications, 

hydrogelation of EMAX2 can be initiated with cell culture media, such as Dulbecco’s 

Modified Essential Medium (DMEM), which contains about 160 mM mono and 

divalent salts.90, 91 Using cell culture media instead of saline facilitates formation of a 

hydrogel that contains cellular nutrients. The rate at which 2 wt% EMAX2 folds and 

assembles on addition of the cell culture media was assessed by CD where the onset of 
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[θ]216 at 37 oC was measured as a function of time, Figure 4.8. The majority of β-sheet 

formation occurs within the first 3 minutes with minimal changes occurring after 5 

minutes suggesting that EMAX2 may undergo rapid hydrogelation under cell culture 

conditions.  
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Figure 4.8 [θ]216 measured as a function of time for 2 wt % EMAX2 at pH 7.4 
(DMEM) at 37 °C. 

The kinetics of gelation can also be assessed rheologically. Figure 4.9(a) 

compares the onset of EMAX2 gelation using DMEM cell culture media versus pH 9 

buffer. Two wt% EMAX2 at pH 7.4 (DMEM) is gelled by increasing the temperature 

from 5 oC to 37 oC. EMAX2 forms a rigid hydrogel (~ 2500 Pa) within 10 minutes, 

which further stiffens over time. After 60 minutes, 2 wt% EMAX2 hydrogel acquires a 

storage modulus of 8500 + 1250 Pa. In comparison, a 2 wt% solution of EMAX2 was 

gelled at pH 9 (10 mM NaCl). The data shows that EMAX2 exhibits faster gelation 

kinetics at pH 9.0 as compared to pH 7.4 (DMEM). For example, 2 wt% EMAX2 at 
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pH 9.0 forms a rigid hydrogel with a storage modulus (G’) of ~ 475 Pa within 1 min 

after initiating gelation whereas the DMEM sample exhibits a storage modulus (G') of 

~ 20 Pa in the same time. Although EMAX2 folds and assembles slower in DMEM 

cell culture media, the final hydrogel formed is of nearly the same mechanical rigidity 

[at pH 9, G’ = 9000 + 300 Pa and at pH 7.4 (DMEM), G’ = 8500 + 1250 Pa] [Figure 

4.9(a)]. Dynamic frequency sweeps of 2 wt% EMAX2 hydrogels (pH 9 and DMEM) 

also showed that the storage modulus (G’) is independent of frequency suggesting 

formation of rigid non-covalent crosslinks (data not shown). 
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Figure 4.9 (a) Dynamic time sweep of 2 wt % EMAX2 at pH 9.0 (125 mM Borate, 
10 mM NaCl) [] and pH 7.4 (DMEM) [] monitoring G′ at 37 °C as a function 
of time. (b) Shear-thinning and recovery profile of 2 wt % EMAX2 hydrogel at 
pH 7.4 (DMEM) and 37 °C.  

As shown earlier, 1 wt% EMAX2 hydrogels formed at pH 9 exhibit shear-

recovery behavior. We examined the ability of 2 wt% EMAX2 hydrogels formed via 
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DMEM to shear-thin and recover.  Figure 9(b) shows a time sweep experiment that 

monitors the initial formation of a EMAX2 hydrogel after the temperature is raised 

from 5 oC to 37 oC. After 60 minutes of gelation time, a 1000 % strain is applied for 3 

min (arrow), which disrupts the network indicated by a sudden decrease in G’. After 

which, the applied strain is reduced to 0.2 % and the hydrogel recovery monitored 

over time. The data show that EMAX2 exhibits a rapid recovery phase wherein about 

40% of its original rigidity is recovered within the first 25 seconds.  EMAX2 recovers 

about 90% of its mechanical rigidity within an hour. This data suggests that the 

EMAX2 hydrogel can be delivered by shear-thinning via syringe to a target site where 

it recovers the bulk of its mechanical rigidity. 

4.2.4 Cytocompatibility of EMAX2 Hydrogels 
  

Compatibility of the hydrogel surface towards mammalian cells was 

assessed. Figure 4.10(a) shows a live/dead assay where C3H10t1/2 mesenchymal stem 

cells were seeded onto the gel following hydrogelation and equilibration with 

Dulbecco’s modified Eagle medium (DMEM) at pH 7.4. This cell line was chosen 

because they are very sensitive to their environment and provide a rigorous assessment 

of the hydrogel surface with respect to cell viability. Cells were cultured in the 

presence of serum on the EMAX2 surface for 24 hrs, which is sufficient time to allow 

cells to adhere and adopt healthy morphologies through formation of actin stress 

fibers. Figure 4.10(a) shows a laser scanning confocal microscopy (LSCM) image of 
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cells cultured on the surface of 2 wt% EMAX2 hydrogels after fluoresecent dyes have 

been added that specifically dye living cells (green) and dead cells (red). Also, shown 

for comparisons are cells that have been cultured onto a tissue culture treated 

polystyrene (TCTP) control surface under identical conditions [Figure 4.10(b)].  

 

(a)     (b) 

 

Figure 4.10 Cellular viability of C3H10t1/2 mesenchymal stem cells after 24 h 
cultured on (a) 2 wt % EMAX2 hydrogel; (b) TCTP control. LSCM images 
showing live/dead assays, scale bar is 200 µm. Green = live cells, red = dead cells. 
N = 3. (Data collected by Daphne A. Salick) 

These experiments demonstrate that EMAX2 hydrogels are non-cytotoxic to 

C3H10t1/2 cells. Figure 4.11 shows an image of cells that have been stained with both 

a DNA-specific fluorescent dye (4’, 6-diamidino-2-phenylindole, blue) and a 

fluorescent dye specific for F-actin (Alexa fluor 488 phalloidin, green). Cells 

undergoing surface adhesion events form F-actin-containing stress fibers, lamelopodia 
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and filopodia, which assist in defining the cellular morphology and aid in 

locomotion.92 In Figure 4.11, the inset shows a magnified view where the formation of 

lamellipodia (flattened projections from cells), filopodia (thin extensions from cells) 

and ruffled cellular membranes are more clearly observed. Ruffled membranes or 

edges indicate migration of cells as they traverse across the surface of the hydrogel. 

Collectively, the LSCM data substantiate that EMAX2 hydrogel surfaces are 

noncytotoxic, support cell adhesion and allow cellular migration. 

 
 

 

 

Figure 4.11 LSCM images of C3H10t1/2 mesenchymal stem cells on the surface of 
2 wt % EMAX2 hydrogel after 24 h. Green fluorescence shows Actin where blue 
fluorescence shows nuclear staining for reference. Scale bar = 200 µm. Inset 
shows distinct Actin features where arrows show lamellipodium (1) and 
fillipodium (2). Ruffling of the cellular membrane can be seen as denoted by (3). 
Scale bar = 50 µm. (Data collected by Daphne A. Salick) 
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4.2.5 Conclusions 
 

EMAX2, a three-stranded β-sheet, was designed to undergo thermally 

triggered folding and self-assembly to afford mechanically rigid hydrogels. The 

peptide remains unfolded at lower temperatures but folds and self-assembles into β-

sheet rich fibrils upon raising the temperature of the aqueous solutions at pH 9.0 or pH 

7.4 (150mM NaCl) to form mechanically rigid hydrogels. EMAX2 self-assembles into 

monodispersed fibrils measuring ~ 3 nm in width, which corresponds to the width of 

the peptide in its folded state. Oscillatory rheology demonstrates that gelation 

temperature as well as peptide concentration can be employed to modulate the 

mechanical properties of the hydrogels. Experiments in which mesenchymal stem cells 

were cultured on the gel surface for 24 h show that the surface is non-cytotoxic and 

allows cells to adopt typical morphologies.  In addition, EMAX2 gels exhibit shear 

recovery properties and show promise as injectable biomaterials. This work 

demonstrates that design principles and structural considerations from both, non-

assembling de novo designed β-sheets and naturally occurring self-assembling 

proteins, can be employed as a useful resource to create responsive functional 

materials. 
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4.3 Comparing the Self-Assembly and Material Properties of a Three-Stranded 
Peptide (EMAX2) and a β−Hairpin Peptide (MAX1) 

 

In the last section, the self-assembly and material properties of EMAX2, a 

model three-stranded amphiphilic peptide sequence, was presented. Structurally, 

EMAX2 is an extension of MAX1, a well-characterized self-assembling β-hairpin 

peptide discussed in chapter 1, Figure 4.12. EMAX2 comprises of an additional turn 

region (-KDPLPK-) as well as a β-strand strand (S3) compared to MAX1. The objective 

of this section is to compare the material properties of MAX1 and EMAX2 due to 

their respective designs. 

 

Figure 4.12 Structure and sequence of MAX1 and EMAX2 
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Results and Discussion 

4.3.1 Temperature Triggered Folding and Self-Assembly  
  

Circular Dichroism (CD) spectroscopy was used to assess the formation of 

β-sheet secondary structure of both MAX1 and EMAX2 peptides in pH 9 buffer (125 

mM borate, 10 mM NaCl) as a function of temperature. The temperature dependent β-

sheet formation is followed by monitoring the mean residual ellipticity at 216 nm, 

which is indicative of β-sheet structure, as a function of temperature. The data in 

Figure 4.13(a) shows that both MAX1 and EMAX2 form β-sheet structure with an 

increase in temperature and exhibit marginally different folding transitions. The 

EMAX2 peptide exhibits a slightly lower folding transition temperature of ~25 oC as 

compared to ~30 oC for MAX1. Similarly, pH dependent β-sheet formation is 

monitored by measuring the mean residue ellipticity at 216 nm as a function of pH of 

the peptide solutions. Figure 4.13(b) shows that both MAX1 and EMAX2 form β-

sheet structure at pH values greater than 8 at 40 oC.  Although EMAX2 has a higher 

charge state of +13 (12 lysines and 1 N-terminus) compared to +9 for MAX1, there is 

no difference in its pH dependence. Therefore, at pH 9 solution conditions, the 

differences in self-assembly behavior of EMAX2 may be arising due to its overall 

hydrophobicity and thus its temperature dependent hydrophobic interactions. At such 

low concentrations (150 µM), MAX1 and EMAX2 are incapable of forming a 

hydrogel but still fold and self-assemble to form β-sheet-rich structures.  
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Figure 4.13 CD spectroscopy of 150 µM solutions of MAX1 and EMAX2 showing 
(a) temperature dependent β-sheet formation at pH 9.0 and (b) pH dependent β-
sheet formation at 40 oC monitored at 216 nm. 

 

Furthermore, the rate of β-sheet formation can be assessed by monitoring 

change in ellipticity at (θ216) at 37 oC as a function of time, Figure 4.14. This 

temperature was selected based on data in Figure 4.13(a), which shows that the 

peptides are capable of achieving complete β-sheet formation at this temperature. As 

shown in Figure 4.14, EMAX2 exhibits moderately faster kinetics of β-sheet 

formation than MAX1.  
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Figure 4.14 Kinetics of β-sheet formation monitored by measuring [θ]216 as a 
function of time (150 µM MAX1 and EMAX2 solution at pH 9, 37 oC) 

 

We have previously shown that peptides exhibiting faster kinetics of β-

sheet formation yield more rigid hydrogels.18 Therefore, based on data shown in 

Figure 4.14, EMAX2 peptide would be expected to form slightly more rigid 

hydrogels.   

4.3.2 Temperature Triggered Hydrogelation 
 

Figure 4.15. shows the bulk material rheological properties of 1 wt% 

peptide hydrogels at pH 9 and 37 oC. Figure 4.15(a) shows the kinetics of hydrogel 

formation monitored by measuring the evolution of storage modulus (G') and loss 

modulus (G”) as a function of time. In this experiment, the temperature of the peptide 

solutions is increased from 5 oC to 37 oC in 100 sec to trigger gel formation and then 
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allowing gel formation to occur for 60 minutes at 37 oC. The data shows that EMAX2 

forms a more rigid hydrogel with an apparent equilibrium storage modulus of 1750 + 

200 Pa compared to MAX1, which attains an apparent equilibrium storage modulus of 

1000 +100 Pa after one hour.  
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Figure 4.15 Mechanical properties of 1 wt% MAX1 and EMAX2 at pH 9.0 and 
37 oC 

Frequency sweep data [Figure 4.15(b)] of MAX1 and EMAX2 at 37 oC shows that G' 

is insensitive to a range of frequencies, which indicates that the gels are formed as a 

result of permanent cross-links.  

The folding and subsequent self-assembly events of the peptides can also 

be confirmed by FTIR spectroscopy. As shown in Figure 4.16, analysis of the amide I' 

band of the 1 wt% peptide hyodrogels at pH 9, incubated at 37 oC for 10 minutes, 

shows predominantly β-sheet secondary structure as indicated by the characteristic 
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peak at 1615 cm-1 and a small shoulder at about 1680 cm-1 (possible indication of an 

antiparallel β-sheet structure). These characteristic IR bands are observed for both 

MAX129 and EMAX2 since they both form β-sheet secondary structure in the self-

assembled state. 
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Figure 4.16 Fourier transform infrared spectroscopy of (a) 1 wt% MAX1 and (b) 
1 wt% EMAX2 at pH 9.0 showing β-sheet structure at 37 oC 

 
Both MAX1 and EMAX2 are designed to undergo triggered folding and 

self-assembly to form physically crosslinked hydrogels, which are capable of shear 

recovery.  Figure 4.17 shows a time sweep experiment where 1wt% peptide hydrogel 

is initially formed at pH 9 and 37 oC.  After 60 minutes of gelation, 1000% strain is 

applied to the gel for 3 minutes to shear thin the material as evident by instantaneous 

decrease in storage modulus. Thereafter, the strain is decreased to 0.2% and the 

recovery is measured as a function of time. The data in Figure 4.17 shows that both 
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MAX1 and EMAX2 quantitatively recover their original mechanical rigidity within an 

hour. Therefore, both MAX1 and EMAX2 show potential as injectable hydrogel 

materials that can be delivered with spatial resolution from a syringe. 
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Figure 4.17 Shear-thinning and recovery profile of 1 wt% MAX1 and EMAX2 
hydrogels at pH 9 and 37 oC. 

  

Transmission Electron Microscopy (TEM) and Small Angle Neutron 

Scattering (SANS) experiments have been employed to investigate the nanoscale 

structure of the fibrils formed during hydrogelation of MAX177 and EMAX2 (see 

Figure 4.6) at pH 9 and 37 oC. The analyses provided an average fibril diameter of 

30.9 + 0.2 Å (3.09 nm) and 31.0 + 1.0 Å (3.1 nm) for MAX1 and EMAX2 

respectively. These dimensions are in excellent agreement with the computationally 

measured width of the peptides in the folded state.  
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4.3.3 Peptide Sequence, Hydrophobicity and Material Properties 
 

Previous research with β-hairpin peptides have showed that the material 

properties of their constitutive gels can be manipulated by making amino acid 

substitutions to their primary sequence. For example, varying the turn region residues 

as well as altering the charge state of the peptide can influence gel properties. In this 

section, the properties of MAX1 were compared with EMAX2, a three-stranded 

peptide. EMAX2 has an additional β-strand and a second turn region as compared to 

MAX1. EMAX2 has a total charge state of +13 as compared to +9 for MAX1, but still 

EMAX2 folds and self-assembles at pH values greater than 8, similar to MAX1. 

Under identical experimental conditions, EMAX2 exhibits a lower folding 

temperature transition and faster kinetics of self-assembly resulting in a more 

mechanically rigid hydrogel. One possible explanation for the lower folding and self-

assembly transition temperature may be that EMAX2 is simply more hydrophobic 

than MAX1. More hydrophobic sequences require less thermal energy to drive the 

hydrophobic effect. The difference in hydrophobicity between MAX1 and EMAX2 

was estimated by theoretically calculating the free energy transfer from octanol to 

water using Insight II molecular modeling software. The values are shown in Table 4.1 

relative to MAX1 and indicate that EMAX2 is indeed more hydrophobic.  
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Table 4.1 Differences between MAX1 and EMAX2 

 

4.3.4 Folding, Self-Assembly and Hydrogelation under Physiologically relevant 
Conditions 

 

The use of these hydrogels for potential biomedical applications 

necessitate that the gels be formed at physiological conditions. Figure 4.18 shows salt 

concentration dependent β-sheet formation via CD ([θ]216) for 2 wt% MAX1 and 2 

wt% EMAX2 solutions at pH 7.4 (50 mM BTP) and 37 oC. It is evident that 2 wt % 

MAX1 undergoes folding and self-assembly at lower salt concentrations as compared 

to 2 wt % EMAX2. This may be due to the fact that EMAX2 has more positive 

charges to be screened and therefore requires higher salt concentrations to efficiently 

screen the lysine derived charges before folding and self-assembly can occur at pH 

7.4. However, both the peptides are fully folded and self-assembled at physiologically 

Peptide Number of 
Residues 

Charge State 
(Lysines + N-

Termini) 

Hydrophobicity 
ΔG kcal/mole 

(Octanol-Water) 

Storage Modulus 
G’(Pa)  

1 wt%, pH 9.0, 37 oC 

MAX1 20 +9 0.00 1000 (100) 

EMAX2 29 +13 4.86 1750 (200) 
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relevant conditions (pH 7.4, 150 mM NaCl, 37 oC). A higher concentration of peptides 

(2 wt%) was employed since 1 wt% peptide solutions formed weaker gels under these 

buffer conditions.  

Hydrogelation was also initiated using cell culture media [Dulbecco’s 

Modified Essential Medium (DMEM)]. This media contains about 160 mM mono and 

divalent salts.  
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Figure 4.18 CD spectroscopy of showing salt concentration dependent β-sheet 
formation of 2 wt% MAX1 and EMAX2 solutions at pH 7.4 and 37 oC 

 

Figure 4.19(a) compares the onset of hydrogelation of MAX1 and 

EMAX2 peptide solutions using cell culture media at pH 7.4 and 37 oC. Two wt % 

peptide solutions at pH 7.4 (DMEM) are gelled by increasing the temperature from 5 

oC to 37 oC. After 1 hour of gelation, 2 wt% MAX1 achieves a storage modulus of 
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6000 + 1300 Pa whereas 2 wt% EMAX2 achieved a storage modulus of 8500 + 1250 

Pa respectively. Dynamic time sweep experiments of DMEM based hydrogel samples 

yielded G' values having higher standard deviations. This could be due to the fact that 

maintaining the buffer capacity of DMEM without a source of carbon dioxide is 

difficult in these rheological experiments. However, care was taken to perform every 

experiment with freshly CO2 incubated DMEM at pH 7.4. Frequency sweep 

experiments [Figure 4.19(b)] show that the peptides in cell growth media form rigid 

hydrogels with G' being insensitive to frequency indicating the permanent nature of 

the crosslinks.  
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Figure 4.19 Dynamic (a) time and (b) frequency sweep of 2 wt% MAX1 and 
EMAX2 hydrogels at pH 7.4 (DMEM) and 37 oC. 
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A delayed onset of gelation is observed for the EMAX2 peptide sample 

compared to MAX1 upon raising the temperature of the peptide solution to 37 oC. This 

may be due to the small difference in molarity of the peptide samples. Two wt% 

EMAX2 corresponds to 4.24 mM peptide concentration whereas 2 wt% MAX1 

corresponds to 6.14 mM peptide concentration due to the difference in the peptides 

molecular weight. The lower concentration of EMAX2 may take longer to form a gel. 

At any rate, 2 wt% EMAX2 forms a more rigid hydrogel than 2 wt% MAX1 over a 1 

hour period.  

4.4 Conclusions:  
 

We have designed a three-stranded antiparallel β-sheet peptide that is 

responsive to increase in pH, increase in ionic strength and cell culture media similar 

to its parent β-hairpin peptide. EMAX2 exhibits a lower temperature folding transition 

and faster kinetics of folding and self-assembly and also forms more rigid hydrogels 

than MAX1. However, both MAX1 and EMAX2 hydrogels can be shear-thinned and 

recover making them potential candidates as injectable biomaterials. Collectively, 

addition of third strand connected via a second turn region to MAX1 positively affects 

the folding, self-assembly and bulk material properties of the resultant hydrogel.  
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4.5 Experimental Section 
 

Materials. Rink amide resin was purchased from Polymer Laboratories. 

Trifluoroacetic acid (TFA), piperidine, thioanisole, ethanedithiol, and anisole were 

purchased from Acros. Appropriately side-chain-protected Fmoc-amino acids were 

obtained from Novabiochem. 1-H-Benzotriazolium-1-[bis(Dimethylamino)Methylene] 

-5-Chloro-Hexafluorophosphate-(1-),3-Oxide (HCTU) was purchased from Peptide 

International. D2O was purchased from Aldrich. Dulbecco’s Modified Eagle’s 

Medium (DMEM), Boric acid and Bis-Tris Propane (BTP) were purchased from 

Sigma. MilliQ (Millipore) with a resistivity of 18.2 MΩ.cm was used for all 

experiments and is referred to as “water” in this paper. 

 

Peptide Synthesis and Purification. Peptides were prepared on Rink amide resin via 

automated Fmoc peptide synthesis employing an ABI 433A peptide synthesizer and 

HCTU activation.93 The resulting dry resin-bound peptides were cleaved and side-

chain-deprotected using a cocktail of TFA/thioanisole/ethanedithiol/anisole (90:5:3:2) 

for 2 hrs under nitrogen. The resin was filtered and peptide precipitated from the 

filtrate using cold diethyl ether. Crude peptide was subsequently purified by Reverse 

Phase-HPLC (Waters 600 series) using a semi-preparative Vydac C18 peptide/protein 

column. HPLC solvents consisted of solvent A (0.1% TFA in water) and solvent B 

(90% acetonitrile, 10% water, and 0.1% TFA). MAX1 and EMAX2 were purified 
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employing isocratic conditions of 0 % B for 2 minutes followed by a linear gradient of 

0 to 10% B in 5 minutes and an additional linear gradient of 10 to 100% B in 90 

minutes. The resulting peptide solution was frozen with liquid nitrogen and 

lyophilized to afford pure peptide. The purity of the peptide was established using 

Electrospray ionization mass spectrometry and analytical HPLC.  

 

Circular Dichroism Studies. CD spectra were collected on a Jasco model J-810 

spectropolarimeter. A 1 mM peptide stock of EMAX2 was prepared by dissolving the 

appropriate amount of purified peptide in water. UV-Vis spectroscopy was employed 

to determine the concentration of the peptide stock solution using the extinction 

coefficient (ε) of MAX1 at 220 nm [ε220 = 15750 cm-1 M-1 (MAX1 peptide)] and 

EMAX2 at 220 nm [ε220 = 20350 cm-1 M-1 (EMAX2 peptide)]. ε220 was determined by 

amino acid analysis. This 1 mM peptide stock was diluted to afford a 300 µM peptide 

final stock solution, which was used to prepare all of the CD samples. For each CD 

sample, 300 µM stock of peptide was mixed with an equal volume of pH 9.0 buffer 

(250 mM Borate, 20 mM NaCl) to afford a final concentration of 150 µM peptide 

solution at pH 9 (125 mM Borate, 10 mM NaCl). A similar procedure was adopted for 

pH 7.4 studies except that an equal volume of pH 7.4 buffer (100 mM BTP, 300 mM 

NaCl or 2X DMEM) was used and the final concentration of peptide employed was 2 

wt%. Mean residue ellipticity [θ] was calculated from the equation [θ] = (θobs/10lc)/r, 

where θobs is the measured ellipticity in millidegrees, l is the length of the cell 

(centimeters), c is the molar concentration, and r is the number of residues. 



 164 

 Four separate CD experiments were performed on individual samples of the 

peptides. Wavelength spectra from 260 to 190 nm were obtained in a 0.1 cm path 

length quartz cell at 37 oC to assess the secondary structure of MAX1 and EMAX2. 

Temperature-dependent spectra were recorded by measuring the mean residual 

ellipticity [θ] at 216 nm as a function of temperature using a step size of 5 oC and an 

equilibration time of 10 minutes. The rate of β-sheet formation was assessed by 

monitoring [θ]216 as a function of time at 37 oC. Salt [NaCl]-dependent spectra were 

collected by measuring [θ]216  of 2 wt% peptide preparations at pH 7.4 (50 mM BTP) 

as a function of NaCl concentration. NaCl concentrations ranged from 0-200 mM. A 

0.1 mm quartz cell was used for this study and the [θ]216 values obtained at the end of 

30 minutes are reported, enough time for all samples to reach a constant [θ]216 value. 

 

Procedure for Hydrogel Preparation. Generally, basic solutions (low ionic strength) 

or neutral solutions (high ionic strength) of the peptides will undergo gelation at 

concentrations of 1 wt% or greater. For example, 300 µL of 1 wt% hydrogels can be 

prepared as follows: To a solution of 3.0 mg of peptide in 150 µL of MilliQ water, 150 

µL of a buffer stock solution (pH 9.0, 250 mM Borate, 20 mM NaCl or pH 7.4, 100 

mM BTP, 300 mM NaCl) was added resulting in a 1 wt% solution (pH 9.0, 125 mM 

borate, 10 mM NaCl or pH 7.4, 50 mM BTP, 150 mM NaCl) of peptide. After 

minimal pipet mixing, this solution was allowed to stand for 10 minutes (pH 9.0) or 60 

minutes (pH 7.4) in a sand bath pre-equilibrated to 37 oC until gelation was complete. 
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Infrared Spectroscopy. IR spectra were collected on a Nicolet Magna-IR 860 

spectrometer employing a 30 µM path length zinc-selenide flow cell. Deuterated 

peptide*nDCl was prepared by lyophilizing the TFA salt of MAX1 or EMAX2 once 

from 0.1 M HCl and twice from D2O. The samples were prepared by dissolving the 

deuterated chloride salt of the peptide in D2O to obtain a 2 wt% solution. To this 

solution an equal volume of pH 9.0 buffer (250 mM Borate and 20 mM NaCl) in D2O 

was added and the contents were gently mixed and incubated on a sand bath at 37 oC. 

IR measurements were taken at room temperature. Spectra were collected at 1 cm-1 

resolution, and the spectrum recorded was an average of 100 scans. 

 

Oscillatory Shear Rheology. Dynamic time, frequency, and strain sweep experiments 

were performed on a Paar-Physica MCR 500 rheometer with a 25 mm parallel plate 

geometry and 0.5 mm gap distance. The peptide was first dissolved in ice-cold water 

to obtain a concentration that is twice the final peptide concentration in the gel. Then, 

an equal amount of ice-cold buffer pH 9 (250mM Borate, 20mM NaCl) or pH 7.4 (2X 

DMEM) was added to the peptide stock solution, mixed gently and immediately 

loaded onto the rheometer plate equlibrated to 5 oC. After the sample was loaded and 

the parallel plate lowered, standard low-viscosity mineral oil was used to insulate the 

sides of the parallel plate in order to prevent evaporation. The temperature was then 

increased to 37 °C to initiate folding, assembly and gelation. Control experiments 

show that the mineral oil has no effect on the rheological measurements. Gelation was 
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observed by monitoring the evolution of the storage modulus (G’) with time, in a 

dynamic time sweep experiment performed at an angular frequency of 6 rad/s and 

strain of 0.2 %. Storage moduli values (G’) obtained at the end of 1 hr are reported 

with standard deviation values in parentheses obtained from experiments performed in 

triplicate. Frequency sweep experiments were performed by varying the frequency 

from 0.1-100 rad/s at a constant strain of 0.2 % and strain sweep experiments were 

performed by varying the strain from 0.01 to 100 % at a constant frequency of 6 rad/s. 

The frequency and strain sweep experiments verified that all time sweep experiments 

were performed within the linear viscoelastic regime. 

 Shear-thin and recovery experiments were performed by first allowing gels to 

form for 1 hr in a dynamic time sweep experiment (6 rad/s and 0.2% strain) and 

subsequently subjecting the gels to a shear-thinning and recovery cycle.  The shear-

thinning and recovery cycle consisted of application of 1000 % strain at 6 rad/s for 3 

minutes followed by a 1 hour recovery period at a constant 0.2 % strain at 6 rad/s 

angular frequency.  

 

Transmission Electron Microscopy. 1 wt% hydrogels were incubated for at least 24 

hours prior to sample preparation. A 2-5 µL aliquot of diluted gel was applied to 

carbon-coated copper grids. The samples were negatively stained by placing a drop of 

2 % (w/v) uranyl acetate aqueous solution on the grid. The excess of the solution was 

blotted with filter paper, and the sample was subsequently left to dry. Concentrated 

samples were diluted to 0.1 % (w/v) with deionized water prior to staining. Bright 
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field images of the fibril nanostructure were taken on a JEOL 2000-FX transmission 

electron microscope (TEM) at 200 kV accelerating voltage on both a Gatan CCD 

camera and Kodak negative films. 

 

Small Angle Neutron Scattering. SANS experiments were performed on the 30-m 

instrument on beamline NG3 at the National Center for Neutron Research (NCNR), 

National Institute of Standards and Technology (NIST), Gaithersburg, MD. The 

neutron beam was monochromated to a wavelength λ= 6 Å with a velocity selector 

having a wavelength spread Δλ/λ = 0.15. The scattered neutrons were detected by a 64 

cm x 64 cm two-dimensional detector using two different sample-to-detector distances 

of 1.3 and 4 m. These configurations allow values of the scattering wavevector, 

q=4•π•sin(θ/2)/λ, where θ is the scattering angle in the range 0.008 Å-1 < q < 0.500 Å-

1. The resulting data were corrected for background electronic noise, detector 

inhomogeneity, empty cell scattering, and solvent scattering. The uncertainties of the 

I(q) vs q individual data points are calculated statistically from the number of averaged 

detector counts. The data was fit to a cylindrical form factor using the following 

function:77 
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The form factor for a rod-like particle with a finite cross-sectional diameter is 

approximated as 

! 

P(q) ~ [exp("q
2
Rc

2
/2]/q  where Rc is the radius of gyration of the 

cross section. From the modified Guinier analysis,94 plotted as 
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q
2, the 

radius of the cross section of a rod was determined using 

! 

"slope = Rc

2
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section of the rod, R, was then calculated using 
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R = R
c
2 . 

 

Hydrogel Preparation for Cellular Viability and Actin/Nuclear Staining Assays. 

Hydrogels for the cellular viability and actin/nuclear staining assays were prepared in 

separate wells of 8-well borosilicate confocal plates.  For a given well, 75 µL of a 

EMAX2 peptide stock solution (4 wt%; 18 mg EMAX2 in 450 µL sterile filtered H2O) 

was introduced, followed by the addition of 75 µL of serum-free DMEM to initiate 

gelation.  The resulting 2 wt% hydrogels (150 µL total volume) were allowed to 

incubate at 37 oC, 5% CO2 for one hour, after which 300 µL of serum-free DMEM 

was introduced to the surface of each hydrogel and allowed to incubate overnight at 37 

oC, 5% CO2.  

 

Cell Culture Conditions. C3H10t1/2 mesenchymal stem cells (ATCC # CCL-226) 

were cultured using Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma Aldrich, 

D6546) supplemented with 10% Fetal Bovine Serum, 5 mM L-Glutamine, 50 µg/mL 

Gentamicin at 37 ºC in 5% CO2.  Cells were cultured in T75 cell culture flasks.  Cells 

used for both cellular viability assays as well as actin/nuclear staining assays were on 
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passage number 9. For cell plating, cells were trypsinized and counted using a 

hemacytometer.  The resultant cell suspension was introduced to the hydrogel and 

borosilicate control surfaces such that a cell loading density of 30,000 cells/cm2 was 

achieved.  These samples were incubated for 24 hours at 37 oC, 5% CO2.     

 

Cellular Viability Assays of C3H10t1/2 Mesenchymal Stem Cells. For cellular 

viability assays, the media above the hydrogel and borosilicate control surfaces was 

removed and a solution of 1 µM calcein AM and 2 µM ethidium homodimer in 

DMEM supplemented with 25 mM HEPES (prepared as suggested in the live/dead 

assay instructions) was introduced.  Samples were imaged using a Zeiss 510 laser 

scanning confocal microscope at a magnification of 10X.      

 

Actin and Nuclear Staining of C3H10t1/2 Mesenchymal Stem Cells. For actin and 

nuclear staining assays, the media above the hydrogel and borosilicate control surfaces 

was removed.  Each respective surface was gently washed three times with Ca/Mg 

free PBS.  To fix the cells, 200 µL of a 4% paraformaldehyde solution in Ca/Mg free 

PBS was introduced to each well and allowed to incubate for 30 minutes.  The 

samples were again washed three times with Ca/Mg free PBS.  To permeabilize the 

cells to allow for penetration of each dye, 200 µL of a 0.5% Triton-X-100 solution in 

PBS was introduced to each well for 5 minutes.  The cells were again washed three 

times with PBS and stained with 200 µL of a 143 µM solution of 4’, 6-diamino-2-

phenylindole (Molecular Probes, D1306) in Ca/Mg free PBS for 20 minutes.  Next, 
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200 µL of a 26.4 nM solution of Alexa fluor 488 phalloidin (Molecular Probes 

A12379) in Ca/Mg free PBS was introduced and allowed to incubate for 90 minutes.  

Lastly, the wells were washed three times with Ca/Mg free PBS and stored in the 

refrigerator until imaging.  Cells were imaged using a Zeiss 510 laser scanning 

multiphoton confocal microscope at a magnification of 10X.     
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Chapter 5 

 
ROLE OF TURN SEQUENCE IN MODULATING THE MECHANICAL 

PROPERTIES OF THREE-STRANDED PEPTIDE HYDROGELS 

 

5.0 Introduction 
 

The β-turn region (-DPLP-) incorporated into the self-assembling β-hairpin 

(MAX1) and β-sheet (EMAX2) peptides, has been designed to ensure main chain 

reversal at distinct locations, define the strand registry and strand trajectory.1 Previous 

studies have shown that altering the stereochemistry of the i+1 proline of the turn 

region from D to L in MAX1, results in a peptide (P5), which was unable to 

intramolecularly fold but was still capable of self-assembly into β-sheet structure.2 

Unlike MAX1 that folds and self-assembles to form monodispersed fibrils, P5 adopted 

an extended β-sheet conformation and self-assembled into fibrils exhibiting a highly 

laminated and non-twisted morphology.2 Also, a control peptide, (VK)4 without the 

turn region failed to form a hydrogel.3 These studies established that β-hairpin 

conformation is important for the folding and self-assembly of the peptides that leads 

to hydrogelation. 
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In addition, the dissertation work of Karthikan Rajagopal (U.D) 

demonstrated that different turn sequences and turn types within self-assembling 

amphiphilic β-hairpins can be employed to alter the mechanical properties of the 

resultant hydrogels. In this chapter, a series of three-stranded peptides were prepared 

to investigate the influence of turn sequence on material properties.  

5.1 Turns in proteins and peptides 
 

Turn regions in proteins and peptides are an important class of structures 

that strongly influence both structure and function. One such turn type is the β-turn or 

reverse turn. In this case, the turn causes the polypeptide chain to reverse direction 

after the location of the turn in the peptide sequence.4 A β-turn is typically composed 

of a four-residue sequence (denoted as the i to i + 3 residues) that connects two 

secondary structural elements and may play a significant role in initiating folding and 

in stabilizing tertiary structures. Different types of β-turns have been identified and 

classified according to the main-chain dihedral angles (Φ,Ψ) that their i + 1 and i + 2 

residues adopt. Each turn type influences β-sheet properties such as β-sheet twist, 

stability, folding nucleation rate, and the hydrogen-bonding registry.5 Systematic 

studies indicate that β-turn type and the propensity of the residues occupying the turn 

positions to adopt dihedral angles consistent with β-turn structure influence the 

formation and stability of β-hairpins.6-8 Although, type I and type II turns are most 

commonly found in proteins, it is their mirror image turns, type I’ and II’, that 

dominate sheet-rich structures. Structure based studies have shown that incorporating 
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D-stereoisomers at the i + 1 position enforces dihedral angles consistent with type I’ 

and type II’ turns.9 Based on these studies, a number of dipeptide sequences have been 

designed, which when incorporated into peptide sequences form type I’ or type II’ 

turns. For example, Gellman et al. showed that DPro-Gly forms a type II’ turn, which 

when incorporated into a 20 amino acid sequence at two locations, cooperatively 

allows formation of a three-stranded antiparallel β-sheet peptide.10 

 

Figure 5.1 Structure of a typical β-turn 

5.2 De novo designed β-turns 
 

EMAX2 contains two tetrapeptide turn sequences, -VDPLPT- and -

KDPLPK- that have high propensity to adopt a type II′ β-turn due, in part, to the 

chirality of the Dprolyl residue at the i + 1 position. Valine, a β-branched residue, at 

the i position (V9) of the first turn, enforces a trans-prolyl amide bond geometry at the 

succeeding (i + 1) position. A threonine residue was placed at the i + 3 position of the 

turn region based on its high propensity to occupy this position in type II′ turns of 
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hairpins of naturally occurring proteins. Threonine can form a stabilizing sidechain– 

main-chain H-bond between its alcoholic proton and the carbonyl oxygen of the ith 

residue of the turn. In the second turn, lysines were included at i and i + 3 positions to 

maintain the strand registry and hydrophilic facial amphiphilicity of the β-sheet in 

folded state. 

 

Figure 5.2. Sequence of Three-stranded peptide (EMAX2) showing the two turn 
regions 

5.3 Turn Sequence dependent Self-Assembly and Hydrogelation 
 

In this chapter, we demonstrate the effect of varying the turn region 

residues on the folding, self-assembly and hydrogelation properties of three-stranded 

peptides. Towards this objective, three additional peptides were studied where the 

central i + 1 and i + 2 residues of each turn were sequentially replaced with DPG. This 
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dipeptide motif is known type II’ turn formation, similar to DPLP. However, DPG is 

less hydrophobic in nature and displays less surface area, which may impact its ability 

to intermolecularly pack during self-assembly.  

5.3.1 Design of Turn Sequence Peptides 
 

The peptide sequences and their respective turn region residues are shown 

in Table 5.1. The EMAX2 peptide as discussed in the previous chapter contains a 

strong type II’ turn nucleator (-XDPLPX-) at both the turns.  

Table 5.1 Sequences of three-stranded peptides with identical or mixed turn 
regions  

Sequence: VKVKVKVK-XXXX-KVKVKV-YYYY-VKVKVKV-NH2 
 

Peptide Turn 1 (XXXX) Turn 2 (YYYY) 
EMAX 2 -VDPLPT- -KDPLPK- 
EMAX 4 -VDPGT- -KDPLPK- 
EMAX 6 -VDPLPT- -KDPGK- 
EMAX 3 -VDPGT- -KDPGK- 

 

5.3.2 Folding, Self-Assembly and Hydrogelation of EMAX Peptides 
 

The EMAX peptides are designed to undergo temperature triggered 

folding and self-assembly to form a hydrogel. Figure 5.3 shows the CD wavelength 

spectra of the EMAX peptides at pH 9.0 (125 mM borate, 10 mM NaCl). At 5 oC, all 

the EMAX peptides exist in random coil conformation as indicated by a minimum at 

198 nm. However, upon raising the temperature to 50 oC, the peptides adopt a β-sheet-

rich structure as indicated by minimum at 216 nm and maximum at 196 nm.3 The 
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temperature dependent formation of β-sheet structure can be determined by 

monitoring the mean residual ellipticity at 216 nm as a function of temperature.  
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Figure 5.3 Temperature dependent β-sheet formation of EMAX 150 µM peptides 
at pH 9.0 (125 mM Borate, 10 mM NaCl) 

The data in Figure 5.4(a) shows that the EMAX peptides exhibit the same 

folding transition irrespective of the turn region residues employed in the respective 
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sequences. Similar results were observed with β-hairpin peptides with -DPLP- and -

DPG- turn region residues as demonstrated in thesis work of Karthikan Rajagopal 

(U.D). Similarly, pH dependent β-sheet formation was monitored by measuring the 

mean residual ellipticity at 216 nm as a function of pH. As shown in Figure 5.4(b), the 

peptides form β-sheet structure at pH values greater than 8. The charge state in all the 

peptides is the same and thus peptide folding and subsequent self-assembly is 

disfavored at values of pH 8 or lower due to electrostatic repulsions between the 

positively charged lysine residues. Collectively, varying the turn region residues in the 

EMAX2 does not affect its pH dependent nor temperature dependent folding and self-

assembly properties.  

In Figure 5.4(a), although the peptides are unfolded at 5 oC, small 

differences in the magnitude of the mean residual ellipticity at 216 nm are observed. 

Since these peptides differ only in their turn region residues, the differences may be 

arising due to the contribution of the turn conformations to the CD signal in respective 

peptide sequences. Under unfolding conditions, the DPG turn is relatively more 

unstructured due to the presence of the flexible glycine residue then the DPLP turn, 

which is more rigid due to the heterochiral proline residues. Here, EMAX2 with two 

DPLP turn regions exhibits a more negative mean residual ellipticity whereas EMAX3 

with two DPG turn regions exhibits less negative mean residual ellipticity at 216 nm 

under unfolding conditions. EMAX4 and EMAX6 have one DPLP and one DPG turn 

and have mean residual ellipticity values at 216 nm at 5 oC between EMAX2 and 

EMAX3. The differences in [θ]216 at 5 oC suggest that peptides that contain the DPLP 
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turn sequence may be pre-organized about the turn region even under unfolding 

solution conditions. 
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Figure 5.4. CD spectroscopy of turn sequence peptides (a) Temperature 
dependent β-sheet formation monitored by plotting [θ]216 as a function of 
temperature (b) pH dependent β-sheet formation monitored by measuring [θ]216 
as a function of pH (50 mM buffer, 10 mM NaCl) at 40 oC 

 

At higher peptide concentrations, β-sheet formation can be monitored by 

Infrared spectroscopy. Figure 5.5 shows the FTIR spectra in the amide I’ region 

(1700-1580 cm-1) for 1wt% peptide gels at pH 9 and 50 oC. The formation of β-sheet 

structure is indicated by an intense absorption centered at 1615 cm-1.2, 11, 12 In addition, 

a low intensity absorption at about 1680 cm-1 is attributed to the anti-parallel registry 

of the β-sheet structure.13 
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Figure 5.5 Fourier transform spectroscopy of 1 wt% EMAX peptides at pH 9 
showing β-sheet structure at 50 oC. 

Figure 5.6 shows the rheological properties of 1 wt% peptide hydrogels at 

pH 9 (125 mM borate, 10 mM NaCl) and 50 oC. The peptide sample is first loaded 

onto the rheometer at 5 oC and then the temperature was raised to 50 oC to trigger 

hydrogelation. The kinetics of hydrogelation was monitored by measuring the increase 
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in the storage modulus of the peptide samples as a function of time. As shown in 

Figure 5.6, there is a significant increase in the material stiffness as a result of self-

assembly and network formation. This is followed by a gradual increase in the 

network stiffness with time. At the end of 1 hour, the storage modulus ranged from 

1850 pascals to 4700 pascals depending upon the turns regions present in the peptide 

sequences. The results are summarized in Table 5.2.  
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Figure 5.6  Dynamic time sweep experiment of 1 wt% EMAX peptides at pH 9 
and 50 oC. 

EMAX 2, the peptide incorporating a -DPLP- at both its turns formed the 

most rigid hydrogels with a storage modulus of around 4700 Pa. However, the 

EMAX3 peptide, which incorporates a DPG at both the turns formed the weakest 

hydrogel with a storage modulus of about 1850 Pa. The EMAX4 and EMAX6 



 188 

peptides, each having one DPLP and one DPG turns formed hydrogels with 

intermediate storage moduli of about 3400 Pa. Both DPLP and DPG are type II’ turns 

with high propensity to form a β-turn and are known to impart stability to the resulting 

β-sheet structures. The CD and FTIR data is consistent with the high turn propensity 

of the turns. All four peptides show similar pH dependent folding traits with similar 

CD wavelength and FTIR spectra. However, gels formed from these peptides EMAX 

peptides exhibit a wide range of storage modulus values following hydrogelation.  

Two main differences exist between the DPLP and the DPG turn. First, their 

hydrophobic content is different. The hydrophobicity of the turn region residues can 

contribute to the material stiffness in two possible ways. First, the temperature 

dependent hydrophobic effect would be more pronounced in more hydrophobic 

peptides and therefore will allow the peptides to fold and self-assemble at lower 

temperatures. However, based on data in Figure 5.4, the folding transitions of all the 

EMAX peptides is the same. Second, in the self-assembled state, peptides having more 

hydrophobic side chains may form better van der Waals contacts during the self-

assembly contributing to the increase in material stiffness. The differences in the 

hydrophobicity between the EMAX peptides was estimated by theoretically 

calculating the free energy of transfer from octanol to water for each of the peptide 

sequences. The values shown in Table 5.2 correlate well with the composition of the 

turn regions in the peptides. For example, EMAX2 with two DPLP turns has larger ΔG 

values compared to EMAX3 with two DPG turns. Also, EMAX4 and EMAX6 with 

one turn of each kind have intermediate ΔG values. The second difference between the 
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turns is that the DPG display a much smaller surface area than DPLP. Larger surface 

areas facilitate intermolecular packing of the molecules during self-assembly.  

Table 5.2 Properties of Three-Stranded Turn Sequence Peptides 

 
Peptide Turn 1 Turn 2 ΔGT [kcal/mol] 

(octanol to water) 
Storage Modulus 

G’ (Pa) 
1wt%, pH 9, 50 oC 

EMAX 2 -VDPLPT- -KDPLPK- 2.24 4700 (500) 
EMAX 4 -VDPGT- -KDPLPK- 1.04 3400 (100) 
EMAX 6 -VDPLPT- -KDPGK- 1.10 3400 (500) 
EMAX 3 -VDPGT- -KDPGK- 0.00 1850 (350) 

 
 

The data in Table 5.2 shows that the rigidity of the EMAX peptides ranges 

from 1850-4700 Pa depending upon the turn regions of the peptides. The bulk material 

properties are dependent upon the number of physical crosslinks as well as the 

persistence length of the self-assembled fibrils. In the case of EMAX peptides, the 

kinetics of folding and self-assembly is almost the same. Thus, the data suggests that 

the mechanical rigidity of the hydrogels is related to both the hydrophobicity and the 

available surface area of the turn region residues incorporated into the three-stranded 

peptide sequence. 

5.4 Conclusions 
 

This chapter discussed the effect of turn sequence hydrophibicity and the 

surface area available for intermolecular packing on the mechanical rigidity of 

designed three-stranded peptide hydrogels.  Two different turn forming dipeptide 
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sequences, -DPLP- and -DPG-, were employed to design four three-stranded peptides. 

Both the turn forming sequences have a high propensity to form a type II’ turn. Yet, 

the mechanical rigidity of the 1 wt% EMAX peptide hydrogels varies based on the 

turn sequence(s) employed. The results show that the mechanical rigidity of the 

hydrogels depends on the hydrophobicity and displayed surface area of the turn 

region. More hydrophobic turns having larger surface areas form stiffer hydrogels. 
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5.5 Experimental Section 
 
Materials. Rink amide resin was purchased from Polymer Laboratories. 

Trifluoroacetic acid (TFA), piperidine, thioanisole, ethanedithiol, and anisole were 

purchased from Acros. Appropriately side-chain-protected Fmoc-amino acids were 

obtained from Novabiochem. 1-H-Benzotriazolium-1-[bis(Dimethylamino)Methylene] 

-5-Chloro-Hexafluorophosphate-(1-),3-Oxide (HCTU) was purchased from Peptide 

International. D2O was purchased from Aldrich. Dulbecco’s Modified Eagle’s 

Medium (DMEM), Boric acid and Bis-Tris Propane (BTP) were purchased from 

Sigma. MilliQ (Millipore) with a resistivity of 18.2 MΩ.cm was used for all 

experiments and is referred to as “water” in this paper. 

 

Peptide Synthesis and Purification. Peptides were prepared on Rink amide resin via 

automated Fmoc peptide synthesis employing an ABI 433A peptide synthesizer and 

HCTU activation.14 The resulting dry resin-bound peptides were cleaved and side-

chain-deprotected using a cocktail of TFA/thioanisole/ethanedithiol/anisole (90:5:3:2) 

for 2 hrs under nitrogen. The resin was filtered and peptide precipitated from the 

filtrate using cold diethyl ether. Crude peptide was subsequently purified by Reverse 

Phase-HPLC (Waters 600 series) using a semi-preparative Vydac C18 peptide/protein 

column. The resulting peptide solution was frozen with liquid nitrogen and lyophilized 

to afford pure peptide. The purity of the peptide was established using Electrospray 

ionization mass spectrometry and analytical HPLC.  
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Circular Dichroism Studies. CD spectra were collected on a Jasco model J-810 

spectropolarimeter. A 1 mM peptide stock of EMAX peptide was prepared by 

dissolving the appropriate amount of purified peptide in water. UV-Vis spectroscopy 

was employed to determine the concentration of the peptide stock solution using the 

extinction coefficient (ε) of EMAX peptide at 220 nm [ε220 = 20350 cm-1 M-1 

(EMAX2 peptide)]. ε220 was determined by amino acid analysis. This 1 mM peptide 

stock was diluted to afford a 300 µM peptide final stock solution, which was used to 

prepare all of the CD samples. For each CD sample, 300 µM stock of peptide was 

mixed with an equal volume of pH 9.0 buffer (250 mM Borate, 20 mM NaCl) to 

afford a final concentration of 150 µM peptide solution at pH 9 (125 mM Borate, 10 

mM NaCl). Mean residue ellipticity [θ] was calculated from the equation [θ] = 

(θobs/10lc)/r, where θobs is the measured ellipticity in millidegrees, l is the length of the 

cell (centimeters), c is the molar concentration, and r is the number of residues. 

Wavelength spectra from 260 to 190 nm were obtained in a 0.1 cm path 

length quartz cell at 5 and 50 oC to assess the secondary structure of the EMAX 

peptides. Temperature-dependent spectra were recorded by measuring the mean 

residual ellipticity [θ] at 216 nm as a function of temperature using a step size of 5 oC 

and an equilibration time of 10 minutes at all pH values. The pH-dependent spectra 

were plotted by extracting the mean residual ellipticity [θ216] at 50 oC as a function of 

pH from the previous experiment. 
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Procedure for Hydrogel Preparation. Generally, basic solutions (low ionic strength) 

or neutral solutions (high ionic strength) of the peptides will undergo gelation at 

concentrations of 1 wt% or greater. For example, 300 µL of 1 wt% hydrogels can be 

prepared as follows: To a solution of 3.0 mg of peptide in 150 µL of MilliQ water, 150 

µL of a buffer stock solution (pH 9.0, 250 mM Borate, 20 mM NaCl) was added 

resulting in a 1 wt% solution (pH 9.0, 125 mM borate, 10 mM NaCl of peptide). After 

minimal pipet mixing, this solution was allowed to stand for 10 minutes (pH 9.0) in a 

sand bath pre-equilibrated to 50 oC until gelation was complete. 

 

Infrared Spectroscopy. IR spectra were collected on a Nicolet Magna-IR 860 

spectrometer employing a 30 µM path length zinc-selenide flow cell. Deuterated 

peptide*nDCl was prepared by lyophilizing the TFA salt of the EMAX peptide once 

from 0.1 M HCl and twice from D2O. The samples were prepared by dissolving the 

deuterated chloride salt of the peptide in D2O to obtain a 2 wt% solution. To this 

solution an equal volume of pH 9.0 buffer (250 mM Borate and 20 mM NaCl) in D2O 

was added and the contents were gently mixed and incubated on a sand bath at 50 oC. 

IR measurements were taken at room temperature. Spectra were collected at 1 cm-1 

resolution, and the spectrum recorded was an average of 100 scans. 

 

Oscillatory Shear Rheology. Dynamic time, frequency, and strain sweep experiments 

were performed on a Paar-Physica MCR 500 rheometer with a 25 mm parallel plate 

geometry and 0.5 mm gap distance. The peptide was first dissolved in ice-cold water 
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to obtain a concentration that is twice the final peptide concentration in the gel. Then, 

an equal amount of ice-cold buffer pH 9 (250mM Borate, 20mM NaCl) was added to 

the peptide stock solution, mixed gently and immediately loaded onto the rheometer 

plate equlibrated to 5 oC. After the sample was loaded and the parallel plate lowered, 

standard low-viscosity mineral oil was used to insulate the sides of the parallel plate in 

order to prevent evaporation. The temperature was then increased to 50 °C to initiate 

folding, assembly and gelation. Control experiments show that the mineral oil has no 

effect on the rheological measurements. Gelation was observed by monitoring the 

evolution of the storage modulus (G’) with time, in a dynamic time sweep experiment 

performed at an angular frequency of 6 rad/s and strain of 0.2 %. Storage moduli 

values (G’) obtained at the end of 1 hr are reported with standard deviation values in 

parentheses obtained from experiments performed in triplicate. Frequency sweep 

experiments were performed by varying the frequency from 0.1-100 rad/s at a constant 

strain of 0.2 % and strain sweep experiments were performed by varying the strain 

from 0.01 to 100 % at a constant frequency of 6 rad/s. The frequency and strain sweep 

experiments verified that all time sweep experiments were performed within the linear 

viscoelastic regime.  

 
 
 
 
 
 
 
 
 



 195 

References 
 
1. Choo, D. W.; Schneider, J. P.; Graciani, N. R.; Kelly, J. W., Nucleated 

Antiparallel b-Sheet That Folds and Undergoes Self-Assembly: A Template 
Promoted Folding Strategy toward Controlled Molecular Architectures. 
Macromolecules 1996, 29, (1), 355-366. 

2. Lamm, M. S.; Rajagopal, K.; Schneider, J. P.; Pochan, D. J., Laminated 
morphology of nontwisting beta-sheet fibrils constructed via peptide self-
assembly. J. Am. Chem. Soc. 2005, 127, (47), 16692-16700. 

3. Schneider, J. P.; Pochan, D. J.; Ozbas, B.; Rajagopal, K.; Pakstis, L.; Kretsinger, 
J., Responsive hydrogels from the intramolecular folding and self-assembly of a 
designed peptide. J. Am. Chem. Soc. 2002, 124, (50), 15030-15037. 

4. Karle, I.; Gopi, H. N.; Balaram, P., Supramolecular Chemistry And Self-
assembly Special Feature: Infinite pleated beta -sheet formed by the beta -hairpin 
Boc-beta -Phe-beta -Phe-D-Pro-Gly-beta -Phe-beta -Phe-OMe. Proc. Natl. Acad. 
Sci. U. S. A. 2002, 99, (8), 5160-5164. 

5. Gibbs, A. C.; Bjorndahl, T. C.; Hodges, R. S.; Wishart, D. S., Probing the 
Structural Determinants of Type II' b-Turn Formation in Peptides and Proteins. 
J. Am. Chem. Soc. 2002, 124, (7), 1203-1213. 

6. Stanger, H. E.; Gellman, S. H., Rules for Antiparallel beta -Sheet Design: D-Pro-
Gly Is Superior to L-Asn-Gly for beta -Hairpin Nucleation. J. Am. Chem. Soc. 
1998, 120, (17), 4236-4237. 

7. Espinosa, J. F.; Syud, F. A.; Gellman, S. H., Analysis of the factors that stabilize 
a designed two-stranded antiparallel beta-sheet. Protein Sci. 2002, 11, (6), 1492-
1505. 

8. de Alba, E.; Rico, M.; Jimenez, M. A., The turn sequence directs beta-strand 
alignment in designed beta- hairpins. Protein Sci 1999, 8, (11), 2234-2244. 

9. Venkatraman, J.; Shankaramma, S. C.; Balaram, P., Design of Folded Peptides. 
Chem. Rev. 2001, 101, (10), 3131-3152. 

10. Schenck, H. L.; Gellman, S. H., Use of a Designed Triple-Stranded Antiparallel 
b-Sheet To Probe b-Sheet Cooperativity in Aqueous Solution. J. Am. Chem. Soc. 
1998, 120, (19), 4869-4870. 

11. Yang, Z. M.; Liang, G. L.; Ma, M. L.; Gao, Y.; Xu, B., Conjugates of 
naphthalene and dipeptides produce molecular hydrogelators with high 
efficiency of hydrogelation and superhelical nanofibers. J. Mater. Chem. 2007, 
17, (9), 850-854. 

12. Collier, J. H.; Messersmith, P. B., Self-assembling polymer-peptide conjugates: 
Nanostructural tailoring. Adv. Mater. 2004, 16, (11), 907-910. 

13. Surewicz, W. K.; Mantsch, H. H.; Chapman, D., Determination of protein 
secondary structure by Fourier transform infrared spectroscopy: A critical 
assessment. Biochemistry 1993, 32, (2), 389-394. 



 196 

14. Nagarkar, R. P.; Schneider, J. P., Synthesis and Primary Characterization of Self-
Assembled Peptide-based hydrogels. In Nanostructure Design, Methods and 
Protocols, Gazit, E.; Nussinov, R., Eds. Humana Press: 2008; pp 61-77. 

 



 197 

Chapter 6 

ROLE OF CELL CULTURE CONDITIONS IN ENHANCING THE 
MECHANICAL PROPERTIES OF SELF-ASSEMBLED Β−HAIRPIN 

PEPTIDE HYDROGELS AS A FUNCTION OF TIME 

 

6.0 Introduction 
 

As discussed in previous chapters, MAX1, a β-hairpin with two β-strands 

of alternating valine and lysine residues, remains unfolded in aqueous solution at low 

pH and ionic strength (10 mM NaCl). Under these conditions, the positively lysines 

inhibit peptide folding and subsequent self-assembly. However, addition of cell 

culture media such as Dulbecco’s Modified Essential Medium (DMEM), which 

contains about 160 mM mono and divalent salts, effectively screens the lysine-based 

charges and allows peptide to fold and self-assemble at 37 oC to form a mechanically 

rigid hydrogel.  

Preliminary studies by Kretsinger et al.1 showed that a 2 wt% MAX1 

hydrogel fabricated with 0.5XDMEM (~ 80 mM mono and divalent salts) at 37 oC 

achieved an average storage modulus of about 2200 Pa after 60 min of gelation. 

However, 2 wt% MAX1 hydrogels fabricated under identical conditions but incubated 

under cell culture conditions (5% CO2, 37 oC) were significantly more rigid. A storage 

modulus of about 10,000 Pa was realized after 24 hrs of incubation. In general, 
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dynamic time sweep experiments of MAX1 hydrogels fabricated with DMEM show a 

small time dependent increase in storage modulus even after 60 minutes of gelation, 

normally referred to as “aging” process. Although, this aging process may be 

responsible for a moderate increase in rigidity of MAX1 hydrogels over extended 

periods of time, the large increase in modulus due to gel incubation under cell culture 

conditions cannot be explained by this aging process. In this chapter, we probe the 

factor(s) responsible for causing the significant increase in the storage modulus of 

MAX1 hydrogels under cell culture conditions. 

 

6.1 Self-Assembly and Hydrogelation of MAX1 under Cell Culture Conditions 
 

The material properties of MAX1 hydrogels formed using DMEM were 

assessed by circular dichroism spectroscopy and oscillatory rheology. For these 

experiments, MAX1 is first dissolved in water to give a 4 wt% peptide solution. To 

this, an equal volume of 2XDMEM is added to give a 2 wt% MAX1 solution 

containing 1XDMEM (160 mM mono and divalent salts). The gelation of this solution 

is then triggered to by increasing the temperature to 37 oC. Hereafter, 1XDMEM is 

referred to as DMEM. Figure 6.1 shows a circular dichroism wavelength spectrum and 

a dynamic time sweep experiment of a 2 wt% MAX1 hydrogel formed with DMEM 

cell culture media at 37 oC. Figure 6.1(a) shows a CD spectrum where the mean 

residual ellipticity [θ] is measured as a function of wavelength (nm). The data shows 

that MAX1 forms a β-sheet secondary structure in DMEM at 37 oC as indicated by a 
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minimum at 216 nm. Figure 6.1(b) shows the kinetics of hydrogelation assessed by 

oscillatory shear rheology. The data shows that 2 wt% MAX1 solutions acquire a 

storage modulus of 6000 + 1300 Pa after 60 min of gelation at 37 oC. Note that gels 

containing 1X DMEM instead of 0.5X DMEM afford an approximately 3 fold 

increase in modulus value. 
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Figure 6.1 (a) CD spectra and (b) Bulk material properties of 2 wt% MAX1 
hydrogels formed with DMEM at 37 oC 

The material properties of 2 wt% MAX1 hydrogels were then investigated 

under cell culture conditions. Hydrogels were prepared in the same manner as 

described for Figure 6.1 and were then incubated under cell culture conditions [5% 

CO2, 37 oC] for a period of up to 48 hrs prior to rheological characterization. Figure 

6.2 shows dynamic frequency sweep data that measures the storage modulus of the 

incubated MAX1 hydrogels as a function of angular frequency. The data shows that 
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storage moduli of 13200 + 1700 Pa and 17700 + 1700 Pa were realized for 2 wt% 

MAX1 hydrogels after 24 and 48 hrs of incubation respectively. These results indicate 

that the rigidity of MAX1 hydrogels increases significantly during the incubation 

period. 
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Figure 6.2 Dynamic frequency sweep of 2 wt% MAX1 hydrogels incubated under 
cell culture conditions for 24 and 48 hrs 

6.2 Increase in Storage Modulus of MAX1 Hydrogels over Time: Effect of 
Normal Aging 

 

Figure 6.1(b) shows a dynamic time sweep experiment in which a gel is 

formed under non-cell culturing conditions. The storage modulus increases rapidly 

during the first 10 min of gelation and then gradually stiffens with time while the gel 

“ages”. If this aging process was responsible for the dramatic increase in rigidity 
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observed for gels incubated under cell culture conditions. Over time the storage 

modulus of the hydrogels at 24 and 48 hrs would be about 12000 and 14000 Pa 

respectively. These values were calculated by the slope of the line defining the 

increase in G’ during the aging phase (e.g. from 50-60 min). The equation of the line 

extending from 50 to 60 minutes of the time sweep in Figure 6.1(b) is found to be  

    

   G’ = 1942.9ln(t) – 1536.3 [r2 = 0.9994] (1) 

Using equation (1),  

At 24 hrs, t = 1440 min, G’ = 12593 Pa [Experimental: 13200 + 1700 Pa (Figure 8.2)] 

At 48 hrs, t = 2880 min, G’ = 13939 Pa [Experimental: 17700 + 1700 Pa (Figure 8.2)] 

 

Although the calculated storage modulus value at 24 hrs is comparable to the 

experimental value, the calculated modulus value at 48 hrs is lower than the 

experimental value. This suggests that the time dependent increase in storage modulus 

seen in this aging phase may not be the only factor responsible for dramatic increase in 

rigidity of MAX1 hydrogels under cell culture conditions. 

 

6.3 Effect of Sodium Bicarbonate on the Kinetics of Self-Assembly and 
Hydrogelation of MAX1  

 

The DMEM buffer contains various vitamins, inorganic salts and amino 

acids for its function. However, the major constituents of DMEM buffer include NaCl 
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and NaHCO3. Sodium bicarbonate in conjunction with gaseous carbon dioxide at 37 

oC maintains the pH of the media at 7.4. Carbon dioxide in the gas phase dissolves in 

the medium to establish equilibrium with bicarbonate anions to regulate the pH, 

equation (2).2 

 

H2O + CO2 ⇔ H2CO3 ⇔ H+ + HCO3
-  (2) 

 

Since sodium bicarbonate and sodium chloride are the major constituents of the 

DMEM, its effect on the kinetics of self-assembly and hydrogelation of MAX1 was 

assessed using circular dichroism and oscillatory rheology. For these experiments, 

BTP buffer containing varying concentrations of sodium bicarbonate and a 

physiologically relevant concentration of 150 mM NaCl is used. Figure 6.3(a) shows 

sodium bicarbonate concentration dependent kinetics of folding and self-assembly of 

0.25 wt% MAX1 monitored at 216 nm as a function of time. A lower peptide 

concentration is used since the kinetics of folding and self-assembly at a concentration 

of 2 wt% is very fast, which made it difficult to load the sample into the CD cell. The 

data shows that MAX1 exhibits minimal β-sheet formation in absence of NaHCO3. 

However, upon increasing the concentration of sodium bicarbonate, MAX1 exhibits 

faster kinetics of folding and self-assembly as observed by the change in mean 

residual ellipticity [θ] at 216 nm as a function of time. However, no significant 

increase in kinetics of folding and self-assembly is observed when the concentration of 

sodium bicarbonate is increased from 22 to 44 mM. The DMEM buffer contains 44 
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mM NaHCO3 and therefore a maximum of 44 mM NaHCO3 was used for the circular 

dichroism and rheological measurements. Similar to the CD experiments, dynamic 

time sweep experiments with 2 wt% MAX1 at pH 7.4 and 37 oC show a bicarbonate 

concentration dependent increase in material rigidity, Figure 6.3(b). Two wt% MAX1 

hydrogels prepared with DMEM buffer (44 mM NaHCO3) and the BTP buffer (44 

mM NaHCO3) at pH 7.4 exhibit similar storage moduli values i.e. 6000 + 1300 and 

5400 + 100 Pa respectively, Figure 6.1(b) and Figure 6.3(b). This result suggests that 

sodium bicarbonate may be the major contributor to the rigidity of the hydrogels.  
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Figure 6.3 Sodium bicarbonate concentration dependent kinetics of self-assembly 
and hydrogelation of MAX1 at pH 7.4 (50mM BTP, 150 mM NaCl) and 37 oC (a) 
0.25 wt% MAX1 (b) 2 wt% MAX1 

 
To further investigate the contribution of sodium bicarbonate only, CD 

and rheology experiments were performed using BTP buffer (50 mM BTP, 44 mM 
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NaHCO3) in presence and absence of salt. Figure 6.4(a) shows kinetic scans of 0.25 

wt% MAX1 solutions monitoring the β-sheet formation [(θ)216] as a function of time. 

The data shows that the NaCl does not influence the kinetics of folding and self-

assembly of MAX1 in the presence of 44 mM NaHCO3. Similarly, the kinetics of 

hydrogelation and thus the ultimate rigidity of MAX1 hydrogel is independent of 

NaCl in presence of NaHCO3. These results indicate that sodium bicarbonate plays an 

important role in positively affecting the kinetics of self-assembly and hydrogelation 

of MAX1. 
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Figure 6.4 Effect of NaCl on the kinetics of self-assembly and hydrogelation of 2 
wt% MAX1 hydrogels at pH 7.4 (50mM BTP) in presence of 44 mM NaHCO3 
and 37 oC  

 

In addition to the rate of folding and self-assembly, the mechanical 

rigidity of self-assembled hydrogels is also influenced by the nanoscale morphology of 
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the peptide fibrils in self-assembled state. Figure 6.5 shows the transmission electron 

micrographs of diluted 2 wt% MAX1 hydrogels prepared at pH 7.4 (50 mM BTP, 150 

mM NaCl) in presence and absence of 44 mM NaHCO3. The data shows that in 

absence of sodium bicarbonate, typical monodispersed fibrils of MAX1 are obtained.3 

However, in presence of 44 mM sodium bicarbonate, the fibrils appear to be 

undergoing some interfibrillar associations, which may be contributing to the 

mechanical rigidity of the MAX1 hydrogels. Collectively, data from Figure 6.3, 6.4 

and 6.5 suggest that sodium bicarbonate has a significant effect on the self-assembly, 

hydrogelation and nanoscale morphology of MAX1 hydrogels. 

 

 (a)     (b) 

    

Figure 6.5 Nanoscale morphology of MAX1 hydrogels prepared at pH 7.4 in (a) 
absence and (b) presence of 44 mM NaHCO3 
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Based on the TEM data, it appears that the self-assembled fibrils of MAX1 seem to 

undergo an interfibrillar association event in presence of NaHCO3. This may be due to 

the possible interactions of the bicarbonate anion with the positively charged lysine 

side chain of the self-assembled fibrils of MAX1 as shown in Figure 6.6. However, a 

cryoTEM experiment will further confirm the above hypothesis. 

 

 

Figure 6.6 Proposed interaction of bicarbonate anion with lysine side chain 

6.4 Influence of Gaseous Carbon Dioxide on Storage Modulus of MAX1 
Hydrogels 

 

Under cell culture conditions, carbon dioxide is known to dissolve into the 

media and establish equilibrium with the bicarbonate anions. However, if sodium 

bicarbonate interacts with the peptide fibrils as proposed, this may lead to reduction in 

bicarbonate concentration in the buffer. Therefore, more carbon dioxide may dissolve 
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into the media to increase the effective concentration of the bicarbonate anions and 

regulate the pH. To investigate the possible effect of dissolved carbon dioxide on the 

rigidity of 2 wt% MAX1 hydrogels at 37 oC, three sets of hydrogels were prepared. 

The first set (I) of hydrogels is prepared with DMEM that does not contain sodium 

bicarbonate but supplemented with 44 mM BTP or 44 mM HEPES only (again, no 

NaHCO3). The second set (II) of hydrogels is prepared with DMEM supplemented 

with 44 mM BTP or 44 mM HEPES and 44 mM NaHCO3. Sodium bicarbonate is 

included in the second set of MAX1 hydrogels to investigate its effect on the material 

rigidity of the resultant hydrogels. The third set (III) of MAX1 hydrogels is prepared 

with DMEM supplemented with either 44 mM NaHCO3, 44 mM BTP and 44 mM 

HEPES and exposed to 5% gaseous carbon dioxide. This set of gels is incubated with 

5% carbon dioxide to show the effect of dissolved carbon dioxide on the rigidity of the 

resultant hydrogels over time. Samples from each of MAX1 hydrogels were subjected 

to oscillatory rheology measurements to determine their storage moduli after 24 and 

48 hrs of incubation under their respective conditions. Figure 6.7 shows the material 

properties of the 2 wt% hydrogels investigated under different conditions. Discussing 

the data from right to left, MAX1 hydrogels prepared with DMEM supplemented with 

BTP and HEPES only acquired storage modulus in the range of 4000-5500 Pa after 48 

hrs of gelation time. However, gels prepared with BTP and HEPES but in the presence 

of 44 mM NaHCO3 resulted in more rigid hydrogels (7000-9600 Pa). This is expected 

since sodium bicarbonate positively affects the material rigidity of MAX1 hydrogels 

as shown in Figure 6.3. On the other hand, gels exposed to CO2 were only slightly less 
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rigid than those made in presence of NaHCO3 (5400-7800 Pa). But the gels prepared 

with DMEM media supplemented with 44 mM NaHCO3 and also exposed to 5% CO2 

were significantly more rigid than the BTP and HEPES containing hydrogels (13200-

17700 Pa). This data indicates that both NaHCO3 and CO2 individually enhance the 

rigidity of MAX1 hydrogels but show a synergistic enhancement when used in 

conjunction.  

 

 

 

Figure 6.7 Mechanical properties of 2 wt% MAX1 hydrogels at pH 7.4 and 37 oC 
based on incubation conditions 
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6.5 Role of Dissolved Carbon Dioxide on Storage Modulus of MAX1 Hydrogels 
 

Under cell culture conditions, CO2 dissolves into the media and forms 

carbonic acid, which further dissociates to regulate the bicarbonate concentration. In 

this case, carbon dioxide may be increasing the effective concentration of the 

bicarbonate anions in the media, which in turn affects the rigidity of the MAX1 

hydrogels. If true then under saturated bicarbonate concentrations, equation (2) will be 

pushed to the left and no more carbon dioxide will dissolve into the media. To 

demonstrate this, a rheological study was performed wherein the material rigidity of 2 

wt% MAX1 hydrogels at pH 7.4 and 37 oC (60 min time sweep) were determined at 

increasing concentration of sodium bicarbonate in the buffer till a saturation in the 

storage modulus is obtained. The data in Figure 6.8(a) shows that the storage modulus 

of the gels reached a constant saturation value around 10,000 Pa with 88-132 mM 

sodium bicarbonate concentration. With saturated bicarbonate conditions, carbon 

dioxide will not dissolve into the media to regulate the bicarbonate concentration i.e 

equation (2) should be pushed to the left to maintain the pH at 7.4. Figure 6.8(b) 

shows the storage moduli of 2 wt% MAX1 gels prepared in presence of 100 mM 

NaHCO3 and then incubated for 48 hrs in presence and absence of carbon dioxide. The 

data shows that the rigidity of hydrogels is comparable irrespective of whether the gel 

is exposed to gaseous CO2 or not. This data suggests that the carbon dioxide dissolves 

to increase the local concentration of the bicarbonate anions and thus rigidity of the 



 210 

hydrogels as a function of time. The rigidity of hydrogels in Figure 6.8(b) is higher 

than the rigidity of hydrogels in Figure 6.8(a), since the gels were aged for 48 hrs prior 

to analysis. 
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Figure 6.8 Mechanical properties of 2 wt% MAX1 hydrogels at pH 7.4 and 37 oC 
(a) G’ as a function of sodium bicarbonate concentration (b) Effect of CO2 on 
rigidity of hydrogels with saturated concentration of sodium bicarbonate 

6.6 Conclusions 
 
This chapter discusses the possible factor(s) that are responsible for the enhancement 

of mechanical properties of MAX1 hydrogels upon exposure to cell culture conditions. 

Self-assembled hydrogels display an increase in storage modulus over time following 

initial hydrogelation via an aging process still not fully understood. However, the 

calculated and experimental values of storage moduli indicated that this aging process 

is not the only responsible factor for the large increase in G’ when gels are incubated 
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in presence of cell culture media under cell culture conditions. Hydrogels scaffolds for 

cell culture experiments are prepared using cell culture media (DMEM), the major 

constituents of which include sodium bicarbonate and sodium chloride. In addition, 

the fabricated hydrogels are exposed to 5% gaseous carbon dioxide to maintain the pH 

of the buffer at 7.4 during cell culture. Therefore, the effect of sodium chloride, 

sodium bicarbonate and gaseous carbon dioxide on the material properties of MAX1 

gels was probed. The results demonstrated that sodium bicarbonate positively affects 

the self-assembly kinetics and hydrogelation of MAX1 whereas sodium chloride had 

minimal contribution. In addition, the material rigidity of MAX1 hydrogels were 

higher when exposed to gaseous carbon dioxide, which is known to dissolve into the 

media to maintain the pH by increasing the bicarbonate concentration. However, in 

presence of both sodium bicarbonate and carbon dioxide, the mechanical properties of 

the gel were significantly enhanced as observed under cell culture conditions. But it is 

the local bicarbonate anion concentration in the gel, which increases due to dissolved 

carbon dioxide and enhances the mechanical rigidity of the hydrogel till a saturation 

level is reached. Hydrogels prepared with saturated concentration of sodium 

bicarbonate, when exposed to gaseous carbon dioxide showed no enhancement in 

rigidity. This demonstrated that no more carbon dioxide could dissolve in to the media 

to increase the local bicarbonate anion concentration and enhance the gel rigidity. In 

addition, nanostructure analysis revealed that the self-assembled fibrils associated in 

presence of bicarbonate anions, which may be contributing to the increase in 

mechanical properties.  
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6.7 Experimental Section 
 
Materials. Rink amide resin was purchased from Polymer Laboratories. 

Trifluoroacetic acid (TFA), piperidine, thioanisole, ethanedithiol, and anisole were 

purchased from Acros. Appropriately side-chain-protected Fmoc-amino acids were 

obtained from Novabiochem. 1-H-Benzotriazolium-1-[bis(Dimethylamino)Methylene] 

-5-Chloro-Hexafluorophosphate-(1-),3-Oxide (HCTU) was purchased from Peptide 

International. D2O was purchased from Aldrich. Dulbecco’s Modified Eagle’s 

Medium (DMEM), Boric acid and Bis-Tris Propane (BTP) were purchased from 

Sigma. MilliQ (Millipore) with a resistivity of 18.2 MΩ.cm was used for all 

experiments and is referred to as “water” in this paper. 

 

Peptide Synthesis and Purification. Peptides were prepared on Rink amide resin via 

automated Fmoc peptide synthesis employing an ABI 433A peptide synthesizer and 

HCTU activation.4 The resulting dry resin-bound peptides were cleaved and side-

chain-deprotected using a cocktail of TFA/thioanisole/ethanedithiol/anisole (90:5:3:2) 

for 2 hrs under nitrogen. The resin was filtered and peptide precipitated from the 

filtrate using cold diethyl ether. Crude peptide was subsequently purified by Reverse 

Phase-HPLC (Waters 600 series) using a semi-preparative Vydac C18 peptide/protein 

column. The resulting peptide solution was frozen with liquid nitrogen and lyophilized 
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to afford pure peptide. The purity of the peptide was established using Electrospray 

ionization mass spectrometry and analytical HPLC.  

 

Circular Dichroism Studies. CD spectra were collected on a Jasco model J-810 

spectropolarimeter. A 1 mM peptide stock of MAX1 was prepared by dissolving the 

appropriate amount of purified peptide in water. UV-Vis spectroscopy was employed 

to determine the concentration of the peptide stock solution using the extinction 

coefficient (ε) of MAX1 at 220 nm [ε220 = 15750 cm-1 M-1 (MAX1 peptide)]. ε220 was 

determined by amino acid analysis. This 1 mM peptide stock was diluted to afford a 

300 µM peptide final stock solution, which was used to prepare all of the CD samples. 

For each CD sample, 300 µM stock of peptide was mixed with an equal volume of pH 

7.4 buffer or DMEM to afford a final concentration of 150 µM peptide solution at pH 

7.4. A similar procedure was adopted for pH 7.4 studies except that an equal volume 

of pH 7.4 buffer (100 mM BTP, 300 mM NaCl or 2X DMEM) was used and the final 

concentration of peptide employed was 2 wt%. Mean residue ellipticity [θ] was 

calculated from the equation [θ] = (θobs/10lc)/r, where θobs is the measured ellipticity in 

millidegrees, l is the length of the cell (centimeters), c is the molar concentration, and r 

is the number of residues. 

 Wavelength spectra from 260 to 190 nm were obtained in a 0.1 cm path length 

quartz cell at 37 oC to assess the secondary structure of MAX1. The rate of β-sheet 

formation was assessed by monitoring [θ]216 as a function of time at 37 oC. Sodium 
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bicarbonate concentration-dependent spectra were collected in a 0.1 mm quartz cell by 

measuring [θ]216  of 2 wt% peptide preparations at pH 7.4 (50 mM BTP) as a function 

of sodium bicarbonate concentration.  

 

Oscillatory Shear Rheology. Dynamic time, frequency, and strain sweep experiments 

were performed on a Paar-Physica MCR 500 rheometer with a 25 mm parallel plate 

geometry and 0.5 mm gap distance. The peptide was first dissolved in ice-cold water 

to obtain a concentration that is twice the final peptide concentration in the gel. Then, 

an equal amount of ice-cold buffer pH 7.4 (2X DMEM) was added to the peptide 

stock solution, mixed gently and immediately loaded onto the rheometer plate 

equlibrated to 5 oC. After the sample was loaded and the parallel plate lowered, 

standard low-viscosity mineral oil was used to insulate the sides of the parallel plate in 

order to prevent evaporation. The temperature was then increased to 37 °C to initiate 

folding, assembly and gelation. Control experiments show that the mineral oil has no 

effect on the rheological measurements. Gelation was observed by monitoring the 

evolution of the storage modulus (G’) with time, in a dynamic time sweep experiment 

performed at an angular frequency of 6 rad/s and strain of 0.2 %. Storage moduli 

values (G’) obtained at the end of 1 hr are reported with standard deviation values in 

parentheses obtained from experiments performed in triplicate. Frequency sweep 

experiments were performed by varying the frequency from 0.1-100 rad/s at a constant 

strain of 0.2 % and strain sweep experiments were performed by varying the strain 

from 0.01 to 100 % at a constant frequency of 6 rad/s. The frequency and strain sweep 



 215 

experiments verified that all time sweep experiments were performed within the linear 

viscoelastic regime. 

  

Mechanical properties of Pre-formed gels: 

The peptide was first dissolved in ice-cold water to obtain a concentration that is twice 

the final peptide concentration in the gel. Then, an equal amount of ice-cold buffer pH 

7.4 (2X DMEM or appropriate BTP buffer) was added to the peptide stock solution, 

mixed gently and 350 µL was transferred into a confocal plate. The confocal plate was 

immediately covered and the pplate was placed in the incubator at 37 oC in presence or 

absence of CO2. The gels were allowed to cure for 2 hrs and then 700 µL of buffer 

was added on top of the gel to prevent the gels from drying over time. The gels were 

incubated for either 24 or 48 hrs prior to rheological analysis. A dynamic time sweep 

experiment was first performed to allow the gel to achieve equilibrium modulus and 

thereafter a dynamic frequency sweep was performed. 

 

Transmission Electron Microscopy. 1 wt% hydrogels were incubated for at least 24 

hours prior to sample preparation. A 2-5 µL aliquot of diluted gel was applied to 

carbon-coated copper grids. The samples were negatively stained by placing a drop of 

2 % (w/v) uranyl acetate aqueous solution on the grid. The excess of the solution was 

blotted with filter paper, and the sample was subsequently left to dry. Concentrated 

samples were diluted to 0.1 % (w/v) with deionized water prior to staining. Bright 

field images of the fibril nanostructure were taken on a JEOL 2000-FX transmission 
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electron microscope (TEM) at 200 kV accelerating voltage on both a Gatan CCD 

camera and Kodak negative films. 
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Chapter 7 

 
CONCLUSIONS 

 
The material properties self-assembling peptide hydrogels presented in 

this thesis demonstrate that structure based design of the peptides can be employed to 

create functional materials with enhanced mechanical properties for biomedical 

applications. Gelation of these peptides can be triggered in response to environmental 

cues such as pH, ionic strength and cell culture media. The resultant peptides can be 

syringe delivered with spatial and temporal resolution making them attractive 

candidates as injectable biomaterials.  

Self-assembled physically crosslinked hydrogels are self-supporting and 

moderately rigid but mechanically weak and therefore yield easily. Peptides were 

covalently modified at the molecular level to modulate the mechanical properties 

following photopolymerization. Hydrogels prepared using a N-terminal modified β-

hairpin peptide (M1NA) had higher mechanical rigidity upon polymerization. 

However, these gels lacked the ability to be syringe delivered prior to irradiation. 

Hydrophilic face modification of the β-hairpin peptide with a lysine-diene (MLD) 

showed potential to be syringe delivered but did not exhibit significant increase in the 

mechanically rigid of the hydrogels following polymerization. MKA peptides with 
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strategically placed Nε-acryloyl-L-lysine along the lysine face not only afforded 

syringe deliverable scaffolds but also with mechanical rigid hydrogels following 

polymerization. Although the resultant hydrogels exhibited enhanced mechanical 

rigidity following polymerization, they still yielded at lower strain values. 

The peptide-polymer hydrogels were designed to impart enhanced 

mechanical properties as well as resistance to strain compared to the physically 

crosslinked hydrogels. MKA based hydrogels incorporated with increasing 

concentration of a high molecular weight bifunctional PEG (PEGDVB) afforded 

hydrogels that could be syringe delivered as well as polymerized to achieve a 

synergistic increase in the mechanical rigidity as compared to the individual networks. 

The surfaces of the resultant soft gels were found to be cytocompatible, thus making 

them attractive candidates as injectable scaffolds for tissue engineering applications. 

Another approach employed to fabricate mechanically robust hydrogels was through 

preparation of interpenetrating dual-networks. Self-assembled MAX1 hydrogels were 

polymerized in presence of diffused short PEG-diacrylate (PEGDA) to result in two 

physically interacting networks. Hydrogels with exhibited a significant non-linear 

increase in mechanical rigidity, which could be modulated by the concentration of 

PEGDA employed. These hydrogels have the ability to withstand high fracture and 

strain making them beneficial for use as load-bearing substitutes such as intervertebral 

discs. 

Utilizing peptide design principles, three-stranded peptide (EMAX2) 

capable of folding and subsequent self-assembly was designed. The three-stranded 
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peptide (EMAX2) exhibited faster kinetics of self-assembly and resulted in 

mechanically enhanced hydrogels compared to MAX1. In addition, EMAX2 

hydrogels could be syringe delivered with spatial and temporal resolution. EMAX2 

hydrogel surfaces were found to be non-cytotoxic to mesenchymal stem cells and 

supported cell adhesion and proliferation events. The mechanical properties of the 

three-stranded peptides could be further tuned by incorporating turn sequences of 

varying hydrophobicity. These studies demonstrated that design principles and 

structural considerations from both, non-assembling de novo designed β-sheets and 

naturally occurring self-assembling proteins, can be employed as a useful source to 

create responsive functional materials.  
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